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Abstract The composite microporous/mesoporous material ZSM-5/MCM-48 was

successfully prepared by hydrothermal synthesis using a simple one-step crystalli-

zation process. The material was a mesoporous composite containing zeolite and

crystals of ZSM-5. The textural and structural features of this material were char-

acterized by use of powder XRD, nitrogen sorption, FTIR spectroscopy, SEM, and

TEM. The mesoporous material obtained, Al-MCM-48, and the composite material,

ZSM-5/MCM-48, were used as catalysts for acylation of methyl-a-D-glucopyran-

oside. Fatty acids (n = 10, 14, and 16) and fatty acid chlorides were used, indi-

vidually, as acylating agents for this reaction. The effects of solvent, type of

catalyst, and nature of the fatty acids on the acylation reaction were investigated.

Reaction yields in the range 50–70 % were achieved by use of this synthetic

pathway. The products resulting from the acylation reaction are new nonionic bio-

surfactants.

Keywords Mesoporous materials � Composite materials � Chemical

esterification � Carbohydrates � Selective acylation

Introduction

Synthesis of the new family of mesoporous M41S materials was first reported by

Kresge et al. [1] and Beck et al. [2]. They are very attractive materials because of

their narrow pore-size distributions (from 2–10 nm) and their large surface areas
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([1,000 m2/g) [3]. They are nontoxic and highly biocompatible [4–6]. Because of

their specific and interesting features these mesoporous materials are widely used in

a large number of industrial applications, e.g., as catalysis [7, 8], for separation [9,

10] and adsorption [11], in photoluminescent products [12], in the electrochemical

[13] and energy [14] industries, and as drug-delivery systems [15]. Because of their

amorphous structures, the hydrothermal stability, ion-exchange capacity, and acidity

of mesoporous materials are usually poor compared with the crystalline zeolites.

Recently, much research effort has been devoted to improving the hydrothermal

stability and acidity of mesoporous aluminosilicates. One approach used is partial

crystallization of the amorphous pore walls [16, 17]. Owing to its three dimensional

structure and the accessibility of its pores MCM-48 has become the most popular

mesoporous material in catalysis, separation, and adsorption processes. Xia and

Mokaya, obtained zeolite/MCM-48 by use of a simple two-step crystallisation

process [18, 19]. Prokesova et al. [20, 21] prepared composites by simultaneous

hydrothermal treatment of an MCM-48 precursor solution and a colloidal solution

containing amorphous zeolite seeds. Li et al. [22] reported a simple one-step

hydrothermal procedure for synthesis of stable mesoporous materials with a highly

ordered cubic structure. These micro/mesoporous materials have high catalytic

performance in numerous chemical reactions, e.g. palm oil cracking [23], acylation

of anisole with octanyl chloride [24], formation of aromatic hydrocarbons in the

conversion of methanol to gasoline [25], esterification of acetic acid with n-butyl

alcohol [26], and oxidation of benzene [27, 28].

Carbohydrate fatty acid esters are synthesized either chemically or enzymati-

cally. The chemical method is often complicated by poor reaction selectivity which

leads to undesirable side reactions and low yields [29, 30]. In recent years, methods

based on enzyme-catalysed synthesis of sugar derivatives have been developed [31–

33]. Regio and stereo-selective products have been obtained enzymatically and the

products were compared with those obtained by use of classical chemistry. Recent

work on carbohydrate fatty acid esters has focussed on establishing an effective

regioselective and catalytic process [34]. Methyl-a-D-glucopyranoside has been

used in several regioselective reactions with benzyl bromide, allyl bromide, and

trityl chloride [35, 36], containing different tertiary amines [37–41], but their

selectivity with fatty acids has never been achieved by using micro/mesoporous

materials.

In this work, we describe a modification of the method of Sakthivel et al. [42]

that enabled us to obtain micro/mesoporous composites containing zeolite

secondary building units and zeolite crystals. In this method we used tetrapropy-

lammonium hydroxide (TPAOH) instead of the classic NaOH. We developed a

catalytic route using calcined and uncalcined Al-MCM-48 and composite material

ZSM-5/MCM-48 that are very poorly described in the literature on regioselective

synthesis of sugar fatty esters based on sugar methyl-a-D-glucopyranoside and fatty

acids. The main objective was to avoid the steps of protection and deprotection

usually applied, because of the presence of several hydroxyl groups of similar

reactivity in sugar molecules [43]. These esters are widely used in many commercial

applications, for example non-ionic surfactants in pharmaceuticals and cosmetics,

because they are biodegradable, non-toxic, and non-irritant [31, 44].
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Experimental

Preparation of ZSM-5/MCM-48 composite materials and Al-MCM-48

The synthetic method was similar to that described by Sakthivel et al. [42]. The

modification made was the molar composition of the gel. ZSM-5/MCM-48

materials with molar gel composition 1 SiO2, 0.14 CTAB, 0.00625 Al2O3, 0.75

TPAOH, and 75 H2O, were synthesized by a one-step method in which TPAOH was

used instead of NaOH. A homogeneous surfactant solution was prepared by

dissolving CTAB in water at 35 �C and an appropriate amount of the silica source

was added. The resulting mixture was stirred for 15 min. A solution containing

aluminium and TPAOH was then added, and the resulting gel was stirred between 2

and 4 h at 35 �C to enable formation of the microporous/mesoporous phase. The

synthesized gel was transferred to an autoclave where it was heated at 100 �C for

72 h. The uncalcined solid product was recovered by filtration, dried in open air,

and calcined at 550 �C for 6 h to remove any traces of organic additives. For

comparison with the catalytic activity of ZSM-5/MCM-48 we synthesized Al-

MCM-48 by the method of Yong de Xia et al. [45]. Two different Si/Al ratios (Si/

Al = 80 and 40) were incorporated into the structure of Al-MCM-48.

Characterization

Powder X-ray diffraction (XRD) patterns of samples dried at 353 K were collected

at room temperature on a Bruker AXS D-8 diffractometer with Cu Ka radiation.

Nitrogen adsorption experiments were performed at 77 K on a Micromeritics

TriStar 3000 V6.04 A. Samples were out-gassed at 353 K before adsorption

measurements until a 3 9 10-3 Torr static vacuum was reached. The surface area

was calculated by use of the Brunauer–Emmett–Teller (BET) method and the

distribution of the pores was evaluated by use of the BJH method [46]. FT-IR

spectra of the microporous/mesoporous materials in the range 400–4,000 cm-1

were acquired with a Jasco 4200 instrument using the KBr pellet technique.

Approximately 10 mg sample was ground with approximately 200 mg spectral-

grade KBr to form a pellet under hydraulic pressure. Scanning electron microscopy

(SEM) was performed with an Hitachi 4800S microscope. Transmission electron

microscopy (TEM) was performed with a Jeol 1200 EXII.

Acylation of methyl-a-D-glucopyranoside

Fifteen millilitres of a mixture containing equimolar (typically 1 mol) amounts of

methyl-a-D-glucopyranoside and fatty acid or fatty acid chloride, were added to

15 ml DMF. The mixture was stirred at 333 K on an oil bath under nitrogen.

Reaction was initiated by adding 0.01 g catalyst to the mixture. After 72 h, samples

of methyl-a-D-glucopyranoside and methyl-a-D-glucopyranoside ester from the

reacting mixture were analysed by thin-layer chromatography (TLC). The reaction

product was filtered to eliminate the catalyst then the DMF was evaporated. The

product was applied to a silica gel column and eluted with chloroform and ethanol
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(13:3, v/v). The purified sample was subjected to further analysis and character-

ization (1H NMR and 13C NMR). The fatty acids tested in this synthesis were lauric,

palmitic, stearic, and palmitic acids; the acid chlorides were palmitic acid chloride

and lauric acid chloride.

Results and discussion

Characterization of micro/mesoporous composite materials and Al-MCM-48

Figure 1a shows the XRD patterns of calcined and uncalcined ZSM-5/MCM-48

materials. It is clear that both materials have distinctive XRD patterns. When the

zeolite precursor species were formed, the XRD pattern of the resulting material

(sample ZSM-5/MCM-48) had a basal peak (211) and several other peaks, which

are attributed to the cubic (Ia3d) MCM-48. The XRD pattern of ZSM-5/MCM-48

therefore indicates that a structurally well ordered cubic MCM-48 aluminosilicate

was successfully assembled from ZSM-5 zeolite seeds. Extending the aging time of

the zeolite precursor species between 2 and 4 h results in the formation of a

composite material composed of a cubic MCM-48 phase and ZSM-5 zeolite. This is

clear evidence of the formation of zeolite building units. Most of the SBU formed

the MCM-48 composite whereas a small amount led to the formation of crystals of

zeolite ZSM-5. Figure 1b shows the XRD patterns of calcined Al-MCM-48 with

different Si/Al ratios. All calcined samples had XRD patterns typical of well

ordered mesoporous materials. An intense diffraction peak was observed at low

angle and at least three higher-order peaks; these can be indexed as (211), (220),

(420), and (332) reflections. These features are consistent with a well defined cubic

structure, which is characteristic of Al-MCM-48. The presented XRD patterns are in

good agreement with previous reports for similar materials obtained by use of

differing synthetic methods [46].

The unit cell parameter of calcined Al-MCM-48 samples increased with

decreasing Si/Al ratio, suggesting a decrease in wall thickness with decreasing Al

content (Table 1). The results obtained by N2 adsorption/desorption measurements

(77 K) for ZSM-5/MCM-48 and Al-MCM-48 with different Si/Al ratios are

presented in Fig. 2. The isotherm, i.e. the adsorption/desorption curve, of these

materials was a typical type IV isotherm with a sharp inflection at P/Po = 0.35 and

a broad hysteresis loop, characteristic of capillary condensation in mesoporous

channels. Their textural properties, such as unit cell parameter (a0), surface area,

pore size, and wall thickness are summarized in Table 1.

Barret–Joyner–Halenda (BJH) pore size distribution analysis showed that these

materials have uniform mesopores with bimodal pore openings centered at

approximately 38 Å (Fig. 3).

The FT-IR spectra of the uncalcined ZSM-5/MCM-48 and Al-MCM-48, given in

Fig. 4, indicate the three samples have almost the same chemical structure (same IR

spectrum) but with different peak intensities. The presence of absorption bands at

approximately 2927 and 2852 cm-1 for the uncalcined materials corresponds to

asymmetric and symmetric CH2 vibrations of the surfactant molecules.
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Fig. 1 Powder XRD patterns of Al-MCM-48 and ZSM-5/MCM-48 composite material. a ZSM-5/MCM-
48 composite and b Al-MCM-48 with (Si/Al = 80 and 40)

Table 1 Textural properties and elemental composition of the materials studied

Samples ao (Å) SBET (m2/g) Vmeso (cm3/g) DBJH (Å) H (Å)

ZSM-5/MCM-48 98 1086.68 0.72 38.16 12.6

Al-MCM-48(80) 88 815.74 0.64 38.25 9.33

Al-MCM-48(40) 96 803.63 0.63 38.53 11.78

a0 = dhkl(h
2 ? k2 ? l2) 1/2. H = (a0/3.092) - (D/2)

a0 unit cell parameter, SBET BET specific surface area, DBJH pore diameter, H thickness of walls
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In the infrared spectrum of the uncalcined samples the broad peaks at

approximately 3500 cm-1 are ascribed to O–H stretching of surface hydroxyl

groups, bridged hydroxyl groups, and adsorbed water molecules; deformational

vibrations of the adsorbed molecules cause the adsorption bands

at 1626–1638 cm-1. The peaks (bands) between 500 and 1200 cm-1 are assigned

to the framework vibration. Those at approximately 1247 and 1072 cm-1 are

attributed to the asymmetric stretching of T–O–T groups. The peaks at 800 and

544 cm-1 and that at 460 cm-1 arise from the bending mode of T–O–T. For the
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Fig. 2 Nitrogen sorption isotherms of ZSM-5/MCM-48 and Al-MCM-48
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Fig. 3 BJH pore size
distributions of ZSM-5/MCM-
48 composite and Al-MCM-48

2226 B. Boukoussa et al.

123



composite material ZSM-5/MCM-48 an additional band at approximately 580 cm-1

is visible; this is ascribed to the presence of zeolitic secondary building units in the

framework [19].

The particle morphology of the composite material ZSM-5/MCM-48 was

investigated by use of scanning electron microscopy (SEM). Representative SEM

images obtained for the sample ZSM-5/MCM-48 are shown in Fig. 5. The cubic

phase MCM-48 sample (ZSM-5/MCM-48) is mainly made up of sub-micrometer-

sized aggregated spherical particles. Larger solid shell-like particles are also

observed, which is consistent with previous reports [19].

4000 3500 3000 2500 2000 1500 1000 500

Al-MCM-48(80)

Wavenumber (Cm-1)

ZSM-5/MCM-48

T
ra

ns
m

it
an

ce

Al-MCM-48(40)

Fig. 4 FTIR spectra of ZSM-5/MCM-48 composite materials and Al-MCM-48

Fig. 5 SEM images of ZSM-5/MCM-48
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We used transmission electron microscopy (TEM) to probe the structural pore

ordering and morphology of the materials. The TEM micrograph of composite

material ZSM-5/MCM-48 in Fig. 6 shows that the cubic MCM-48 phase assembled

from zeolite ZSM-5 seeds (ZSM-5/MCM-48) is structurally well ordered with

inhomogeneous size pore channels. From the TEM micrographs an approximate

channel distance of 3.5 nm can be obtained. This value is close to the pore size

obtained from nitrogen sorption data (Table 1). For Al-MCM-48 with different Si/

Al ratios the TEM images reveal that the distribution of pores is homogeneous and

uniform.

Application of ZSM-5/MCM-48 and Al-MCM-48 in the acylation reaction

Effect of solvent

Organic solvents are important in esterification reactions, affecting not only the

yield of the reaction but also positional selectivity [47–49]. The choice of solvent

Fig. 6 TEM images: a composite material ZSM-5/MCM-48, b Al-MCM-48(80), c Al-MCM-48(40)
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for esterification of carbohydrates with fatty acids is not a simple task. The

solubility of sugars and fatty acids in organic solvents are usually markedly

different, which complicates the esterification reaction at high concentrations of

both reactants. In addition, the solvent must not adversely affect the stability of the

catalyst and its activity [50].

To study the effect of solvent on the reaction of methyl-a-D-glucopyranoside with

lauric acid in the presence of calcined Al-MCM-48 (Si/Al = 40), solvents of

different polarity were tested. As shown in Fig. 7, dimethylformamide (DMF),

hexane, acetone, acetonitrile (CH3CN), 2-methyl butan-2-ol (amyl alcohol) were

individually tested. The reaction solution was heated to 60 �C, with magnetic

stirring under a nitrogen atmosphere. The yields of the expected esterified product

are listed in Table 2. These results clearly indicate that the reaction gives what we

regard as good yields of 48 % in the polar solvent DMF. We can explain these

results by the low solubility of sugar in such organic solvents as hexane and

CH3CN. Unprotected sugars are soluble at high concentrations in a few hydrophilic

solvents only, for example DMF [51]. The presence of the amyl alcohol at 60 �C for

this reaction affects the silanol surface [52, 53]. Note that amyl alcohol is used to

esterify and deactivate the surface in accordance with the reaction [52, 53]:

�Si�OHþ R�OH! �Si�ORþ H2O

Effect of catalyst

Other catalysts are used to improve the esterification reaction. As presented in Fig. 7

and listed in Table 3 different situations can be distinguished. When uncalcined

mesoporous catalysts are used, the yield is usually low (26 and 22 % for Al-MCM-

48 and Al-MCM-41, respectively). It is substantially increased, however, when

calcined Al-MCM-48 and Al-MCM-41 with the same Si/Al ratio, Al-MCM-48(40)

and Al-MCM-41(40), are used (48 and 38 % for Al-MCM-48 and Al-MCM-41,

respectively). Because of its three-dimensional pore structure and its more

hydrophilic nature, Al-MCM-48 is regarded as a better catalyst than Al-MCM-

41 [54]. It allows faster diffusion through the channels [55]. We note that calcined

and uncalcined Al-MCM-41 have different catalytic activity (38, 22 %

O
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or 2-methyl butan-2-ol

Fig. 7 Acylation of methyl-a-D-glucopyranoside with fatty acid
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respectively). The low efficiency is because of pore blockage by the surfactant.

Similar results have been reported showing the superiority of MCM-48 (90 %

surfactant loss) to MCM-41 (70 % surfactant loss) during treatment with acid/

alcohol solvent [56, 57]. These results support our findings that the reaction in

MCM-48 pores was much more efficient than that in MCM-41 pores. We attribute

the inefficiency of the latter to less accessible pores, because of the substantial

amount of residual surfactant. However, the yield increases slightly in the presence

of mesoporous Al-MCM-48 with different Si/Al ratio (48 and 31 %, respectively

Si/Al = 40 and 80). This difference is attributed to variation of the Si/Al ratio. The

first material is more acidic than the second. For the same reaction time, these

results have been demonstrated by many researchers who studied the effect of Si/Al

ratio on the esterification reaction and observed that the acidity increases with

incorporation of Al into the structural lattice of the mesoporous materials [58–60].

Use of the catalyst ZSM-5/MCM-48 led to an attractive yield (60–68 %), in

particular, for the uncalcined sample with pores blocked by the surfactant. Similar

activity is observed whether or not the catalyst is calcined, suggesting the solvent

dissolves the surfactant and releases the porosity.

Effect of acylating agent

We also repeated this reaction by reacting the methyl-a-D-glucopyranoside with

lauric or palmitic acid chloride (Fig. 7). The reaction was performed in DMF at

Table 2 Effect of the solvent in the reaction of methyl-a-D-glucopyranoside with lauric acid

Catalyst Time (days) Solvent Yield (%)

Calcined Al-MCM-48(40) 3 DMF 48

Calcined Al-MCM-48(40) 5 Hexane 6

Calcined Al-MCM-48(40) 4 THF 18

Calcined Al-MCM-48(40) 3 Acetone 28

Calcined Al-MCM-48(40) 2 Acetonitrile Trace of product \10 %

Calcined Al-MCM-48(40) 5 Amyl alcohol 0 %

Calcined ZSM-5/MCM-48 3 DMF 60

Table 3 Effect of the nature of

the catalyst
Catalyst Time (days) Yield (%)

Calcined Al-MCM-48(80) 3 31

Uncalcined Al-MCM-48(80) 3 26

Calcined Al-MCM-48(40) 3 48

Calcined Al-MCM-41(40) 3 38

Uncalcined Al-MCM-41(40) 3 22

Calcined ZSM-5/MCM-48(80) 3 60

Uncalcined ZSM-5/MCM-48(80) 3 68

Blank test [3 0
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60 �C in the presence of calcined composite ZSM-5/MCM-48(80). The reaction led

to products with yields of 65 and 51 %, respectively (Table 4). No significant

differences in yield were observed between fatty acid chloride or fatty acid. In

contrast, the results reveal that as the chain length of the fatty acid increases the

yield decreases. The same behaviour was reported by Bellahouel et al. [61] for

acylation of sugar (N-methylglucamine) with lauric, palmitic, and stearic acids and

by Barrault et al. [62] for glycerol trans-esterification in the presence of Mg–MCM-

41 catalyst.

Conclusions

We have developed a direct synthetic route for preparing micro/mesoporous

aluminosilicate catalyst ZSM-5/MCM-48 via a one-step crystallization process in

which NaOH was substituted by TPAOH. The main objective was to obtain

relatively pure forms of both end members (zeolite ZSM-5 and zeolite seed

containing MCM-48) from similar precursor zeolite solutions after appropriate

aging. Acylation of methyl-a-D-glucopyranoside with different acylating agents in

the presence of our catalysts were found to be very regioselective without the need

for protection and deprotection steps. The micro/mesoporous composites were more

reactive than Al-MCM-48, because of the presence of strong sites. Several

conditions can affect the yield of product, for example the nature of the solvent, the

choice of catalyst, and the nature of the acylating agent. Better yield can be achieved

if protonation or grafting of acid groups has been conducted. In our work only

silanol groups were involved in catalysis of the reaction.

Product (1)
Rf = 0.2 (MeOH/CHCl3 1/9). sulfuric acid. Tf = 280 �C. Chemical formula:

C19H36O7 (376).

IR (KBr, solid): m (OH) = 3549 cm-1. m (CH) = 2852, 2919 cm-1. m (CO–

O) = 1705 cm-1.
1H NMR, d (ppm): (CDCl3): 5.03 (d, 1H, H-1, J2 = 7.02 Hz), 4,29 (m, 2H, H-6),

4.09 (m, 1H, H-5), 3,73 (m, H, H-3), 3,34–3.40 (m, 2H, H-3,4), 3,24 (s, 3H, OCH3),

2.52 (s, 3H, 3OH), 2.25 (t, 2H, CH2CH2CO2, J3 = 6.82 Hz), 1.67 (m, 2H,

CH2CH2CO2), 1.30 (m, 16H, (CH2)8), 0.94 (t, 3H, CH2CH3, J3 = 7.08).
13C NMR (CDCl3): 14.01, 22.80, 25.23, 28.9, 29.09, 31.55, 32.57, 33.37, 55.80,

60.53, 72.68, 72.71, 78.74, 79.01, 103.54, 174.27.

Table 4 Effect of acylating

agent
Acylating agent Product Yield (%)

Lauric acid chloride 1 65

Palmitic acid chloride 2 51

Lauric acid 1 60

Palmitic acid 2 48

Stearic acid 3 30
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Product (2)
Rf = 0.16 (MeOH/CHCl3 1/9). sulfuric acid. Tf = 320 �C. Chemical formula:

C23H44O7 (432). IR (KBr, solid): m (OH) = 3540 cm-1. m (CH) = 2852,

2919 cm-1. m (CO–O) = 1712 cm-1.
1H NMR, d (ppm): (CDCl3):

5,05 (d, 1H, H-1, J2 = 6.98 Hz), 4,31 (m, 2H, H-6), 4.07 (m, 1H, H-5), 3,68 (m,

1H, H-2), 3,30–3.45 (m, 2 H, H-2, H-4), 3,21 (s, 3H, OCH3), 2.65 (s, 3H, 3OH).

2.23 (m, 2H, CH2CH2CO2), 1.69 (m, 2H, CH2CH2CO2), 1.32 (m, 24H, (CH2)12),

0.96 (t, 3H, CH2CH3, J3 = 7.06 Hz).
13C NMR (CDCl3): 13.89, 22.55, 25.12, 28.75, 28.94, 31.56, 32.68, 33.92, 55.88,

60.73, 72.6133, 72.89, 79.04, 79.26, 104.23, 174.32.

Product (3)
Rf = 0.14 (MeOH/CHCl3 1/9). sulfuric acid. Tf = 362 �C. Chemical formula:

C25H48O7 (460). IR (KBr, solid): m (OH) = 3540 cm-1. m (CH) = 2852,

2919 cm-1. m (CO–O) = 1712 cm-1.
1H NMR, d (ppm): (CDCl3):

5,03 (d, 1H, H-1, J2 = 7.05 Hz), 4,33 (m, 2H, H-6), 4.09 (m, 1H, H-5), 3,77 (m,

1H, H-2), 3,29–3.48 (m, 2H, H-2, H-4), 3,25 (s, 3H, OCH3), 2.75 (s, 3H, 3OH). 2.23

(m, 2H, CH2CH2CO2), 1.67 (m, 2H, CH2CH2CO2), 1.30 (m, 28H, (CH2)14), 0.96 (t,

3H, CH2CH3, J3 = 7.02 Hz).
13C NMR (CDCl3): 14.01, 22.9, 25.23, 28.95, 29.12, 31.64, 32.57, 33.73, 55.8,

60.63, 72.71, 72.73, 78.74, 78.97, 103.45, 175.17).

References

1. C.T. Kresge, M.E. Leonowicz, W.J. Roth, J.C. Vartulli, J.S. Beck, Nature 359, 710 (1992)

2. J.S. Beck, J.C. Vartuli, W.J. Roth, M.E. Leonowicz, C.T. Kresge, K.D. Schmitt, C.T.W. Chu, D.H.

Olson, E.W. Sheppard, S.B. Mc Cullen, J.B. Higgins, J.L. Schlenker, J. Am. Chem. Soc. 114,

10834–10843 (1992)

3. Y. Xia, R. Mokaya, Microporous Mesoporous Mater. 74, 179–188 (2004)

4. J.-S. Cheng, J. Du, W. Zhu, Carbohydr. Polym. 88, 61–67 (2012)

5. M. Cicuéndez, I. Izquierdo-Barba, M.T. Portolés, M. Vallet-Regı́, Eur. J. Pharm. Biopharm. 84,

115–124 (2013)

6. M. Moritz, M. Laniecki, Powder Technol. 230, 106–111 (2012)

7. R. Hajian, S. Tangestaninejad, M. Moghadam, V. Mirkhani, I. Mohammadpoor-Baltork, A.

R. Khosropour. J. Coord. Chem. 64(23), 4134–4144 (2011)

8. A. Sayari, Chem. Mater. 8, 1840–1852 (1996)

9. S. Nishihama, M. Murakami, N.Y. Igarashi, K. Yamamoto, K. Yoshizuka, Solvent Extr. Ion Exch.

30, 724–734 (2012)

10. A. Benhamou, J.P. Basly, M. Baudu, Z. Derriche, R. Hamacha, J. Colloid Interface Sci. 404, 135–139

(2013)

11. Y. Belmabkhout, A. Sayari, Adsorption 15, 318–328 (2009)

12. B. Zhou, C.P. Wei, C.J. Peng, Y.C. Yu, J. Coord. Chem. 63(10), 1752–1762 (2010)

13. X. Xie, D. Zhou, X. Zheng, W. Huang, W. Kangbing, Anal. Lett. 42(4), 678–688 (2009)

14. Y. Sun, X.W. Liu, W. Su, Y. Zhou, L. Zhou, Appl. Surf. Sci. 253, 5650–5655 (2007)

15. S. Giri, B.G. Trewyn, M.P. Stellmaker, V.S. Lin, Angew. Chem. Int. Ed. Engl. 44(32), 5038–5044

(2005)

16. Y.S. Ooi, R. Zakaria, A.R. Mohamed, S. Bhatia, Appl. Catal. A Gen. 274, 15 (2004)

17. S. Wang, T. Dou, Y. Li, Y. Zhang, X. Li, Z. Yan, J. Solid State Chem. 177, 4800 (2004)

2232 B. Boukoussa et al.

123



18. Y. de Xia, R. Mokaya, J. Mater. Chem. 14, 863–870 (2004)

19. Y. de Xia, R. Mokaya, J. Mater. Chem. 14, 3427–3435 (2004)

20. P. Prokesova, S. Mintova, J. Cejka, T. Bein, Microporous Mesoporous Materials 64, 165 (2003)

21. P. Prokesova, S. Mintova, J. Cejka, N. Zilkova, A. Zukal, Microporous Mesoporous Materials 92,

154 (2006)

22. Y. Li, J. Shi, H. Chen, Z. Hua, L. Zhang, M. Ruan, J. Yan, D. Yan, Microporous Mesoporous

Materi.60, 51 (2003)

23. A.A. Twaiq Farouq, A.R. Mohamad, S. Bhatia. Fuel Process. Technol. 85, 1283–1300 (2004)

24. S. Pei-Chun, W. Jung-Hui, M. Chung-Yuan, Catal. Today 93–95, 365–370 (2004)

25. Z. Di, C. Yang, X. Jiao, J. Lia, W. Jinhu, D. Zhang, Fuel 104, 878–881 (2013)

26. X. Li, B. Li, X. Junqing, Q. Wang, X. Pang, X. Gao, Z. Zhou, J. Piao, Appl. Clay Sci. 50, 81–86

(2010)

27. C. Hea, P. Li, J. Chenga, HailinWanga, J. Li, Q. Li, Z. Hao, Appl. Catal. A Gen. 382, 167–175 (2010)

28. C. Hea, J. Li, P. Li, J. Chenga, Z. Hao, Z.-P. Xu, Appl. Catal. B Environ. 96, 466–475 (2010)

29. D.W. Park, J.S. Kim, J.H. Seung, H.S. Kim, W.S. Kim, Biotechnol. Lett. 23, 1947–1952 (2001)

30. H.G. Park, J.H. Do, H.N. Chang, Biotechnol. Bioprocess. Eng. 8, 1–8 (2003)

31. J.F. Kennedy, H. Kumar, P.S. Panesar, S.S. Marwaha, R. Goyal, A. Parmar, S.J. Kaur, Chem.

Technol. Biotechnol. 81, 866–876 (2006)

32. J. Liang, W. Zeng, P. Yao, Y. Wei, Adv. Biol. Chem. 2, 226–232 (2012)

33. M. Terreni, R. Salvetti, L. Linati, R. Fernandez-Lafuente, G. Fernández-Lorente, A. Bastida, M. José
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