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Abstract 

Aluminium-iron-pillared bentonite has been prepared by incorporation of the iron 

mixed aluminium-polyoxocation into bentonite layers and characterized by the powder X-Ray 

diffraction, Fourier transform infrared, thermal analysis and surface area measurement 

techniques. The characteristic d001 basal spacing of raw bentonite increased with the pillaring 

process and reached to 18.05 Å. The siloxane layers of bentonite were perturbed and the 

positions of Si-O stretching vibrations were altered by pillaring process. However, these 

pillars in the interlayer gallery spacing enhanced the thermal stability of bentonite. The new 

micropores were formed by the pillaring process and the specific surface area of raw 

bentonite increased by ca. 2-fold for aluminium-iron-pillared bentonite. FTIR spectra and 

thermal analysis curves of pyridine adsorbed samples clearly show that the surface Lewis 

acidity of aluminium-iron-pillared bentonite is greater than that of raw bentonite. Raw and 

aluminium-iron-pillared bentonites have been utilized as solid catalysts for benzoylation of 

benzene with benzoyl chloride. The aluminium-iron-pillared bentonite catalyst showed 

promising catalytic activity whereas raw bentonite showed no catalytic activity in 

benzoylation of benzene with benzoyl chloride.   
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1. Introduction 

 Clays have been used as adsorbents, ion exchangers and catalysts in many fields of 

industry because of their environmental compatibility, lower cost, operation simplicity, easy 

availability and reusability [1-6]. However, the weak porosities, low acidities and thermal 

stabilities of raw clays limit their further potential applications in various industries. 

Therefore, the pillaring process, which leads to the formation of a new class of material 

known as pillared clays, is a commonly used process for modifying the structural, thermal and 

surface properties of layered clays such as smectites [7-10]. Pillared clays are prepared by the 

insertion of various polyoxocations into clay layers with the replacement of exchangeable 

cations, followed by calcinations. The calcinations induce the dehydration and 

dehydroxylation of polyoxocations and thus yield thermally stable oxides, known as pillars, 

which act as pillar to prop up the opened clay layers and prevent their collapse [11-13]. 

Changing the type of pillars influences the textural, structural, catalytic and adsorptive 

properties of pillared clays directly and for this reason, many different pillared clays are 

prepared by forming metal oxides and, mixed metal oxides into the clay layers such as Al2O3, 

ZrO2, TiO2, Cr2O3, Fe2O3, Al2O3-ZrO2, Al2O3-SiO2, Al2O3-Fe2O3, Al2O3-MoO3, Al2O3- 

La2O3, Al2O3-V2O3 etc [14-24]. Pillared clays which have good thermal stability, high surface 

area, suitable porosity, shape selectivity and enhanced acidities (both Brønsted and Lewis 

acidic sites) are potential heterogeneous catalyst for organic reaction such as cracking, 

oligomerization, oxidation, acetalization, isomerisation, alkylation of aromatic hydrocarbons, 

methanol conversion, decomposition of organic pollutants etc [25-32]. The conversion and the 

selectivity of these reactions depend on the concentration, type and strength of the acid sites 

[33]. Hammet indicator method, n-butylamine back titration, FTIR analysis of the adsorbed 

probe molecules and thermal decomposition of probe base molecules from catalyst surface are used 

for rapid determination of the type and amount of acid sites in solid catalyst [34-36].  

Furthermore, Friedel-Crafts alkylations and acylations are most common test reactions 

used for examining the acidic properties of catalysts [37-42]. These reactions are executed by 

utilizing various homogeneous Lewis acid catalysts such as AlCl3, HF, ZnCl2, FeCl3 or BF3 

but these homogeneous catalysts originate some problems, including corrosion, toxicity, 

separation difficulties, recovery from the reaction product, disposal of wastes and catalysts 

[43-44].  Clays and modified clays are particularly promising candidates to replace liquid 

acids in Friedel Crafts reactions and other chemical reactions due to their superior properties 



  

such as eco-friendly nature, non-toxicity, simple filtration, non corrosive form and reusability 

[15,37-42].  

In the present study, the structural and thermal properties of raw Unye bentonite and 

Fe-Al-pillared bentonite was examined by using the powder X-Ray diffraction (PXRD), 

Fourier transform infrared (FTIR), thermal analysis (TG-DTG) and surface area measurement 

techniques. The surface acidity and type of acidic sites in bentonites were determined by 

FTIR and thermal decomposition measurements with the use of pyridine as a probe molecule. 

The benzoylation of benzene with benzoyl chloride was utilized as a model reaction to 

investigate acidic manner and catalytic activities of raw and pillared bentonites. 

 

    2. Experimental 

2.1. Materials  

The clay used as the starting material in the preparation of AlFe-PILC sample was 

Unye bentonite from Turkey. The raw bentonite (RB) dried at 105 ºC was mixed with 100 ml 

of 0.1 M NaCl solution at room temperature for 1 day. The products (Na-B) were washed 

with deionized water thoroughly and AgNO3 test was applied to the filtrate. The solid 

products which were dried at 105 ºC were ground to 200 μm.  

2.2. The preparation of the materials 

The pillaring reagent was prepared by slow addition of 0.2M NaOH solution to 0.2M a 

mixture of Al(NO3)3 and Fe(NO3)3 (Al/Fe= 9/1) solution to reach an OH/(Al+Fe) molar ratio 

of 2.2. The pillaring solution was aged for 12 days at room temperature under constant stirring 

to allow the formation of the iron mixed aluminium polyoxycation. The pillaring solution is 

added drop wise to a 2% suspension of the Na-B in the ratio of 10 mmol of metals (Al+Fe) 

per gram of clay. The suspension was aged for 7 days at 40 ºC, then it was filtered off and the 

supernatants were washed with deionized water until the conductivity was reduced to below 

10 μS. Finally, the solid products were calcined at 400 ºC for 4h and AlFe-PILC-B sample 

was obtained.          

  The bentonite samples were dried in hot air oven for 24 h at 120 C before pyridine 

treatment. Exposure of RB and AlFe-PILC-B surfaces to pyridine (Py) were carried out by 

heating 0.01g samples with 1ml pyridine (bp=115C) in sample cup at 120C for 1h in the oven [36]. 



  

After cooling down to room temperature and adsorption of pyridine, the sample adsorbed 

pyridine was evacuated for 20 min at several temperatures (120-320 C). The chemisorped 

pyridine onto RB and AlFe-PILC-B samples were labelled as RB-Py and AlFe-PILC-B-Py, 

respectively.  

2.3. Catalytic experiment 

The benzoylation of benzene with benzoyl chloride has been selected as the test 

reaction to investigate surface acidity and catalytic properties of raw and AlFe-PIL-B. To a 

mixture of  benzoyl chloride (1 mmol, 116 µL) and benzene (4 mL) was  added 400 mg of 

catalyst. The reaction mixture was then heated to 80 
o
C and stirred for 24 h [40,41]. After 

evaporation of benzene under reduced pressure (10 mbar, 25 
o
C) the residue was diluted with 

saturated NaHCO3 (10 mL) and extracted with dichloromethane (3x15 mL). The solvent was 

evaporated and the product was purified by silica gel column by eluting with EtOAc-hexane 

(02:98) to give benzophenone as the white powder (65 mg, 46%). 
1
H-NMR (200 MHz, 

CDCl3, ppm)  7.83-7.78 (m, 4H), 7.62-7.43 (m, 6H); 
13

C-NMR (50 MHz, CDCl3, ppm)  

198.6, 139.6, 134.3, 132.0, 130.2; IR (KBr, cm
-1

) 3059, 1658, 1598, 1577, 1446, 1317, 1277, 

1176, 1149, 941, 919. 

The XRPD patterns were obtained at ambient temperatures on a Rigaku 2000 

automated diffractometer by using Ni filtered CuK radiation (=1.54050 Å; 40kV and 

40mA). Bragg’s law, defined as n=2dSin, was used to compute the crystallographic 

spacing (d) for the examined bentonite samples. The FTIR spectra of the bentonite samples 

were recorded on a Bruker Vertex 80V-spectrometer equipped with a MCT/A detector in the 

region 4000-400 cm
-1

 at a resolution of 4 cm
-1

, using KBr pellet technique. Specimens for 

measurement were prepared by mixing 0.9 mg of the sample powder with 70 mg of KBr and 

pressing the mixture into a pellet. The TG and DTA curves were scanned by using a PYRIS 

Diamond TG/DTG apparatus in a dynamic air atmosphere (heating rate: 10 
o
C min

-1
, platinum 

crucibles, mass 10 mg and temperature range 30-1000 
o
C). Nitrogen adsorption/desorption 

isotherms were measured at 77K (-196
o
C) with a Quantachrome Autosorb-İQ analyzer. The 

samples were degassed in vacuum at 275 
o
C for 6h prior to the textural measurements at 77K 

(-196
o
C). Specific surface areas were calculated according to the Brunauer-Emmett-Teller 

(BET) method adsorption data in the relative pressure (P/Po) range 0.02-1.00. The micropore 

surface area and micropore volume were calculated by t-plot analysis. The pore size 

distributions were derived from adsorption branches of isotherms applying the non-local 

density functional theory (NLDFT) method for cylindrical pores. 



  

3. Results and discussion 

3.1. PXRD data of samples 

 

 Fig. 1. shows the PXRD patterns of the RB and AlFe-PILC-B samples. The d001, d020-

100, d130-200 and d060 reflections of the main montmorillonite component were observed at 5.59, 

19.75, 35.05 and 61.83(2) with the corresponding distance of 15.80, 4.49, 2.56 and 1.50 Å, 

respectively (Fig. 1a). The high CaO content (1.25%) and the basal spacing of RB (d001= 

15.80 Å) indicate that bentonite contains a calcium-montmorillonite as a dominant clay 

mineral [45,46]. In addition, the d060 peak value of 1.50 Å indicates the presence of an Al-rich 

dioctahedral montmorilonite. The bands originating from external clay component cristobalite 

are observed at 21.65, 28.11 and 49.01(2) with the distance of 4.10, 3.17 and 1.86 Å, 

respectively. It may be concluded from the comparison of the intensities of the d001 peak of 

RB and the diffraction of the nonclay component that the main component of bentonite is 

montmorillonite. When the RB interacts with pillaring solutions, an expansion is observed 

along the c-axis. The characteristic d001 spacing of raw bentonite increased from 15.80 to 

18.05 Å for AlFe-PILC-B which denote the formation of the (FeAl)2O3 pillars species into the 

interlayer space of bentonite after calcinations. This result is in agreement with the previous 

literature [8,10,19,21] (Fig. 1b). Furthermore, the diffraction peaks belonging to the d020-100, 

d130-200 and d060 planes of bentonite are observed at 19.93, 35.25 and 61.77(2) with the 

distances of 4.45, 2.54 and 1.50 Å, respectively. The RB has a well-defined d001 pattern while 

the d001 peaks of AlFe-PILC-B is broad and its intensity lower than RB, which means that 

AlFe-PILC-B is semi crystalline in nature (since the heterogeneity in the size of the pillars). 

Also, the presence of a wide signal regarding d001 is related to the long range face to face layer 

aggregation which arisen from the inadequate entrance of ion in the interlayer space [21-23]. 

An interlayer opening caused by pillaring process were calculated as 8.45 Å for AlFe-PILC-B 

by subtracting the thickness of SiO2-Al2O3-SiO2 sheet (9.6 Å) from the d(001) value of 

pillared clay [7]. The amount of the interlayer expansion for the Fe containing pillared 

samples slightly larger than the Al pillared samples might be due to the substitution of Al
3+

 by 

the somewhat larger Fe
3+

 ions in the original Al13-pillars [19].   

 

 

 

 



  

3.2. FTIR data of samples 

 

 The FTIR spectra of the RB and AlFe-PILC-B samples are shown in Fig. 2. The 

comparative infrared spectra of raw and pillared bentonite are extensively utilized for 

investigation of the structural changes in clay framework. There are significant differences 

between the spectra of RB (Fig. 2a) and pillared bentonite (Fig. 2b). The peaks at 3627 and 

918 cm
-1

 are ascribed to the OH stretching of structural hydroxyls and deformation of 

AlAlOH in the octahedral layers of RB whereas the peaks at 3456 and 1641 cm
-1

 correspond 

to the OH stretching and OH deformation of water of RB, respectively. After pillaring, the 

intensities of these peaks decrease since the removal of the hydroxyl groups and the adsorbed 

water [8]. The features at 1041 and 1090 cm
-1

 correspond to the Si-O stretching vibration and 

the Si-O stretching band (longitudal mode) of tetrahedral sheet. As in the previously reported 

studies, the original positions and intensities of these peaks were altered by the pillaring of the 

RB which may be due to the siloxane layers perturbed by pillars. In addition, the vanish of the 

peaks at 627 and 523 cm
-1

 belong to coupled Al-O, Si-O (out of plane) and Al-O-Si 

deformation of bentonite show that the clay layer structure was affected by pillaring process. 

However, absence of additional peaks suggests that no bond formation occurs between 

bentonite and pillars [47]. In addition the band at 793cm
-1

 may reflect the presence and 

survival of cristobalite after the pillaring process. This state was also supported by PXRD 

measurements. 

 

3.3 Thermal analysis of samples     

 

The thermal analysis (TG-DTG and DTA) profiles of the samples are shown in Fig. 3. 

On the curve of RB, two dehydration stages with a total mass loss of 12.26 % in the 

temperature range of 31-212
 o

C are noticeable. The removal of adsorbed water with a mass 

loss of l0.73 % in the first stage 31-142
 o

C gives rise to an endothermic DTA peak centred at 

90
 o
C and the endothermic feature at 163

 o
C in the range of 142-212 

o
C which is accompanied 

by a mass loss of 1.53 corresponds to the elimination of the water species coordinated to the 

interlayer cations. Noticeable differences between the thermal curves of RB and AlFe-PILC-B 

were observed. The total amount of waters removed from pillared bentonite (9.2%) are less 

than that of RB and the elimination of the adsorbed water from pillared bentonite occurred at 

lower temperature. The dehydration of adsorbed water from AlFe-PILC-B with a mass loss of 

9.2 % in the temperature interval of 31-148
 o

C, give rise to DTA peaks at 77
 o
C. Moreover the 



  

removal of cation-coordinated water species is not observed in the pillared clay. It could be 

concluded that the interlayer cations are completely exchanged with keggion ions and the 

pillared clay obtained after the calcination has low amount of adsorbed waters. However, 

dehydroxylation processes of AlFe-PILC-B resulted in a mass loss of 2.6% in the range of 

337-731
 o

C (DTGmax=655
 o

C) The dehydroxylation maxima of pillared bentonite shifts to 

higher temperature compared to the RB (DTGmax=625
o
C). The position of this peak is very 

important in estimating thermal stability of the pillar bentonites [7,13]. It is clearly seen that 

the thermal stability of clay enhanced by the pillars present in the interlayer gallery spacing. 

   

3.4. Textural characterization of samples 

 The surface areas of clay minerals are related to the numbers and sizes of internal and 

external pores they contain. The total number of micropores (pore width≤ 2 nm) and 

mesopores (pore width, 2-50 nm) has primary importance on the surface areas of clays but the 

contribution of macropores (pore width≥50 nm) to these characteristics is at negligible level 

[48]. Nitrogen adsorption-desorption isotherms of samples are illustrated in Fig. 4a and 

Fig.4b. These isotherms of bentonite samples were similar to those reported by the other 

authors [30,31,49]. According to the IUPAC classification or or BDDT (Brunauer, Deming, 

Deming and Teller) classification, the nitrogen adsorption/desorption isotherms of bentonite 

samples demonstrate Type IV behaviour which is characteristic of mesoporous solids [50]. 

The most important differences between the nitrogen adsorption isotherms of the RB and 

AlFe-PILC-B can be seen at relative pressures lower than 0.10. For AlFe-PILC-B, the 

significant increase in adsorbed volume at low relative pressure (P/P0<0.01) indicated the 

presence of micropores [30,31,49]. On the other hand, the isotherms of two samples were 

similar at relative pressure range of 0.40 to 0.99 and showed H4 type hysteresis loops 

representing the slit shaped pores and plate-like particles with spaces between the parallel 

plates, which all closed at a relative pressure of about 0.40 [17]. The mesoporosity in the 

samples is evident from the presence of hysteresis in the isotherms of adsorption/desorption, 

which are clearly seen in two samples [51]. The AlFe-PILC-B isotherm is in the narrow shape 

which depends on the pore size distribution, pore geometry, cristallinity and connectivity of a 

mesoporous adsorbent. Besides, adsorption jumps in the above isotherms appeared due to the 

capillary condensation in the mesopore between the relative pressures range of 0.2-0.4 (P/Po) 

[20,52]. 



  

The textural parameters of RB and AlFe-PILC-B samples are shown in Table 1. The 

specific BET surface area of RB (121.32 m
2
/g), which contains the micropore and mesopore 

surface area of 6.07 m
2
/g and 115.25 m

2
/g, respectively, increased by ca. 2-fold for AlFe-

PILC-B (234.49 m
2
/g) which arise from the micropore surface area of 67.96 m

2
/g and 

mesopore surface area of 166.53 m
2
/g). This increase was expected because the pillaring 

process mainly creates microporosity. A more detailed description of the microporous and 

mesoporous regions of the bentonite samples was obtained from the pore size distributions. 

Typical micropore and the mesopore size distribution curves (calculated by DFT) of RB and 

AlFe-PILC-B are presented in Fig. 4c and Fig. 4d, respectively. As shown in the figures, the 

RB possess a unimodal and a fairly broad pore size distribution around pore width of 68 Å 

(mesopores), whereas AlFe-PILC-B posses trimodal and more sharp pore size distribution 

around pore width of 10 Å (micropore), 26 Å (mesopore) and 66 Å (mesopore). This situation 

shows that the mesoporous structure was slightly influenced but micropore structure was 

significantly influenced and new additional micropores formed by the pillaring process. The 

similarity of the mesopore size distributions indicates that the size of the mesopore may 

depend more on the stacking of the silicate leaves rather than on the interlayer distance [17]. 

Although, the pillaring process produced a remarkable increase in the micropore volume from 

0.001 cc/g to 0.027 cc/g for AlFe-PILC-B, but the total pore volume did not significantly 

change. In addition, RB has the average pore width of 67.94 Å whereas the value of this 

parameter decreases to 8.63 Å for AlFe-PILC-B. These results were in great agreement with 

the nitrogen adsorption/desorption isotherms. The increasement of the surface areas of 

pillared bentonite may be ascribed to the increasing effect of the formation of the micropores 

and enlarged cumulative pore volume of micropores.    

 

3.5. Surface acidities of samples 

 Pyridine has been utilized as a probe molecule for the determination of the chemical 

nature of acidic sites in the raw and pillared bentonites [15,36,53] The specific IR absorption 

peaks of adsorbed pyridine in the region of 1700-1350 cm
-1

 have been used to differentiate 

between the Brønsted and Lewis sites of RB and AlFe-PILC-B samples (Fig. 5). Following 

the pyridine adsorption on RB, the peaks at 1635, 1595, 1541, 1492 and 1441 cm
-1

 were 

observed. The peaks at 1595 and 1441 cm
-1

 originated from H-bonded pyridines species 

whereas the peaks at 1635 and 1541 cm
-1

 represent the pyridine molecules interacted with the 



  

Brønsted acidic sites. In addition, the prominent peak at 1492 cm
-1

 mainly originated from the 

pyridine species held by both the Brønsted and Lewis centres [15,36,53]. The corresponding 

peak intensities of adsorbed pyridine indicated that Brønsted acidity was predominant in the 

raw bentonite and these observations are in accordance with the thermal analysis results of 

pyridine adsorbed onto RB. The unsaturated metal atoms located at the edges of the siloxane 

layer are the major sources of Lewis acidity for RB while the interlamellar water coordinated 

to exchangeable cations and the terminal silanols of the clay contribute to the Brønsted acidy. 

The spectrum of AlFe-PILC-B-Py recorded at 100
 o

C shows the presence of both Lewis and 

Brønsted acid sites (Fig. 5b). The most prominent peaks at 1610 and 1451 cm
-1

 come from the 

pyridine species coordinated to Lewis acid centres were observed as significantly 

strengthened whereas the peaks related to the pyridine species protonated at Brønsted acidic 

centres at 1638 and 1542 cm
-1

 were observed as slightly increased for AlFe-PILC-B. The 

formation of AlFe-pillars between the bentonite layers strongly increases the Lewis acidity 

but do not have further special improvement over the Brønsted acidity. Because the Brønsted 

acidity come from the clay structure as mentioned above, pillars have a little contribution. IR 

spectrums of samples clearly show that the surface Lewis acidity of AlFe-PILC-B is greater 

than that of RB. 

  Additionally, thermal desorption of pyridine onto bentonite samples was also followed 

by thermal analyses techniques (TG/DTG) to calculate the acidity of samples and estimate the 

acidic strength of both Brønsted and Lewis acid centres (Table 2). The desorption of the 

pyridine species on the bentonite composites in the temperature range of 30-500 C give rise 

to three different mass losses depending on the surface acidity of bentonites. The first mass 

loss in the temperature range of 30-95 C usually corresponds to the removal of moisture or 

desorption of physisorbed pyridine on weak acid sites. However, the IR spectra of pyridine 

adsorbed on bentonite samples did not show any band at 1575cm
-1

 which is diagnostic of 

physisorbed pyridine. Thus, this mass loss at near 63C must be related to desorption of 

moisture and/or H-bonded pyridine attached to external surface sites. The second and third 

mass losses in the temperature interval of 100-235C and 243-357C are attributed to 

desorption of pyridine species onto Brønsted and Lewis acid sites, respectively [54,55]. The 

acidity (A) of the two composites was calculated as mmol pyridine/gram catalyst based on the 

thermal analysis data. The RB-Py species presents three DTG peaks corresponding to 

desorption of pyridine at 63, 169 and 280 C in the temperature ranges of 30-95 C, 100-235 

C and 243-357 C with the mass losses of 3.90, 7.81 (together 1.53% mass loss of removal 



  

of water coordinated to the interlayer cation)  and 1.33%, respectively. These mass losses are 

related to the elimination of moisture, removal of protonated pyridine species on Brønsted 

acid sites and desorption of pyridine from Lewis acid sites (A=0.158), respectively, while the 

classic DTG peak at 621 C corresponds to dehydroxylation process. RB has more Brønsted 

acid sites (A=0.77) than Lewis acid sites (A=0.158). For AlFe-PILC-B, in the temperature 

interval of 100-235 C, the removal of pyridine species from Brønsted acid sites (A= 0.827) 

with a mass loss of 6.54% gives rise to a DTG peak at 174 C. In addition, the DTG peak at 

352 C with a mass loss of 6.80% corresponds to desorption of pyridine from Lewis acid sites 

(A=0,872). It is clearly seen that the Lewis acidity of the RB (A=0.158) is enhanced by ca 6-

fold for AlFe-PILC (A=0,872) whereas the Brønsted acidity of RB is slightly increased by 

pillaring process. The increase of Lewis acidity is due to the formation of pillar oxides in the 

interlayer region as interpreted in FTIR results. Furthermore, the pyridine species coordinated 

to the Lewis centres gets extra thermal stability of about 72C for AlFe-PILC-B compared to 

RB. In addition, the total acidity value of RB (0.928) remarkably increased to 1.699 for AlFe-

PILC-B with the pillaring process.            

 

 

3.6. Friedel–Crafts acylation 

 

Friedel–Crafts type acylation of aromatic compounds to aromatic ketones is one of the most 

important synthesis methods used in organic chemistry [37-42]. As an example, this reaction 

is widely used to test the acidic properties of catalyst [42]. To test the catalytic activity of our 

samples, we studied the Fridel-Crafts benzoylation of benzene with benzoyl chloride in the 

presence of raw and pillared bentonites (Fig. 6). Benzene and benzoyl chloride were 

separately treated with raw and AlFe-PILC-B bentonites as the catalysts at 80 
o
C for 24 h. No 

benzophenone formation was observed by 
1
H-NMR spectroscopy when raw bentonite was 

used as catalyst, whereas benzophenone was obtained with the yield of 46% in the case of 

AlFe-PILC-B utilization. Benzophenone was purified by means of column chromatography 

and characterized by its 
1
H and 

13
C NMR spectra, shown to be identical with an authentic 

sample. The amount of benzophenone yield significantly depends on the concentration and 

strength of the Lewis acidic sides of bentonite samples. 

 

 



  

4. Conclusion 

The XRPD pattern showed that the pillaring of bentonite caused an expansion of basal 

spacing from 15.80 to 18.05 Å. The original positions and intensities of peaks at 1041 and 

1090 cm
-1

 correspond to the Si-O stretching vibration and the Si-O stretching band of 

tetrahedral sheet were altered by the pillaring of the RB. The pillars in the interlayer gallery 

spacing enhanced the thermal stability of raw bentonite. Nitrogen adsorption-desorption 

isotherms of samples showed that the mesoporous structure was not significantly influenced 

but a new micropores were formed by pillaring process. The formation of FeAl-pillars into the 

bentonite layers on AlFe-PILC strongly increased especially the Lewis acidity but do not have 

further special advantage over the Brønsted acidity. The present data shows that the AlFe-

pillared bentonite material can be used as a solid catalyst for Friedel Crafts acylation of 

aromatic hydrocarbons. Also, the data obtained in this study may provide further insight into 

heterogenous catalysis studies and may be utilized for developing new eco-friendly solid 

catalysts.   

References 

[1] H.C. Harvey, H.H. Murray, Industrial clays in the 21 st century: a perspective of 

exploration, technology and utilization, Appl. Clay Sci. 11 (1997) 285–310. 

[2] H.H. Murray, Traditional and new applications for kaolin, smectite, and palygorskite: 

a general overview, Appl. Clay Sci. 17 (2000) 207–221. 

[3] G. Lagaly, Colloidal clay science, in: F. Bergaya, B.H.G. Theng, G. Lagaly, (Ed.), 

Handbook of Clay Science. Elsevier, 2006, pp. 141–246. 

[4] G. Lagaly, M. Ogawa, I. Dékány, Clay mineral–organic interactions, in: F. Bergaya, 

B.K.G. Theng, G. Lagaly, (Ed.), Handbook of Clay Science, Elsevier, Amsterdam, 

2006, pp. 309–377. 

[5] Q. Zhou, R.L. Frost, H. He, Y. Xi. Changes in the surfaces of adsorbed para-

nitrophenol on HDTMA organoclay—The XRD and TG study, J. Colloid Interface 

Sci. 307 (2007) 50–55. 

[6] J. Ghassemzadeh, M. Sahimi, Molecular modelling of adsorption of gas mixtures in 

montmorillonites intercalated with Al13-complex pillars, Mol. Phys., 102 (2004) 

1447–1467 

[7] A. Tabak, B. Afsin, B. Caglar, E. Koksal, Characterization and pillaring of a Turkish 

bentonite (Resadiye), J. Colloid Interface Sci. 313( 2007) 5-11. 



  

[8] P. Yuan, F. Annabi-Bergaya, Q. Tao, M. Fan, Z. Liu, J. Zhu, H. He, T. Chen, A 

combined study by XRD, FTIR, TG and HRTEM on the structure of delaminated Fe-

intercalated/pillared clay, J. Colloid Interface Sci. 324 (2008) 142–149. 

[9] M. Yurdakoc¸ M. Akcay, Y. Tonbul, F. Ok, K. Yurdakoc, Preparation and 

characterization of Cr- and Fe-pillared bentonites by using CrCl3, FeCl3, Cr(acac)3 and 

Fe(acac)3 as precursors, Micropor. Mesopor. Mater. 111 (2008) 211–218. 

[10] L. Yan, Y. Xu, H. Yu, X. Xin, Q.Wei, B. Du, Adsorption of phosphate from aqueous 

solution by hydroxy-aluminum, hydroxy-iron and hydroxy-iron–aluminum pillared 

bentonites, J. Hazard. Mater. 179 (2010) 244–250. 

[11] Z. Bekci Molu, K. Yurdakoc, Preparation and characterization of aluminum pillared 

K10 and KSF for adsorption of trimethoprim, Micropor. Mesopor. Mater.127 (2010) 

50–60 

[12] Z. Qin, P. Yuan, J. Zhu, H. He, D. Liu, S. Yang, Influences of thermal pretreatment 

temperature and solvent on the organosilane modification of Al13-intercalated/Al-

pillared montmorillonite, Appl. Clay Sci. 50 (2010) 546–553. 

[13] B. Miri, L. Bergaoui,  A. Ghorbel, Synthesis and characterization of Al-pillared 

montmorillonite in presence of Mn(II), Appl. Clay Sci. 53 (2011) 691–695. 

[14] H. Faghihian, M. Hadi Mohammadi, Acid activation effect on the catalytic 

performance of Al-pillared bentonite in alkylation of benzene with olefins, Appl. Clay 

Sci. 93–94 (2014) 1–7. 

[15] S.V. Awate, S.B. Waghmode, M.S. Agashe, Synthesis, characterization and catalytic 

evaluation of zirconia-pillared montmorillonite for linear alkylation of benzene, Catal. 

Commun. 5 (2004) 407–411. 

[16] N. Jagtap, V. Ramaswamy, Oxidation of aniline over titania pillared montmorillonite 

clays, Appl. Clay Sci. 33 (2006) 89–98. 

[17] M. Roulia, Synthesis and characterization of novel chromium pillared clays, Mater. 

Chem. Phys. 91 (2005) 281–288. 

[18] M. Kurian, S. Sugunan, tert-Butylation of phenol catalysed by metal exchanged iron 

pillared Montmorillonites, Catal. Commun. 7 (2006) 417–421. 

[19] S. Mnasri-Ghnimi, N. Frini-Srasra, Promoting effect of cerium on the characteristic 

and catalytic activity of Al, Zr, and Al–Zr pillared clay, Appl. Clay Sci. 88-89 (2014) 

214–220. 

http://www.sciencedirect.com/science/article/pii/S016913171300361X
http://www.sciencedirect.com/science/article/pii/S016913171300361X


  

[20]  H. Mao, B. Li, L. Yue, L. Wang, J. Yang, X. Gao, Aluminated mesoporous silica-

pillared montmorillonite as acidic catalyst for catalytic cracking, Appl. Clay Sci. 53 

(2011) 676–683 

[21] N.R. Sanabria, P. Ávila, M. Yates, S.B. Rasmussen, R. Molina, S. Moreno, 

Mechanical and textural properties of extruded materials manufactured with AlFe and 

AlCeFe pillared bentonites, Appl. Clay Sci. 47 (2010) 283–289. 

[22] P. Salerno, S. Mendioroz, A. Lopez Agudo, Al-pillared montmorillonite-based Mo 

catalysts: effect of the impregnation conditions on their structure and hydrotreating 

activity, Appl. Clay Sci. 23 (2003) 287– 297 

[23] O. Macias, J. Largo, C. Pesquera, C. Blanco, F. Gonzalez, Characterization and 

catalytic properties of montmorillonite pillared with aluminum/lanthanum, Appl. 

Catal. A 314 (2006) 23–31. 

[24] K. V. Bineesh,  M. Kim, M.S. Park, K. Y. Lee, D. W. Park, Selective catalytic 

oxidation of H2S over V2O5-supported Fe-pillared montmorillonite clay, Catal. 

Today 175 (2011) 183– 188 

[25] R.J.M.J. Vogels, J.T. Kloprogge, J.W. Geus, Catalytic activity of synthetic saponite 

clays:effects of tetrahedral and octahedral composition, J. Catal. 231 (2005) 443–452. 

[26] R. Miranda, H. R  os, F. Delgado, M. Castro, A. Cogordán, M. Salmón, 

Characterization of a bentonitic clay and its application as catalyst in the preparation 

of benzyltoluenes and oligotoluenes, Appl. Catal. A 244 (2003) 217-233. 

[27] S. Zuo, F. Liu, R. Zhou, C. Qi, Adsorption/desorption and catalytic oxidation of VOCs 

on montmorillonite and pillared clays, Catal. Commun. 22 (2012) 1–5. 

[28] M. R. Cramarossa, L. Forti, F. Ghelfi, Acetals by AlFe-Pillared Montmorillonite 

Catalysis, Tetrahedron, 53 (1997) 15889-15894. 

[29] A. Moronta, T. Oberto, G. Carruyo, R. Solano, J. Sanchez, E. Gonzalez, L. Huerta, 

Isomerization of 1-butene catalyzed by ion-exchanged, pillared and ion-

exchanged/pillared clays, Appl. Catal. A 334 (2008) 173–178. 

[30] H. Faghihian, M. H. Mohammadi, A novel catalyst for alkylation of benzene, C.R. 

Chim., 15 (2012) 962-968. 

[31] M.N. Timofeeva, V.N. Panchenko, A. Gil, Yu A. Chesalov, T.P. Sorokina, V.A. 

Likholobov, Synthesis of propylene glycol methyl ether from methanol and propylene 

oxide over alumina-pillared clays, Appl. Catal. B 102 (2011) 433-440. 

http://www.sciencedirect.com/science/article/pii/S0926860X02005665
http://www.sciencedirect.com/science/article/pii/S0926860X02005665
http://www.sciencedirect.com/science/article/pii/S0926337310005515
http://www.sciencedirect.com/science/article/pii/S0926337310005515


  

[32] P. Banković, A. Milutinović-Nikolić, Z. Mojović, N. Jović-Jovičić, M. Žunić, V. 

Dondur, D.Jovanović, Al,Fe-pillared clays in catalytic decolorization of aqueous 

tartrazine solutions, Appl. Clay Sci. 58 (2012) 73–78. 

[33] C. R. Reddy, G. Nagendrappa, B .S. J. Prakash, Surface acidity study of Mn+-

montmorillonite clay catalysts by FT-IR spectroscopy: Correlation with esterification 

activity, Catal. Commun. 8 (2007) 241-246. 

[34] H.A. Benesi, J. Phys. Chem. 61 (1957) 970-973. 

[35] L.P. Hammett and A.J. Deyrup (1932) J. Am. Chem. Soc. 54, 2721-2739 

[36] C.R. Reddy, Y.S. Bhat, G. Nagendrappa, B.S. J. Prakash, Brønsted and Lewis acidity 

of modified montmorillonite clay catalysts determined by FT-IR spectroscopy, Catal. 

Today, 141 (2009) 157-160. 

[37] S.R. Guerra, L.M.O.C. Merat, R.A.S. San Gil, L.C. Dieguez, Alkylation of benzene 

with olefins in the presence of zirconium-pillared clays, Catal. Today 133–135 (2008) 

223–230. 

[38] A. Phukan, J.N. Ganguli, D.K. Dutta, ZnCl2-Zn
2+

-Montmorillonite composite: 

efficient solid acid catalyst for benzylation of benzene, J. Mol. Catal. 202 (2003) 279–

287. 

[39] V.R. Choudhary, S.K. Jana, N.S. Patil, S.K. Bhargava, Friedel–Crafts type benzylation 

and benzoylation of aromatic compounds over Hβ zeolite modified by oxides or 

chlorides of gallium and indium, Micropor. Mesopor. Mater. 57 (2003) 21-35. 

[40]  . Bachari, J.M.M. Millet, B. Bena  chouba, O. Cherifi, F. Figueras, Benzylation of 

benzene by benzyl chloride over iron mesoporous molecular sieves materials, J. Catal. 

221 (2004) 55-61. 

[41] V.R. Choudhary, R. Jha, GaAlClx-grafted Mont.K-10 clay: Highly active and stable 

solid catalyst for the Friedel-Crafts type benzylation and acylation reactions, Catal. 

Commun. 9 (2008) 1101-1105. 

[42] V.R. Choudhary, R.Jha, Acylation of nitrobenzene and substituted nitrobenzenes by 

benzoyl chloride using GaClx- and GaAlClx-grafted meporous Si-MCM-41 catalysts, 

Micropor. Mesopor. Mater. 119 (2009) 360-362. 

[43] G.A. Olah, Friedel-Crafts and Related reactions, vol 1, Wilwy-Interscience, New 

York, 1963, Chapter 1. 

[44] G. Losfeld, V.  Escande, P.V. Blache, L. L’Huillier, C. Grison, Design and 

performance of supported Lewis acid catalysts derived from metal contaminated 

http://www.sciencedirect.com/science/article/pii/S1566736706002287
http://www.sciencedirect.com/science/article/pii/S1566736706002287
http://www.sciencedirect.com/science/article/pii/S1566736706002287
http://www.sciencedirect.com/science/article/pii/S0920586108001466
http://www.sciencedirect.com/science/article/pii/S0920586108001466
http://www.sciencedirect.com/science/article/pii/S1387181102005292
http://www.sciencedirect.com/science/article/pii/S1387181102005292
http://www.sciencedirect.com/science/article/pii/S1387181102005292
http://www.sciencedirect.com/science/article/pii/S0021951703002951
http://www.sciencedirect.com/science/article/pii/S0021951703002951
http://www.sciencedirect.com/science/article/pii/S1566736707004554
http://www.sciencedirect.com/science/article/pii/S1566736707004554
http://www.sciencedirect.com/science/article/pii/S1387181108005751
http://www.sciencedirect.com/science/article/pii/S1387181108005751


  

biomass for Friedel–Crafts alkylation and acylation, Catal. Today 189 (2012) 111– 

116 

[45] M. Ç.  arakaya, N.  arakaya, S. Bak r, Some properties and potential applications of 

the Na- and Ca-bentonites, Appl. Clay Sci. 54 (2011) 159-165.  

[46] B. Caglar, B. Afsin, A. Tabak, E. Eren, Characterization of the cation-exchanged 

bentonites by XRPD, ATR, DTA/TG analyses and BET measurement, Chem. Eng. J. 

149 (2009) 242-248. 

[47] M. Kurian, S. Sugunan, Wet peroxide oxidation of phenol over mixed pillared 

montmorillonites, Chem. Eng. J. 115 (2006) 139–146. 

[48] B. Caglar, Structural characterization of kaolinite-nicotinamide intercalation 

composite, J. Mol. Struct. 1020 (2012) 48-55. 

[49] K. Sapag, S. Mendioroz, Synthesis and characterization of micro-mesoporous 

solids:pillared clays, Colloid Surf. A: 187-188 (2001) 141-149. 

[50] S.J. Gregg, K.S.W. Sing, Adsorption, surface area and porosity, Academic Press, 

1991. 

[51] H. Pérez-Vidal, E. Custodio-García, E. López-Alejandro, J. Morales-Hidalgo, D.M. 

Frías-Márquez, Characterization of pillared clays containing Fe
3+

 and Cu, Sol. Energy 

Mater. Sol. Cells 90 (2006) 841-846. 

[52] Zuo, S., Zhou, R., Influence of synthesis condition on pore structure of Al pillared 

clays and supported Pd catalysts for deep oxidation of benzene. Micropor. Mesopor. 

Mater. 113 (2008) 472–480. 

[53] A. Gil, M.A. Vicente, S.A. Korili, Effect of the Si/Al ratio on the structure and surface 

properties of silica-alumina-pillared clays, J. Catal. 229 (2005) 119-126. 

[54] D.M.A. Melo, J.A.C Ruiz, M.A.F Melo, E.V Sobrinho, M Schmall, Preparation and 

characterization of terbium palygorskite clay as acid catalyst, Micropor. Mesopor. 

Mater.  38 (2000) 345-349. 

[55] C. Breen, Thermogravimetric and infrared study of the desorption of butylamine, 

cyclohexylamine and pyridine from Ni and Co-exchanged montmorillonite, Clay 

Miner. 26 (1991) 487-496. 

http://www.sciencedirect.com/science/article/pii/S092702480500111X
http://www.sciencedirect.com/science/article/pii/S0021951704005081
http://www.sciencedirect.com/science/article/pii/S0021951704005081
http://www.sciencedirect.com/science/article/pii/S1387181100001554
http://www.sciencedirect.com/science/article/pii/S1387181100001554


  

Figure Legends: 

 

Fig. 1. PXRD patterns of the bentonite samples (a) RB, (b) AlFe-PILC-B 

 

Fig. 2. FTIR spectra of the bentonite samples (a) RB, (b) AlFe-PILC-B 

 

Fig. 3. DTA, DTG and TG curves of bentonite samples (a) RB, (b) AlFe-PILC-B 

 

Fig. 4. Nitrogen adsorption-desorption isotherms of samples (a) RB, (b) AlFe-PILC-B and typical 

micropore and the mesopore size distribution curves of samples (c) RB, (d) AlFe-PILC-B 

 

Fig. 5.  FTIR spectra of the pyridine adsorbed bentonite samples (a) RB-Py, (b) AlFe-PILC-B-Py 

 

Fig. 6.  Benzoylation of benzene with benzoyl chloride over the AlFe-PILC-B catalyst 

 



  

Table Captions 

 

 

Table 1. Textural parameters of bentonite samples  

 

Table 2. Thermal analysis data of the pyridine adsorbed bentonite samples 

 

 

Table 1. Textural parameters of bentonite samples  

 

 

Sample 

SBET 

(m2g-1) 

tS
p 

(m2g-1) 

BJHSmp 

(m2g-1) 

tV
p 

(cm3g-1) 

BJHVmp (cm3g-

1) 

RB 121.32 6.07 115.25 0.002 0.249 

AlFe-PILC-B 234.49 67.96 166.53 0.027 0.244 

 

 



  

 

Table 2. Thermal analysis data of the pyridine adsorbed bentonite samples 

 

Sample  Temp. range 

(ºC) 

Mass loss (%) DTGmax. Acidity (A) 

(mmol/gcat) 

Thermal process 

RB-Py 30-95 

100-235 

 

243-357 

360-691 

3.90 

7.81 

 

1.33 

5.30 

63 

169 

 

280 

621 

 

0.770 

 

0.158 

-Removal of moisture and H-bonded pyridine 

-Desorption of Py from Brønsted sites and 

removal of coordinated water (1.53%) 

-Desorption of Py from Lewis sites 

-Dehydroxylation 

AlFe-PILC-B-Py 32-91 

10-235 

240-400 

468-705 

0.92 

6.54 

6.80 

1.82 

60 

174 

352 

650 

 

0.827 

0.872 

-Removal of moisture and H-bonded pyridine 

-Desorption of Py from Brønsted sites  

-Desorption of Py from Lewis sites  

-Dehydroxylation 

 



  

 

 



  

 



  

 



  

 



  

 



  

 

 



  

Highlights 

 

 The AlFe-pillared bentonite catalyst was characterized by various techniques. 

 The new micropores and Lewis acidic sites were formed by pillaring process. 

 The AlFe-pillared bentonite as catalyst was used in the benzoylation of benzene with 

benzoyl chloride. 

 The AlFe-pillared bentonite is a promising eco-friendly catalyst in organic reactions  

 


