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Fe-PILCs via diﬀerent conditions using smectites from Hancili (Turkey) and Wyoming (USA) were
synthesised. Presaturation had little eﬀects on the basal spacing values while it had important eﬀects on
thermal stabilities of the products. Products having basal spacing (d 001 ) around 1.30 nm and surface area
up to 160 m 2 g −1 were obtained. The thermal behaviour, X-ray diﬀraction (XRD) patterns, and nitrogen
adsorption/desorption experiments conﬁrmed that thermally stable and micro-mesoporous products were
obtained although at elevated calcination temperature. Delaminated sample with basal spacing value of
2.79 nm was obtained. Surface acidity of clay was enhanced by pillaring. Chemically sorbed pyridine
Fourier transform infrared spectroscopy (FTIR) bands were preserved at elevated desorption temperatures.
Key Words: Pillared clays, delaminated clays, characterisation, surface area, surface acidity.

Introduction
Smectites, expandable layered alumina/magnesia-silicates, are important materials with a large variety of
applications in the chemical industry as adsorbents and catalyst supports. In these applications permanent
high porosity and molecular sieve properties are the desired properties. The concept of pillaring is very
straightforward; intercalation (by ion exchange) and ﬁxation (by calcination) of bulky molecules keep the
layers of the smectite clays apart, resulting in pillared intercalated layered clays (PILCs). Moreover, as access
to the interior pore volumes of pillared clays is controlled by the distance between the silicate layers and the
distance between the pillars, one or both distances may be adjusted to suit a particular application choosing
the right pillar agent. The desired product must have permanent molecular sieve properties with the desired
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pore dimensions and good thermal and hydrothermal stabilities. Firstly, the intercalation of clays was studied
using organic compounds. 1 Due to the lack of thermal stability of the pillared layered clays obtained from
organic compounds, later studies were orientated towards the use of inorganic compounds. Literature studies
have shown that the use of inorganic metal oxides or salts, which form polynuclear species upon hydrolysis
as pillar agents, provides thermally stable pillared clays with high surface areas. 2−5 The pillared clays have
both Brönsted and Lewis acid sites, which give them catalytic properties. During the dehydroxylation of the
pillars, Brönsted acidity could be combined with the liberation of protons. It decreases markedly with increasing
calcination temperature, by either dehydroxylation of surface or by migration of protons from the interlayer
space into the octahedral sheet. High temperature treatments of pillared montmorillonites have caused decreases
in the numbers of both acid sites, supporting the second explanation. 2−4,6−10
Several studies have been reported in the literature using iron as the pillar agents’ source. Fe-PILCs show
magnetic and high catalytic activity. 4,5,11−17 The disadvantage of Fe-PILCs is the resulting small basal spacing.
However, in some works, 18−23 delaminated structured Fe-PILCs with basal spacing values higher than 1.4 nm
at room temperature were obtained, and upon calcination decreases in d-spacing occurred. In the present study
Fe-PILCs were synthesised and their structural and thermal properties and surface acidities were investigated.

Experimental
A bentonite sample from the Hançili region, which is a small town in Central Anatolia, (named Hançili Green
Bentonite (HGB) according to its appearance) was the main clay used. The well-known SWy-2 (Na-Wyoming
montmorillonite), which is considered a standard clay, was also used as host matrix for the synthesis of PILCs.
The eﬀects of preparation techniques on the surface properties of PILCs were investigated. 24

Preparation of the host mineral
In the synthesis of PILCs, the natural and pre-saturated clay samples with particle sizes less than 200 mesh
were used. For the pre-saturation 1 g air-dried samples were treated with 5 mL solutions of sodium and calcium
sources (NaCl, CaCl 2 with 1 M concentration) for several hours. The slurry was then centrifuged at –4 ◦ C
with a Sanyo Mistral 2000 Model Centrifuge, and the solid particles were washed with demineralised water
several times to get rid of excess sodium/calcium ions. The synthesis of Fe-PILCs was carried out by making
good use of the recipe used by Maes and Vansant. 25 The eﬀects of pre-saturation type, pillar solution synthesis
conditions, ion exchange step, and calcination temperature on the product quality were investigated.

Fe-PILCs synthesis
The salt of ferric chlorine was used in Fe-PICLs synthesis. The excess acidity of the starting solution, which
was 0.2 M FeCl 3 .6H 2 O solution, was removed by adding Na 2 CO 3 powders requiring an OH/Fe molar ratio
of 2.0. The hydrolysis was carried out at room temperature for 16 h under continuous stirring. Clay powders
were added gradually to pillar solution proving 6.5 mmol Fe per gram of clay. Pillar agent-clay suspensions
were stirred for 3 h at room temperature to allow ion exchange between exchangeable cations of the clay and
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pillar precursors. The formed PILCs were centrifuged, washed, dried in air, and calcined in air at diﬀerent
temperatures for 3 h. The eﬀects of pre-saturation were investigated.

Characterisation studies
SEM photograph of the HGB bentonite was taken by Jeol JSM-840 A Scanning Electron Microscope. The
chemical analysis of the host samples was performed with an X’Cem Model X-Ray Fluorescence Spectrometer.
Sodium saturation was used to measure the cation exchange capacities (CECs) of the host samples. 26 Thermal
behaviour of the HG bentonite was investigated by Linseis L 81 TGA under 12.00 L h −1 nitrogen ﬂows with a
heating rate of 5 ◦ C min −1 .
Single point surface area values of the samples (PILCs) were measured by nitrogen adsorption at 77
K under continuous ﬂow of 30 vol.% nitrogen-70 vol.% helium mixture using a Quantachrome Monosorb
Direct Surface Analyser. Their solid densities were determined by means of a Micromeritics 1305 Model He-air
Pycnometer. X-ray diﬀraction patterns of the samples were recorded by means of a Philips PW 3710 Model
X-Ray Diﬀractometer with Cu Kα radiation.
For the sample synthesised from 1 day Na-saturated HGB clay, detailed characterisation studies were
carried out. The thermal behaviour of these samples (host and the pillared product) was investigated under the
same conditions used for HGB bentonite. SEM photographs of them were taken again using a Jeol JSM-840 A
Scanning Electron Microscope. Nitrogen adsorption/desorption isotherms of Fe-PILC were obtained at 77 K by
means of a Quantachrome Autosorp 1C model. Before the measurements, the samples were degassed at 573 K
for 2 h under vacuum. To get an idea about the delamination of the structure X-ray diﬀraction patterns of the
Fe-PILC were recorded by means of a Philips Expert PW 3070, which enables the detection of the peaks above
2 θ values of 1.0 ◦ with Cu Kα radiation. Total surface acidities of HB bentonite and Fe-PILC were determined
by volumetric titration. 27 In this method, the dried samples were saturated with NaOH in a short time and
then they were titrated with H 2 SO 4 . Acidity was described as milliequivalents of base used per 100 g of dried
solid. Infrared spectra of the same samples with and without the pyridine adsorption were obtained using KBr
pellets on an Ati Unicam Mattson 1000 FTIR spectrometer. Pellets were prepared by mixing 1 mg of sample
with 100 mg of KBr. FTIR spectra of pyridine adsorbed then desorbed at room temperature, 150, 250, and 350
C samples were recorded to get an idea about the type/distribution of acid sites.

◦

Results and discussion
Characterisation of Hançılı Bentonite
Hançili Green Bentonite (HGB) had a honeycomb structure similar to other bentonite type rocks (Figure 1a).
The chemical analysis and some mineralogical properties of HGB

28,29

were similar to those of well-known

SWy-2 montmorillonite (Table 1). The presence of a high amount of iron (6.11% Fe 2 O 3 ) in the structure gave
the greenish appearance to the Hançılı bentonite. The chemical analysis showed that both minerals had SiO 2
content higher than that of the montmorillonite (>55%). This increase was due to the presence of impurities.
XRD patterns (Figure 1b) showed a great intensity at 2θ ∼
= 26.6 ◦ , the diﬀraction of (101) arising from the
quartz impurity. 30,31 Moreover, one of the main peaks of montmorillonite also gave high intensity at 2θ ∼
= 26.6.
845

Pore structure and surface acidity evaluation of Fe-PILCs, S. BALCI, E. GÖKÇAY

Dolomite and feldspar were also found as impurities. From the XRD patterns, the (001) basal reﬂection values
(which are the characteristics of the condition, i.e. interlayer water and exchangeable cations) were determined
as 1.25 nm and 1.24 nm at room temperature for SWy-2 and HGB samples, respectively, conﬁrming that they
were in their Na + exchanged forms. On ethylene glycol swelling, an increase in (001) reﬂection of around 0.4
∼ 19.9 ◦ was 2-dimensional 02 and 11 bands (which are the
nm was observed. The peak that occurred at 2 θ =
characteristics of the type of clay mineral) arising from the random stacking of layers. The small peak that
occurred at 2 θ ∼
= 34.9 ◦ was also one of the major peaks assigned to the 2-dimensional diﬀraction, hk, reﬂections
11,30−31
An increase in temperature to 300 ◦ C caused decreases in basal spacing values due to the
(Figure 1b).
moisture removal between the clay sheets (Figure 1b, Table 1). This behaviour was in good agreement with the
thermal behaviour (Figure 2). TGA data showed a high mass loss rate up to 150 ◦ C. Between 200 and 450 ◦ C
dehydration occurred and the decomposition of clay mineral itself started above 600 ◦ C. 24,30−32
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Table 1. Physicochemical and structural properties of the samples used.

metal oxides, mass %

HG27

SWy-2

SiO2

66.95

68.58

Al2 O3

18.38

20.56

Fe2 O3

6.11

4.25

MgO

2.76

2.71

CaO

1.80

1.74

Na2 O

2.81

1.49

K2 O

1.19

0.67

1.24

1.25

9.83

9.83

2.54

2.57

50

66

d-spacing, (d001 ) nm (room temp.)
◦

d-spacing, (d001 ) nm (300 C)
solid density (ρs )g cm

−3

◦

(100 C)

C.E.C., meqv.(100g)−1
−1

surface acidity, meqv.(100g)
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Fe-PILCs
Eﬀect of pre-saturation on the quality of Fe-PILCs: The synthesis conditions and the eﬀects of the
pre-saturation process on Fe-PILCs are summarised in Table 2 and their XRD patterns are given in Figure
3. The diﬀerent pH values obtained after the ion-exchange period, although using the same pillar solution,
conﬁrmed that the pre-saturation had some eﬀects on the degree of ion exchange and interpillar spacing values.
At 100 ◦ C, d 001 values of the samples obtained from SWy-2 and 1-week Na-saturated HGB sample were 1.23
nm and 1.25 nm, respectively. Slightly higher values were obtained for the samples synthesised from 1-day
Na-saturated HGB and Ca-saturated SWy-2 clays (1.31 nm and 1.29 nm, respectively), due to the arrangement
of pillar agents between the clay sheets and the left exchangeable ions. The uniform pillared structured product
showing high XRD peak intensity at (001) reﬂection was obtained from SWy-2, while a small deformation in
the pillared structure occurred with its pre-saturation. Ca-saturation and dual pre-saturation (Na + saturation
followed by Ca 2+ saturation) resulted in decreases in surface area values. The increase in pre-saturation time
might bring about the uniform distribution of the pillar agents within the sheets of HGB. Hence the highest peak
intensity was observed for the sample obtained from 1-week Na-saturated HGB sample. On calcination at 800
C nearly the same d 001 and surface area values were achieved independent of pre-saturation type as expected.
Small decreases in the XRD peak intensities were observed with the increase in calcination temperature. The
uniform distribution of the pillar agents within the structure should yield high thermal stability and so PILCs

◦

from 1 week Na-saturated HGB preserved their structure at high calcination temperature. Dual pre-saturation
of HGB gave samples with lower XRD peak intensity compared with the others; however, the strength of the
intensity was preserved at 800 ◦ C calcination (Table 2, Figure 3).
During the ion exchange, pH values of pillar agent-clay suspension were below 2.0. At low pH values
(lower than 3.0) most of the surface sites could be occupied by hydrogen ions. 33 This might limit the entrance
of more pillars into the structure, and so interpillar distance could be arranged high. For the pores in the
micropore ranges, this phenomenon could result in products with high surface areas. 24 The surface area values
847
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Figure 3. XRD patterns of Fe-PILCs obtained via diﬀerent pre-saturation types at diﬀerent calcination temperatures.

of the PILCs obtained from SWy-2 mineral were lower than those of the others at all calcination temperatures.
The standard clay mineral had a cation exchange capacity of 66 meqv.(100 g) −1 , which was higher than that
of HGB (Table 1). Therefore, in the ion exchange step more pillars could be taken by this mineral. This
848
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(g cm-3)
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Ss.p.

Table 2. Effect of pre-saturation of clay on Fe-PILCs quality.
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phenomenon resulted in a product with good molecular sieve properties although it might cause decreases in
basal spacing, interpillar spacing, and surface area values. XRD patterns showed high peak intensity, conﬁrming
the uniform distribution of pillars. Ca-saturation of SWy-2 let the structure take more pillar ions. Therefore,
the surface area at 300 ◦ C was nearly halved by the calcination at higher temperatures due to the hydroxylation
of the pillar agents (Table 2). Furthermore, the spreading out behaviour of the XRD pattern also conﬁrmed
the nonuniform distribution of pillar agents (broad peak intensity was observed). It was seen that, other than
the (001) plane, reﬂections were preserved by pillaring (Figure 3). The decreases in solid density values were
observed because of the removal of the structural water up to 600 ◦ C; then slight increases occurred due to the
layer deformation. Decreases in surface area values and increases in solid density values were low above 650 ◦ C
calcination temperature. For the rest of the study, 1 day NaCl presaturated bentonite was used as the host.
Thermal behaviour: Thermal behaviour of Fe-PILC is seen in Figure 2. Around 1.8% mass losses
occurred with drying up to 150 ◦ C. Interlayer water removal caused approximately 10% of total mass loss up to
250 ◦ C. Pillar precursors deformed in the clay and corresponding loss of OH groups occurred up to 500 ◦ C with
small mass losses and dehydration of pillars above 500 ◦ C. At elevated temperatures the eﬀect of calcination
temperature on the product quality might be evident.
Textural properties: SEM photograph of Fe-PILC is seen in Figure 4. The ﬁrm packed form of the
original clay (Figure 1a) was destroyed by the pillaring yielding porous material. Flake formation was observed.
Nitrogen adsorption/desorption isotherms of Fe-PILC are also seen in Figure 5. The adsorption isotherm gave
small plateaus at around 32 cm 3 g −1 gas adsorption volume. The isotherms showed hysteresis loops in the
desorption branch, indicating the presence of some amount of mesopores resembling type IV isotherm of BDDT
classiﬁcations with a well-deﬁned H4 hysteresis loop. This behaviour was the indication of a mono-multilayer
adsorption on slit-shaped pores among plate-like particles. 34 The opening behaviour of the hysteresis loop
indicated the formation of irregular shape pores. The opening in hysteresis loop that occurred for Fe-PILC
demonstrated the presence of mesopores in the pillared structure. These behaviours were also observed in SEM
photographs (Figures 1 and 4). Multi-point BET and Langmuir surface area values were 96.3 and 142.7 m 2
g −1 , respectively. Multi-point surface area value was comparable with the one calculated from the single point

Figure 4. SEM images of Fe-PILC.
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nitrogen adsorption experiment, while the Langmuir isotherm ﬁt gave the highest surface area value (Table 3).
Total meso- and micropore volume values estimated from the desorption value at 0.96 and 0.01 relative pressure
were 0.0799 and 0.0235 cm 3 g −1 while the micropore volume value estimated from t-plots was 0.0097 cm 3 g −1 .
o

Table 3. Some structural properties of Fe-PILC synthesised from 1 week Na-saturated HGB and calcined at 300 C.
Surface area, m2 g-1

Pore volume, cm3 g-1

single

multipoint

Langmiur,

point, Ss.p.

BET, SBET,

SL

102.3

96.3

142.7

monolayer,

monolayer,

micropore,

Vm, (from

Vm, (from

Vmicro, (from

BET)

Lang.)

t-plot)

0.0343

0.0505

0.0097

Basal

Volumetric

spacing

titration

meso+micro,

surface
d001

acidity,

(nm)

meqv.(100 g)-

Vmeso+micro,
(at 0.96 P/P0

1

desorption)
0.0799

2.79

127.93

The XRD patterns showed 3 main peaks for 2 θ values of lower than 10 ◦ (Figure 6). It could be said
that the pillaring procedure also caused the delamination of the structure. The high intensity peaks occurred
at 2 θ of 6.60 ◦ (d 001 = 1.34 nm) and 2 θ = 3.17 ◦ (d 001 = 2.79 nm) and a rather small peak occurred at 2 θ of
4.85 ◦ (d 001 = 1.82 nm) for the pillared sample dried at 100 ◦ C. The peaks observed at 2 θ of 4.85 ◦ and 3.17 ◦
resulted from the disordered structure while the third one corresponded to the 001 diﬀraction reﬂections. The
intensity of the peak (which was caused by the delaminated structure) at 2θ of 3.17 ◦ was higher than the one
that occurred at 2 θ of 6.60 ◦ . This behaviour showed that synthesised Fe-PILC was mesoporous and had high
surface area as concluded from the nitrogen adsorption/desorption isotherm (Figure 5). Upon calcination at
300 ◦ C, shifts in 2 θ values to the higher values occurred.
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Figure 5. Nitrogen adsorption/desorption isotherm of Fe-PILC at 77 K.
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Surface acidity: Acidity is one of the most important properties required for PILCs in addition to good
textural properties. The surface acidities of the host and Fe-PILC were determined by volumetric titration and
FTIR spectra of original, pyridine adsorbed/desorbed samples. FTIR spectra of HGB and PILC are given in
7 and FTIR spectra of samples recorded after pyridine desorption at room temperature, 150, 250, and 350 ◦ C
are given in Figure 8 to investigate the type of acid sites. The total surface acidity of Fe-PILC was measured
as 127.93 meqv.(100 g) −1 by titration (Table 3).
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Figure 6. Small angle scattering XRD patterns of FePILC at 100 and 300
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Figure 7. FTIR spectra of HGB and Fe-PILC samples.

Pore structure and surface acidity evaluation of Fe-PILCs, S. BALCI, E. GÖKÇAY
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Small decreases in the peak intensities of the band at 470 cm −1 corresponding to AlO stretching and a
shift of Si-O-Si stretching vibration at 1033 cm −1 towards slightly higher frequency were observed with pillaring
(Figure 7). The bands at 917 cm −1 (OH deformation linked to 2 Al 3+ ) and 848 cm −1 (OH deformation linked to
Al 3+ , Mg 2+ ) decreased with pillaring. The intensity of the water bending vibration band that occurred at 1635
cm −1 increased with intercalation. Pillaring also resulted in a small band at 3000 cm −1 due to OH-stretching
of bonded metal ions. The peak at 3640 cm −1 , which was ascribed to the metal-OH stretching in the octahedral
layer, decreased with pillaring, while the broad band at 3440 cm −1 corresponding to interlayer/adsorbed water
on the surface became dominant. The interlayer water band at 3224 cm −1 completely disappeared with pillaring.
The band at 2380 cm −1 was assigned to carbonates or bicarbonates and did not change with pillaring. 35−37
The FTIR spectra of samples of pyridine sorbed samples showed that the bands at 1485 cm −1 , 1540
cm −1 , 1590 cm −1 , and 1635 cm −1 corresponding to pyridinium cations and the bands at 753 cm −1 , 1440
cm −1 , 1490 cm −1 , and 1638 cm −1 indicating the presence of Brönsted acid sites became dominant with
pillaring. The intense peak at 1550 cm −1 due to Brönsted acidity was observed while it was absent for the
original clay. The spectrum recorded after pyridine desorption at 150 ◦ C showed the continued existence of both
Lewis and Brönsted acidity. The peaks at 1638 cm −1 and 1440 cm −1 were still preserved while the intensity
of band at 1590 cm −1 (small shoulder) were decreased and the one that occurred at 753 cm −1 disappeared
at desorption temperatures higher than 150 ◦ C. The peak intensity at 1490 cm −1 common to both Lewis and
Brönsted sites decreased with the increase in desorption temperature. The band at 1635 cm −1 (small shoulder)
became more diﬀuse at elevated desorption temperatures. It was concluded that Fe-PILC exposed a stronger
intensity of bands corresponding to both acid sites (Figure 8). 7,14,35−41

Conclusions
Several Fe-PILCs synthesised from bentonite rock showed similar behaviours with the ones obtained from the
SWy-2 (Wyoming) clay mineral. The ﬁndings were also in agreement with the literature studies. 11−19,24,34−40
The surface area values increased with increasing calcination temperature at moderate temperatures. At
elevated temperatures decreases in surface area and basal spacing values were observed. Up to 800 ◦ C
calcination temperature, thermally stable porous products were obtained. Nitrogen adsorption/desorption
isotherms showed hysteresis loops in the desorption branch indicating the presence of mesopores. The XRD
analysis showed that delaminated Fe-PILC with d-spacing values up to 2.79 nm was obtained. The results
simply implied that the surface acidity of the clay was enhanced by pillaring. The PILC both had Brönsted and
Lewis acid sites with dominant Brönsted acid site peaks. The bands corresponding to Lewis acid sites nearly
disappeared while those corresponding to chemically sorbed pyridine were preserved at elevated desorption
temperatures.
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