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Abstract—Preparation, characterization and catalytic activity of Zr-and Ce-Zr pillared clays with different method
(direct, indirect, and under reflux), starting from Tunisian interstratified illite-smectite bentonite, are described. Zirco-
nium pillared clays (Zr-PILC) revealed weaker thermal stability. To overcome this drawback, the addition of cerium
(Ce) as the second metal component to Zr-PILC was attempted. Wet peroxide oxidation of phenol from industrial
wastewaters was carried out over these catalysts. The catalysts were very efficient in the phenol oxidation reaction in
diluted aqueous medium under mild experimental conditions (298 K and atmospheric pressure). The addition of Ce in
the synthesis step of the inorganic polycations yielded a favorable effect on the pillaring of the materials, allowing the
increase of the basal spacing and enhancing the catalytic activity of the solids. The pillared clays were characterized by
XRD, chemical analysis, CEC, and N, adsorption to 77 K. The acidity of the pillared clays was calculated from the

adsorbed n-butyl amine.
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INTRODUCTION

Great efforts are being made worldwide to enforce strict con-
trol on wastewaters from household, agricultural and industrial
activities, which in many instances contain highly toxic organic com-
pounds in diluted form. Phenol is one of the most important rep-
resentatives of organic pollutants generated by industrial processes,
due to its high toxicity even at low concentrations; and when pres-
ent in natural waters it can lead to the formation of substituted
phenols during chlorine disinfection processes. These kinds of pol-
lutants can be removed using processes like advanced oxidation,
membrane processes, adsorption, and anaerobic/aerobic biologi-
cal processes [1].

Pillaring of clay with inorganic polycation to prepare thermally
stable rigid cross-linked materials of uniform micropores and acid-
ity offers an important line of research in obtaining solids respond-
ing to the CWPO process. In fact, since the first report on this type
of material was made at the end of the 1970s [2], a considerable
number of studies have been carried out to search for materials
able to be active in catalysis and other applications. However, the
use of pillared clays in commercial catalytic processes has been lim-
ited due to their restricted thermal stability. One of the options that
have been tested to solve this inconvenience and to improve the
catalytic properties of PILCs is the addition of a second metal to
the pillaring solution to improve the stability, activity and selectiv-
ity of the mixed system. The interaction of the second cationic com-
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ponents with the pillars in the microenvironment of the clay is very
crucial for the property of the solid. Indeed, it has been shown that
pillared clay with different basal spacing and microporosity was
prepared with mixed cation pillaring [3-7]. In addition, previous
works [7,8] report that the incorporation of species of Ce favors
catalytic activity (CWPO reaction) of the pillared clays, probably
because the cerium oxide formed in the solids enhances the tex-
tural properties of the solid, the dispersion and/or the redox prop-
erties of active species [9,10].

One of the essential parameters in the preparation of pillared
clays is the mode of the preparation both for pillaring solutions
and during the intercalation process. In the past few years, several
techniques have been tested to facilitate and increase the incorpo-
ration of polyhydroxications within the structures of these solids,
including microwaves, ultrasound, and reflux, among others.

Throughout this work, the synthesis of Zr- and Ce-Zr-pillared
clays and their catalytic evaluation in the phenol oxidation reac-
tion are carried out, emphasizing the synthesis and characterization
of modifying solid species from Zr and Ce-Zr-polyhydroxocationic
solutions.

METHODS AND MATERIALS

1. Materials

The starting material used in this work was a purified interstrat-
ified illite/smectite (G) that was obtained from Gafsa, southwest of
Tunisia. This bentonite has been thoroughly characterized in pre-
vious works [11-14]. The impurities are mainly quartz and calcite.
The chemical weight percent composition of this bentonite was:
SiO, 61.38, ALO; 24.80, Fe,0; 8.03, Na,O 3.06, MgO 1.38, CaO
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0.13, K,O 1.40. The average elemental formula determined from
the Na-exchanged purified fraction was [Si; Al s;][AL gsFeo73Mgg24)
O,(OH),Nay; Ky, Cag,. The homoionic material employed in the
present study has a Sp=107 m’g ", Vup=0.021 c’g ", dy;.12 A
and contains a cation exchange capacity (CEC) of 78 meq/100 g
clay.

2. Methods of Preparation

2-1. Pillaring Solutions

Zirconium tetrachloride (ZrCl,) is used as a source of zirconium
polycations. The source of cerium was Ce (NO;);-6H,0. Pillaring
solutions of Zr or Ce-Zr cations were prepared by slowly adding a
basic solution (NaOH 0.2 M) to the corresponding cationic solu-
tion (0.1 M) under constant stirring at room temperature until a
pH equals 2.8. The obtained solution was aged under stirring at
room temperature for 24 h.

2-2. Pillaring Methods

Three methods are used:

- A classical method, called 'D' where the pillaring solution and
the clay suspension (1% w/w) are prepared separately and then the
pillaring solution is slowly added to the diluted clay suspension.

- An inverted method to the previous one, called T where the
dry clay powder is directly dispersed in the diluted pillaring solu-
tion.

- A third method called DR’ where a previously refluxed solu-
tion is added dropwise to the clay suspension.

The pillaring process was developed by ionic exchange of the
bentonite clay with the Zr-polyoxocation solution at 298 K, add-
ing the pillaring solution (dropwise) to a clay suspension (2%); the
clay was previously swelling for 2 hours. After addition, the mix-
ture was left in continuous stirring for 24 hours at the same tem-
perature. Finally, the resulting products were separated from sus-
pension by centrifugation and washed by dialysis with distilled
water. The final material was dried at 350 K and calcined for 2 h at
823 K.

PILC:s are labeled as following:

Ce-Zr ,,,s— bentonite.

3. Characterization Methods

The X-ray diffraction (XRD) study was done in a ‘Panalylitical
X'Pert HighScore Plus’ device, which operates with Cu K radia-
tion.

N, adsorption-desorption experiments were carried out at 77 K
on Quantachrome, USA instrument. The N, isotherms were used
to determine the specific surface areas (SA) using the BET equa-
tion. The micropore volume was determined using the t-plot method
and the total pore volume of the samples, Vt, was calculated at P/
Py=0.99. Before each measurement the samples were outgassed for
2hat403K.

The chemical analysis of the starting material and modified sam-
ples was determined by atomic adsorption, the spectrometer used
was of type AAS Vario.

Cation exchange capacity was determined by Kjeldhal method.
Samples of 200 mg were exchanged with the ammonium acetate
(1 M) three times and then washed with anhydrous methanol; a
final wash was performed with deionized water three times. The
amount of ammonium retained was determined using a unit Kjeld-

hal. The CEC is expressed as milli-equivalent per gram of the cal-
cined sample.

Bronsted and Lewis acid centers were determined by FT-IR spec-
troscopy method on the basis of adsorption of Butylamine. With
this method 10 ml of prepared Butylamine in cyclohexane solu-
tion was added to 0.1 g of catalyst. The mixture was shaken at room
temperature. After drying, each sample was calcined at different
temperature. FT-IR spectra were recorded in the region 1,800-400
cm' on a Perkin-Elmer infrared Fourier transform spectrometer
using the KBr pellet technique.

4. Catalytic Study

Preliminary catalytic experiments were carried out at room tem-
perature using 0.5 mM of catalyst in a 100 ml of aqueous phenol
solution (5 * 10~ M) in a batch reactor. The oxidant reagent, H,0,
(0.5M) was added in excess. The percent of total organic carbon
(% TOC) weakening was determined using a Dohrman DCB80 car-
bon analyzer, which measures the nondegraded and residual phenol.

RESULTS AND DISCUSSION

1. Characterization of the Pillared Clays
1-1. X-ray Diffraction

XRD patterns of samples obtained by Zr-bentonite after calci-
nation at 823 K obtained with different methods, with and with-
out doping of cerium (Fig. 1), revealed that the dy, value of the
obtained peaks is enhanced. The results indicate that the modifica-
tion carried out on the clay leads, in the cases of ‘D’ and T method,
to the successful pillaring of the material. In fact, the shift of the
dyo; basal spacing from 12 A (starting clay) to 15-18 A confirms
the modification via pillaring. However, in the case of the interca-
lation of the Na-clays with zirconium polycations under the reflux
conditions, it must be emphasized that this method results in the
total delamination of the clay structure, which becomes disordered,
thus giving products on which the (001) reflection peaks disap-
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Fig. 1. X-ray diffractograms of different pillared clays calcined at
823K.
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pear. Similar results have been reported in earlier studies using mont-
morillonite [15] and saponite [16], which explains the degradation
of the clay structure by the quick drop of pH to low values of pH<1.
However, in the present case, the pH of the intercalated solution
remained the same (pH=2.8) irrespective of the method applied,
whereas the destruction of the clay structure was detected only for
the samples prepared by the DR method.

Concerning Ce-Zr-bentonite samples (Fig. 1(b)) using ‘D" and
T method, the dy, reflection for basal spacing was very intense
and the intensity was higher in those samples than on Zr-benton-
ite (Fig. 1(a)), which indicates cerium oxides are still present in the
Zr-pillared clay and remodel the order of the layered structure.
The most striking result is that, the introduction of cerium in the
Zr-pillaring solution using 'DR method has a beneficial effect in
the crystallinity of the resulting materials. In Fact, Fig. 1(b) reveals
that, the Zr-G sample shows a delaminated peak. This is not evi-
dent for the Ce-Zrpr-G sample which presents a sharp (001) peak.
The structure is ordered and remains stable after calcination at 823 K.
The improvement of crystallinity in the case of Ce-Zrpr-G shows
that favorable conditions are met to form zirconium pillars by refluxed
treatment because of the presence of cerium. So, the cerium incor-
poration in the case of ‘DR method allows the synthesis of zirco-
nium pillars without delamination. Finally, no characteristic XRD
signal of chemical species from cerium was observed, probably
due to the incorporation of relatively too small quantities to be de-
tected by X-ray diffraction in a clay matrix.

1-2. Cation Exchange Capacity

The residual cation exchange capacity (CEC) can be used as a
tool for measuring the intercalated pillar linked to the sheet of clay.
The CEC of pillared samples decreases compared to the CEC of
the parent clay (Table 1). This shows that the oligomers are irre-

Table 1. Cationic exchange capacities of different samples

Samples CEC (meq/100 g)
Na-G 78
Zry-G 24
Zrpr-G 47
Zr-G 23
Ce-Zrp-G 22
Ce-Zrpr-G 23
Ce-Zr-G 23

Table 2. Chemical composition of the pillared clays

versibly fixed to the clay layer on heat treatment. The residual ex-
change capacity of Zr,-G and Zr-G is lower than the Zrpr-G. The
incorporation of cerium leads to a slight decrease in the CEC value
in all pillared sample. This decrease is more pronounced in the case
of Ce-Zrpr-G. The decrease in cation-exchange capacity of sam-
ples saturated with cerium was partially attributed to the migra-
tion of the cerium ion to octahedral sites of the 2: 1 layers. Similar
trends have been reported [17].

1-3. Chemical Analysis

Chemical analysis data (Table 2) indicates that the clays obtained
under reflux contained higher amounts of zirconium, about 29%
as ZrO,, than the pillared clays obtained by the hydrolysis of the
zirconium precursor at ambient temperature using either the D or
the I method. The chemical analysis data of the three solids after
dispersing in the NaCl solution (1 M) showed that only in the case
of sample prepared with ‘DR’ method is there an exchange of zir-
conium species with Na" cations. In fact, with this sample about
half of zirconium was detected in the solution of NaCl. This amount
was removed by exchanged reaction, which explains the high value
of CEC (=47 meq/100 g) (see Table 1).

In the case of samples modified with cerium, the introduction
of cerium in the samples is revealed, showing a practically greater
value in solids modified with the simple system Zr,-G (0.58%),
while materials modified with mixed system Zr-G and Zr-G show
value of 0.30%) and 0.37% respectively.

Besides, the effect of Ce on the pillared clay is much greater in
the case of sample prepared with ‘DR method than in the case of
sample prepared with ‘D’ and T ones. The chemical analysis data
of the (Ce-Zrp-G) solid after dispersing in the NaCl solution (1 M)
showed that a negligible amount of zirconium was detected in the
solution of NaCl (0.02%). So the cerium incorporation helps the
formation of a stable Zr oligomer using the refluxed method. This
result is further confirmed by the XRD data (Fig. 1).

1-4. Textural Properties

The intercalation produced significant microporosity and reduced
the mesoporosity in the original sample (Table 3). The increase of
surface area for the pillared samples is essentially related to the cre-
ation of micropores by the pillaring process, and confirms that the
pillar species used during preparation had entered between the clay
layers, increasing the nitrogen accessibility. We emphasize here that,
despite the failure of the pillaring process in the case of the Zr-G,
this sample offers surface areas and porosities, similar to the Zr,-G
one. In a previous work Occelli [18] showed that delamination is

Zr0, (%) "ZrO, (%) “Zr0, (umol) CeO, (%) "Ce0Q, (%) “CeO, (umol)
Zry-G 16.71 16.54 17 0 0 0
Zr-G 13.42 13.36 17 0 0 0
Zrpe-G 28.45 16.20 9.9410° 0 0 0
Ce-Zry-G 16.57 16.53 11 0.58 0.56 0.10
Ce-Zr-G 13.39 13.38 15 0.30 0.25 0.15
Ce-Zrp-G 16.15 16.13 13 0.37 0.32 0.13

"Percentage of Ce or Zr After exchange with NaCl (1 M)
"Leachate Ce or Zr, after reaction, in the medium

January, 2015
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Table 3. Textural properties of different samples

Sper Sext Sw VP VﬂP
(mz g—l) (ng—l) (ng—l) (CmSg—l) (CmSg—l)

Na-G 107.2 67.5 39.7 0.15 0.02
Zry-G 199.5 77.3 122.2 0.21 0.06
Zr-G 187.1 68.7 118.4 0.19 0.06
Zrpp-G 190.6 65.7 124.9 0.18 0.06
Ce-Zry-G 180 85 95 0.20 0.025
Ce-Zr-G 178 87 91 0.20 0.024
Ce-ZrppG 1795 80 99.5 0.20 0.024

Sext: external surface> S,Lg;: microporous surface> V;tp: microporous volume

characterized by a house-of-cards-like structure, which increases
the mesoporosity accompanied by a certain microporosity in an
FF (face-to-face) short-range association coming from pillaring,

which gives rise to the disordered structure shown by XRD meas-
urement (Fig. 1). Incorporating cerium resulted in a slight decrease
in specific surface area and micropore volume. The loss of micro-
porosity proved that the Ce’* with a large radius entered into the
clay layer and resulted in pore blocking [19]. Previous literature
reported that the specific surface area and the pore volume of pil-
lared clay decrease after addition of cerium [19-22]. In the present
case, to explain the slight decrease in specific surface area and micro-
pore volume, we suggest a substitution of Zr"" cation with Ce’™* cat-
ion instead of pore blocking by cerium, keeping in the mind that
those cations have similar ionic radius (0.087 nm for Zr*" and 0.102
nm for Ce™).
1-5. Surface Acidity

The infrared spectra of n-butylamine adsorbed on the starting
bentonite and all modified samples after evacuation, at 298-973 K
(Fig. 2) showed five bands at 1,445, 1,490, 1,540, 1,590, and 1,623
cm™. According to [23], the bands at 1,445, 1,590 and 1,623 cm ™

T T T T T
1400 1500 1600 1700 1800
Wavenumber (cm!)

973K

[ S S s st smsm— 1}
N I gp—— 1

473K
98K

Wavenumber (cm!)

973K 973K
LD 3 o ———8BK 873K
§73% 73R ’_/____\x//_—??sx
6?3 K
673 K
473K 4;3 K
298K 208K
Zm G W
T
1400 15m 1500 1?00 1&30 1400 1500 1600 1700 1300

Wavenumber (cm!)

673K

T
1400 1500 1600 1700 1800 1400 1500 1600

Wavenumber (cm!)

T T T T T T T
1700 1800 1400 1500 1600 1700 1800

Wavenumber (cm!)

Wavenumber (cm)

T T T
1400 1500 1600

I T
1700 1800

Wavenumber (cm!)

Fig. 2. FT-IR spectra of n-butylamine adsorbed on Na-bentonite and modified samples.
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are mainly assigned to a Lewis acid site. This may arise from ter-
minal Al jons in the clay [24]. The peak at 1,540 is assigned to Bron-
sted acid site. This may arise from the hydroxyl groups attached to
Zr [25] and the structural hydroxyl groups attached to A/Mg in
the PILC [25,26]. However, according to [27] aluminol and mag-
nesol groups do not possess strong Bronsted acid character. There-
fore, it may be inferred that the strong Bronsted acidity observed
in the present study is due to hydroxyl groups in hydrated zirco-
nia as suggested by [28]. The band at 1,490 cm ™ is attributed to
both Lewis and Bronsted acid sites. At 298 K, all of the PILC con-
tained enormously high surface acidity compared to the original
bentonite. This simply indicates that the acidity of the clay is enhanced
by pillaring the clay. On thermal treatment at 473 K, the band at
1,445 cm ™ in the spectrum of Zr-G and Zr-G disappeared, show-
ing that at this temperature the Lewis sites present are not strong
enough to interact with n-butylamine. Whereas, slight reduction
in the intensity of the peaks (of both Bronsted and Lewis acidity)
was observed in the case of the sample prepared with the direct
method. The addition of the cerium has an important effect on
the surface acidity of PILC. In fact, as shown in Fig. 2, the addi-
tion of the cerium leads to the appearance, in all samples, of a new
IR band at 1,638 cm ™, stable until 873 K, corresponding to Bron-
sted acid sites [29]. Moreover, the bands assigned to n-butylamine
coordinated onto Lewis acid sites (1,445 cm™) in the case of Ce-
Zrpr-G and Ce-Zr-G remain after evacuation at 673 K, which sug-
gests the stronger nature of the Lewis acid sites when compared to
the Zrpr-G and Zr-G samples. This result indicates that cerium
improves the Lewis and Bronsted acidity on the surface. Finally,
the intensities of the bands assigned to n-butylamine coordinated
onto Lewis and Bronsted acid sites are slightly reduced in all sam-
ples after thermal treatment.
2. Activity of the Pillared Clays in CWPO of Phenol
According to the reaction pathway carried out by [30], phenol
conversion leads to aromatic intermediates like hydroquinone and
benzoquinone. And the aromatic intermediates evolve to carbox-
ylic acids. Here, we study only the time-curve evolution of the phe-
nol and the TOC conversion. The phenol conversion in function
of the reaction time, for the three modified solids and the natural
Na-G clay (Fig. 3), revealed that the starting natural clays, Na-G,
used in this catalytic reaction are quite active. Calcined Na-G only
reached 31% conversion of phenol after 4 h of reaction. The non-
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phenolconversion (%)
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o 60 120 18‘0 240 300 360
time (min)
Fig. 3. Oxidation of phenol by H,0, catalysed by Na-G, Zr- and Ce-
Zr-pillared clay in diluted aqueous medium at atmospheric
pressure and at 298 K.
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negligible catalytic activity obtained for natural calcined clay can
be explained by the initial content of iron oxides found in natural
clay (8.03%). [7]. The three pillared clays (Zrp-G, Zr-G, and Zrpy-
G) show conversion values of phenol much higher than those of
natural calcined bentonite. However, it is important to mention
that the pillaring method drastically affects the activity for phenol
oxidation. The Zr-pillared clays using the classic method ‘D’ show
a higher activity than the T and ‘DR ones. The percentage of con-
version of phenol for modified solids ranges between 55% and 90%,
being higher for the Zr,-G. With Zr,-PILCs, almost complete phe-
nol conversion (90%) is reached in 2.5 h, whereas the Zr-, and Zrp-
PILCs leads to no more than 53% in the same time. Zr-, and Zrpg-
PILCs require 3 h to reach a plateau. In a previous work, Carriazo
et al. [31] showed that the variation of activity among the various
catalysts correlates with the surface area, which enhances access of
the reacting species to and from the active sites. In our case, sam-
ples have comparable surface area (199.5, 190.6, and 187.1 m’g "’
for Zry-G, Zrpp-G, and Zr-G, respectively) and the same microp-
orosity (0.6cm’g ). Nevertheless, the direct method gives sam-
ples having the highest catalytic activity, while samples obtained by
the “DR” ones showed the lowest. The solid obtained with the in-
verted method exhibited activity, which was intermediate between
the two.

So, the great difference found in the catalytic behavior of these
three solids cannot be the resulting consequence of the generation
of microporosity in the pillared clay. But it seems to correlate espe-
cially with the zirconium content and the type of the acid center.
Herein, the reason for the higher activity of solid prepared by the
direct method is its higher amount of zirconium and the strength
of Bronsted and Lewis acidity acid center as compared to samples
obtained with “DR” and “T” method.

Concerning samples modified with cerium, the results of the
catalytic evaluation of pillared clays confirm the beneficial effect of
the introduction of Ce species into solids in the conversion of phe-
nol (Fig. 3). The three pillared clays (Ce-Zrp-G, Ce-Zrpr-G and Ce-
Zr-G) show conversion values of phenol much higher than those
without cerium under the same condition. In fact, complete phe-
nol conversion (100%) is reached after 90 min of reaction in the
presence of Ce-Zrp-G, and 140 min with Ce-Zrpy-G and Ce-Zr-G.
Whereas, in the case of catalyst poor in cerium species, the phe-
nol conversion reached its maximum only with Zr,-G catalyst.

To assess the stability of active phase of pillared clays, the leach-
ate zirconium and cerium in the medium were performed (Table
2). The leachate zirconium in the medium, after 4h of reaction,
was 17 umol for Zr,-G and ZrG, thus demonstrating the stabil-
ity of the active phase. In the case of Zrp,-G, the leachate zirco-
nium in the medium was 9.94 10’ umol. This fact shows that the
fraction of zirconium leached from the catalyst is not capable of
transforming the phenol, and the homogeneous part of the reac-
tion, is of minor importance [32]. The leachate cerium in the medium
shown in Table 2, after 4 h of reaction, was less than 15 pmol, indi-
cating the stability of the active phase in all samples modified with
cerium.

TOC conversion levels (Fig. 3) follow the same tendency as the
one obtained in the phenol reaction, confirming the beneficial effect
of conventional method and synergism between zirconium and
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Fig. 4. Catalytic activity for different catalyst in the TOC conver-
sion in diluted aqueous medium at atmospheric pressure
and at 298 K.

cerium to reach values above 90%. Regarding the TOC conver-
sion reaction (Fig. 4), the favorable effect of the Zr,-G system can
also be observed, which shows, as in the phenol reaction, better
results than the Zrp-G and Zr-G system. Again, the cooperative
effect between cerium and zirconium for TOC conversion is clear.
After comparing the results with those obtained with Zr-modified
clay, the enormous catalytic potential of these materials once they
have been modified via pillaring with mixed Ce-Zr-systems is evi-
dent. As a matter of fact, TOC conversion is enhanced from 50%
(after 210 min) to 65% (after 150 min) in the case of Zrp-G and
Ce-Zr-G, respectively. The same tendency is observed in the case
of samples prepared with T and ‘DR methods. In fact, Fig, 4 reveals
that TOC conversion increases from about 35% (after 240 min) in
the case of Zrp-G and Zr-G catalyst to 55% and 58% (after 180
min) in the case of Ce-Zrpr-G and Ce-Zr-G catalyst, respectively.

CONCLUSIONS

We completed an investigation of Zr-PILCs and Ce- Zr-PILCs
prepared with three methods. The study of the effect of cerium addi-
tion and the influence of the pillaring method on Zr-PILLCs shows
that:

(i) The pillaring method is a determining factor in the polymer-
ization of zirconium: a successful pillaring process is obtained by
the hydrolysis of the zirconium precursor using either the ‘D’ or
the T method. But, under reflux conditions, a delamination of the
clay structure was observed.

(ii) The cerium incorporation constitutes a new way of synthe-
sis that allows the conservation of structural and textural proper-
ties of the pillared clay, using refluxed method.

(iif) The catalytic tests confirm that pillared clays rich in cerium,
in spite of the very low cerium content of the Ce-Zr pillared mate-
rials, show conversion values of phenol and TOC much higher than
those without cerium under the same condition.
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