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Abstract

AlFe-pillared clay catalyst with OH/metal = 4; 5 mmol metal/g clay and Al : Fe =

" 5:5 swells intensively in phenol-water solution and has no measurable catalytic
activity in phenol removal from water solutions, in contrast to the similar catalyst
with OH/metal = 2. The different behavior of two samples can be explained first
of all by differences in iron ion distribution in the catalysts as a consequence of
applied pillaring solutions prepared at different OH/metal ratios. In the sample
with OH/metal = 2 iron ions are uniformly distributed on the AlFe-pillars, while i
in the sample with OH/metal = 4 iron ions appear not only on the pillars but also
as a bulk FeO-Fe,0s-form. The results obtained by FTIR, SEM, TPR and

. Mossbauer spectroscopy reveal the differences in acid-base properties,
morphology and iron ion distribution in the samples. . '
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 INTRODUCTION

AlFe-pillared clays '(AlFe-PILC) are efficient solid catalysts - for the
oxidation of organic compounds with hydrogen peroxide in water solutions
[1-3]. Their properties such as acidity, surface area, pore size distribution and
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hydrothermal stability depend on the method of synthesis, pH, temperature
OH/metal ratio, etc., as well as on the host clay. In our previous works [2, 3] we
have referred about catalytlc wet peroxide oxidation of phenol over AlFe-PILC
(OH/metal = 2) with different iron ion content. In our later experiments we have
studied this reaction on AlFe-PILC catalyst synthesized with OH/metal = 4;
5 mmol metal/g clay and Al : Fe' =5 : 5. However, this catalyst swells
intensively in phenol-water solution and has no measurable catalytic activity in
phenol removal from water solutions, on the contrary to the similar catalyst with
OH/metal = 2. We do not exclude eatalytic activity of this catalyst in phenol
removal from water solution, however, it is difficult to measure it by the applied
photo-analytical technique requiring perfectly transparent solutions [4]. We
dismissed further investigations with this catalyst in phenol removal reactions
from water solutions, because such unstable catalyst can cause serious water
pollution with iron ions. However, this catalyst has shown a significant catalytic
activity in N,O reduction with NH; [5]. The activity test was carried out in the
same reactor as described elsewhere [6]. The aim of this work is to figure out
the physico-chemical differences between two samples which may be important
for different catalytic behavior of these samples. In later discussion the catalyst
successfully applied for N,O decomposition is marked as Al: Fe =5 : 5(4) and
the catalyst successfully used in our previous works for phenol conversion in
water solutions is marked as Al : Fe = 5 5(2).

EXPERIMENTAL

The purified parent bentonite clay, Ca-type (SlpOVO Republic Srpska) was
used for AlFe-PILC preparation as described in our previous work [3]. The
main characteristics of the resulted samples are 5 mmol metal/g clay; Al : Fe =
5:5; OH/metal = 4, for sample Al : Fe = 5 : 5(4) and OH/metal = 2, for sample;
Al :Fe=5:50Q). ‘ .

Physico-chemical characterization

XRD analysis, Philips APD 1700 Cug, in the range 20=3-15, was “applied in
structural investigations.

Textural properties were examined by low temperature N,
adsorption/desorption (LTNA), Micromeritics ASAP 2000. BET adsorption
isotherm and #-plot were applied in data processing. The pores diameter was
determined by pore size distribution curve as dV/dlogD.

The morphology of gold coated samples was studied by scanning electron
microscopy (SEM) JEOL JSM-6460LV.
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The acid-base properties were studled by FTIR spectrophotometry (Thermo
Nicolet Nexus 670) after pyridine adsorption in the range of 1440-1580 cm™

For temperature-programmed reductions (TPR), a 10 mL Hy/min + 30 mL
Ar/min mixture was passed through a Pyrex. glass reactor containing 0.5 g
sample. The reactor temperature was ramped at a rate of 10°C/min. The water
formed was trapped at — 40°C downstream. A thermal conduct1v1ty detector was
used to follow and record H, consumption.

“"Fe Mossbauer spectra were recorded'in an in situ cell at 77 K and 300 K. A
*’Co/Cr source was used in constant acceleration mode. The isomer shifts are
relative to metallic a-Fe’. Spectra were computer-fitted and isomer shifts,
quadrupole sphttmgs relative intensities, efc. were deduced. :

RESULTS AND DISCUSSION

Structural and textural properties

The basal spacing of dried (dypor) = 1.803 nm) and calcined (deony =
1.780 nm) samples are determined by the height of the aluminum oxide
pillars, and the OH/metal ratio did not influence significantly this value.

The textural properties of samples are given in Table 1. BET surface area
and pore volume of prepared PILC samples are higher than the corresponding
values of unmod1ﬁed montmorillonite. BET surface area of Al: Fe = 5 : 5(4)
sample is 154.9 m%/g and that of Al : Fe = 5 : 5(2) sample, 158.7 m’/g. These

‘surface areas are at the lower range limit for pillar clay materials [7]. The shape

of PILC samples adsorption isotherms is somewhere between type I and IV -
referring to IUPAC classification, indicating microporous/mesoporous type of
material [8]. The hysteresis loops as expected 1nd1cate the presence of slit
shaped pores [9]

Table 1
Textural properties of the samples calcined at 300°C, 2h

Sample Suer P Smicto Prriceo d - d[4avss)
mz/g cm3/g m/g cm3/g nm - nm

Montmorillonite 105.5 0.1131 33.0 0.0151 4.0 4.3

AlFes/5(2) 158.7 0.1599 22.7 0.0094 3.2 4.0

AlFe5/5(4) 154.9 0.1873 184 0.0073 27 4.8
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The samples have very similar structural and textural properties. Therefore,
the reason for different catalytic properties has to be looked for in differences in
surface acidity and iron ion distribution. .
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Fig. 1. IR spectra of pyridine adsorbed on Al : Fe =5 : 5(4) pillared clay '
Al:Fe=§:6(2),300C 2h .
B N - N
72+ N,
. TN ,./ Y e
§ // L L { /N
74- \ i { ..
< "/ N Vs
o / R — \ | .
N 70- / ] H J N
8 1/ ,3_ “ / \\
= | [ N,
] 69- Vo
I N
: ] i N
= 8- \ ’! \
g \ iI \\
67 \I
= : A
1 @
66 ) 8
1580 1860 1540 1520 . 1_500 1480 1460 1440

Wavenumbers (cm™)

Fig, 2. IR spectra of pyridine adsorbed on Al : Fe =5 :.5(2) pilléred clay

Surface acidity

The amount of Lewis-and Bronsted acid sites in Al : Fe = 5 : 5 (4) sample is
smaller than in Al : Fe =5 : 5 (2) sample, Figs 1 and 2. The differences could be
explained both by formation of different forms of sodium aluminates
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AI(OH),/AIl(OH)s” and hydrous iron oxides y-FeOOH/a-FeOOH as byproducts
[10] during the formation of the Keggin ions [AIO4AI12(OH)24(H20)12]7+. The
pyridine chemisorbed on Bronsted sites is characterized with band at 1545 cm™,
and the pyridine chemisorbed on Lewis sites is characterized with bands at 1452
and 1577 cm’ [11]. The ratio between Lewis and Bronsted acid sites can be
estimated from the intensities of the 1490 and 1450 cm™ bands.

TPR measurements

To estimate the degree of iron distribution in pillared clay samples TPR
measurements were carried out. The OH/metal ratio has a significant influence
* on the H, consumption of the samples. The starting temperature of hydrogen
consumption is similar in both samples i.e. 265/268°C. However, the amount of
hydrogen consumption is about 3.5 times smaller in the sample Al : Fe = 5 : 5(2)
than in sample Al : Fe = 5 : 5(4). The H, consumption curve of sample Al : Fe =
5:5(2) is flat in a broad témperature range, 265-500°C, without a clear extreme
of the peak temperature. This type of TPR curve let us anticipate that the iron
oxide component is homogeneously distributed on the surface of aluminum
oxide pillars. The TPR curve of the sample Al : Fe = 5 : 5(4) has a different
shape than the TPR curve of the sample Al : Fe = 5 : 5(2). The hydrogen
* consumption in the sample Al : Fe = 5 : 5(4) proceed faster and reach its -
maximum at 417°C. The week inversion at 327°C and 380°C suggest the
presence of. differently coordinated iron oxide species (Figs 3 and 4). After
“dehydroxylation of unstable y-FeOOH and o-FeOOH follow the formation of
y-Fe;0; and FeO. Fe,0s. Both of these iron oxides have a spinel structure, so ,
their reversible transformation proceeds easily, and the final form of iron oxide
product will be determined with the oxygen pressure and temperature [10].-

Al:Fe=5:5(4)

Hz consumption , a.u.

0 100 200 300 400 500 600,°C
Fig. 3. TPR curve of the Al : Fe = 5 : 5(4) pillared clay
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Fig. 4, TPR curve of the Al : Fe = 5 : 5(2) pillared clay

Missbauer measurements

The Mdssbauer spectra of the samples are shown in Fig. 5, and the date.l“
extracted from the obtained spectra at 300 K and at 77 K are given: in Table 2.

300K | 77K

vr-s‘\ o~
Y !

(OH) / (Al+Fe) = 2

Y T T T T T T T

0 2 42 9 6 3 0 3 6 9 12

Yelocity (mrn/s)

Fig. 5. Mossbauer spectra of the Al : Fe = 5 ; 5(2).and the Al : Fe = 5 : 5(4)

pillared clays
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Table 2 }
Mbssbauer date of the Al : Fe =5 : 5(2) and the Al : Fe=5: 5(4) pillared clays

Sample Temp./K 300 300 300 300 77 77 77 77 77
" OH/Me Comp . IS QS HW RI IS QS MHF HW RI
2 Fe*'(1) 027 066 033 31 025 0.90 - 025 . 8
2 F¥*(2) 034 118 049 36 : L

2 Fe*'(3) 043 065 033 33 048 079 - 056 92
4 Fe(1) 027 061 032 31 024 0.88 - 0.30 7
4 Fe**(2) 034 1.08 042 33

4 Fe**(3) - 041 060 032 36 047 074 - 058 85
4 Fe¥* . 033 - 49.7 1.04 8

In sample Al : Fe = 5 : 5(2) at 77 X (liquid nitrogen) two species of Fe’* ions
are present. The smaller part of Fe** ions (8%) is maybe in octahedral -
coordination in Keggin ion, since AI’" ion substitution in tetrahedral position
with Fe’* ions did not occur [12]. The majority of Fe’* ions (92%) create a
homogeneous layer/decoration on the surface of aluminum oxide pillars.
In the sample Al : Fe = 5 : 5(4) beside two mentioned species of Fe** ions
' (7%+85%) appears a third one (8%), probably in the form of free clusters which
did not take part in aluminum oxide pillars “decoration”. These free iron oxide
clusters were formed during the fast precipitation of Fe** ions in the ‘strong basic
milieu. The presence of this third type of Fe’* ion species can probably
contribute to the fast disintegration of Al : Fe = 5 ; 5(4) sample in water
solutions. At 300 K, in both samples, the Fe’* ion distribution is similar.

- SEM analysis

Catalyst Al : Fe =5 : 5(2) shows a regular lamellar structure with particles in
* face-to-face arrangement (Fig. 7). However, sample Al : Fe=5:5(4) shows a
less regular structure often with particles in face-to-edge arrangement (Fig. 6).
* The disturbed particles arrangement in sample Al : Fe = 5 : 5(4) is the
consequence of the faster precipitation of iron ions in the more basic
environment. The disturbed particles arrangement may be one of the causes of
its undesirable behavior in water solutions.
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Fig. 6. SEM picture of Al : Fe = 5 : 5(4) pillared clay, magnification 100,000 x

Fig. 7. SEM picture of Al : Fe=5 : 5(2) pillared clay, magnification 100,000 x

CONCLUSION

The Al : Fe =5 : 5(4) catalyst swells intensively in phenol-water solutions
and has no measurable catalytic activity in phenol conversion reaction on the
contrary to the Al : Fe-= 5 : 5(2) catalyst. Different catalytic behavior of these
two samples can be explained by different coordination and distribution of Fe™
ions. In the catalyst sample Al : Fe = 5 : 5(2) the Fe’* ions are practically
~uniformly distributed on the aluminium oxide pillars, while in the sample Al :
Fe = 5 : 5(4) Fe*" ions appear not only on the pillars but also as a bulk
FeO-Fe,O3-form. The results obtained by temperature programmed reduction
and Mossbauer spectroscopy also reveal the differences in iron ion distribution.
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