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aracterization of an efficient and
stable Al/Fe pillared clay catalyst for the catalytic
wet air oxidation of phenol†

John Moma, *a Jeffrey Baloyiab and Thabang Nthob

A facile method for synthesizing Al/Fe pillared clays (PILCs) from natural bentonite clay, by using ultrasonic

treatment during the aging and intercalation steps, has been established. Single metal (Fe-PILCs and Al-

PILCs) and mixed metal (Al/Fe-PILCs, with varying compositions of the pillaring precursors) pillared clays

were prepared and characterized with a combination of chemical and instrumental methods. The

pillared clays were evaluated as catalysts in the catalytic wet air oxidation (CWAO) of phenol and the

mixed metal pillared clay catalysts, especially with an Al/Fe ratio of 3 : 1, were found to be highly active

and stable, with superior properties such as surface areas, basal spacing, high porosity and thermal

stability. The catalysts could also be reused several times without significant loss of activity. The results of

the study show that Al/Fe-pillared clay catalysts are effective catalysts for the oxidation of phenol and

removal of TOC in aqueous solutions. The main intermediate products in the CWAO of phenol were

hydroquinone, pyrocatechol, and benzoquinone and oxalic, formic, malonic, oxalic, malonic and maleic

acids.
1. Introduction

In recent times, a lot of research efforts have been dedicated to
the development of efficient new ‘green’ technologies such as
advanced oxidation processes (AOPs) for the removal of organic
refractory pollutants from industrial effluents. Among several
AOPs, the catalytic wet air oxidation (CWAO) using oxygen as the
oxidative agent over a catalyst to initiate non-selective oxidation
of refractory organic pollutants appears to be the most prom-
ising due to its effectiveness in converting organic compounds
in industrial pollutants to CO2 and H2O.1 The CWAO process is
economic and environmentally friendly and more suitable for
organic pollutants which are too dilute to be incinerated and
too concentrated to be treated by a biological process.1 CWAO is
a green process which can operate at mild temperatures and
pressures in the presence of a highly active catalyst, which
positively inuences the economics of the wastewater treatment
operations.

However, the CWAO process has several drawbacks which
limit its industrial application. These include the lack of stable,
highly active and low cost catalysts (without noble metals).
Therefore, a lot of research effort has been focused on the
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development of an active and robust catalyst, which can reduce
the severity of the reaction conditions of the CWAO process,
making it a possible commercial technology.2,3 Clay minerals
modied by pillaring have recently been found as potential
catalytic materials for removal of refractory organic pollutants
in wastewater. The clay minerals are abundant in nature, cheap
and environmental friendly. The modication by pillaring
involves intercalation of large polyoxocation in the interlayer
space of the natural clay, which improves thermal and
mechanical stability, porosity and BET surface area, basal
spacing and accessibility to its acid sites.1,4–6 The intercalation
of clays using polyoxocation solutions containing two cations
has been reported to improve thermal stability and catalytic
properties.7,8

Nevertheless, the synthesis of pillared inter-layered clays
(PILCs) using the conventional method has drawbacks such as
prolonged synthesis times and high water consumption. This
makes the pillaring process not economically scalable to
industrial production. Therefore, the use of advanced green
chemistry synthesis methods such as microwave radiation and
ultrasound treatment has gained considerable attention with
many studies aimed to reduce time and energy costs.9 Tim-
ofeeva et al. reported that the micropore volume and the overall
surface area of Al-PILCs can be affected by degree of hydrolysis
of a pillaring solution (0.5 < OH/Al < 2.5) and the optimum OH/
metal ratio was 2.2.10 They discussed in details the effects of OH/
(Fe + Al) ratio, aging time of Fe, and Al containing pillaring
solution on physicochemical properties of Fe, Al-pillared clays.
Shin et al.11 observed the increase in total surface area,
RSC Adv., 2018, 8, 30115–30124 | 30115
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micropore area and pore volume with aging time of the Al13-
solution because of the transformation of Al13

7+ into Al24O72

(Al13 dimer) and other polyoxocation. Gil et al.12 reported that
the higher Al/Fe and OH/(Al + Fe) ratios, the larger the amount
of Al/Fe polyoxocation that forms in solution. Al/Fe-PILCs have
been used inmany studies as an effective catalyst in oxidation of
phenol and chlorophenol in water by catalytic wet oxidation
using hydrogen peroxide as oxidant.13–16 Very limited studies
have investigated the use of PILCs in the CWAO process using
oxygen as oxidant, taking into account the drawbacks of the
synthesis methods of the pillaring agents solutions.1,3 Conse-
quently, up to date, there is still great research interest to
develop novel synthesis methods for PILCs that are economi-
cally viable. Ultrasonic treatment during the synthesis proce-
dure has been reported to signicantly reduce the synthesis
time as well as water consumption. Numerous studies reported
the use of ultrasound treatment method during aging of the
pillaring solution and intercalation to decrease the synthesis
time as well as the volume of water used in the pillaring process
by approximately by 95%.9,17,18

Therefore, this study, Al/Fe-PILCs catalysts were synthesized
using ultrasound treatment by direct addition of natural
bentonite clay into the polyoxocation solutions containing Al
and Fe metals followed by intercalation through ion exchange.
The Al/Fe-PILCs were tested for CWAO of phenol in aqueous
solutions. Finally, the catalyst stability and its regeneration were
also investigated.
2. Materials and method
2.1 Materials

Bentonite clay was obtained from ECCA Holdings (Pty) Ltd.,
(Cape Town, South Africa). The natural bentonite clay was used
without any further purication or cation exchange, sieving or
rening. Analytical grade NaCl, Na2CO3, Al(NO3)3$9H2O,
Fe(NO3)3$9H2O, HCl and NaOH were obtained from Merck
Chemicals (Pty) Ltd. Phenol was obtained from Sigma Aldrich
Chemical Co. Analytical-grade hydroquinone, benzoquinone,
catechol, oxalic acid, acetic acid, maleic acid, malonic acid and
formic acid used to prepare standards intermediates solutions
were also purchased from Sigma-Aldrich Chemical Co. Acetic
acid and methanol of chromatographic grade was obtained
from Merck.
2.2 Preparation of Al/Fe pillared bentonite clay

2.2.1 Preparation of pillaring solutions. The Al pillaring
solution was prepared by dropwise addition of NaOH solution
(0.4 M, 500 mL) into a solution of Al(NO3)3 (0.4 M, 250 mL)
under vigorous stirring. Aer continuous stirring for 120 min,
the resulting solution was ultrasonicated at room temperature
for 10 min. The Fe pillaring solution was also prepared by
dropwise addition of NaOH solution (0.4 M, 500 mL) into
a solution of Fe(NO3)3 (0.4 M, 250 mL) solution under vigorous
stirring, followed by the same procedure as above. Themixed Al/
Fe pillaring solutions with different Al/Fe molar ratios were
prepared by slowly addition of NaOH (0.4 M) into a mixture of
30116 | RSC Adv., 2018, 8, 30115–30124
Al(NO3)3 (0.4M, 250mL) and Fe(NO3)3 (0.4 M, 250mL) solutions
under vigorous stirring until an [OH�]/[Al3+ + Fe3+] molar ratio
of 2 : 1 was reached. The concentrations used for the synthesis
single and mixed pillared bentonite clay in this study was
adapted from various literature reports.19–22 Then the resulting
solution was ultrasonicated for 10 min to obtain the Al/Fe pil-
laring agent solution.

2.2.2 Preparation of Al-PILCs, Fe-PILCs and Al/Fe-PILCs
catalysts. The pillared clay catalysts were prepared from
bentonite clay using ultrasonic treatment method according to
the modied method described previously.18 The exchange
process of the bentonite clay was carried out with each of the
pillaring solutions of Al, Fe or Al–Fe (Al/Fe molar ratios of 1 : 3,
1 : 1, 3 : 1 and 6 : 1). The dry natural bentonite clay was added
directly into pillaring solutions at a ratio of 25 mL of pillaring
solution per gram of clay and vigorously stirred at 25 �C for
30 min. The resulting suspension was ultrasonicated for 10 min
at 25 �C to perform the ion exchange. The suspension was
centrifuged and the solid component washed with high purity
water (5 times each with 200 mL portions) to remove any
unreacted nitrates. The solids obtained were oven-dried at
120 �C in air for 16 hours and calcined at 500 �C for 120 min.
The prepared PILCs samples were referred as Al-PILCs, Fe-
PILCs, Al/Fe-PILCs (1 : 3), Al/Fe-PILCs (1 : 1), Al/Fe-PILCs
(3 : 1), Al/Fe-PILCs (6 : 1), respectively.
2.3 Catalysts characterization

The high-resolution scanning electron microscope (HRSEM)
imaging and chemical analysis of the raw and PILCs samples
were obtained using FEI Nova NanoSem 200. The chemical
compositions of the samples were determined by semi-
quantitative energy dispersive X-ray (EDX) spectrometry using
an Oxford INCA instrument (Oxford instruments, UK). Zetasizer
(Malvern Instruments, UK) was used to obtain zeta potential
values of the samples at different pH values in order to deter-
mine their points of zero charge (pHzpc). Cation exchange
capacity (CEC) was determined using the Kjeldahl method
described elsewhere.6 0.2 g of each material was saturated with
1 M ammonium acetate solution, followed by washing with
methanol and ve repeated washing with high purity water. The
retained ammonium ions were then determined by the unit
Kjeldahl method. The powder X-ray diffraction (PXRD) patterns
of the samples were obtained from 5 to 80� of 2q range by a high
resolution Bruker AXS D8 X-ray advanced powder diffractometer
with CoKa-radiation (40 kV, 40 mA, 1.78897 Å) using a LynxEye
detector at scanning speed of 0.02� s�1. The basal spacing (d001)
values were also determined using XRD patterns recorded.
Isotherms of nitrogen adsorption–desorption of raw bentonite
clay, Bt and PILCs were measured using the Micromeritics ASAP
TriStar 3000 equipment. The samples were degassed under
vacuum at 150 �C for 4 h. The specic surface area (SBET) of the
samples were obtained by the BET method and the total pore
volume (Vt) was calculated at a relative N2 pressure of P/P0 �
0.99, at liquid nitrogen temperature of �196 �C. Pore size
distribution in the mesopore range was calculated using the
Barrett–Joyner–Halenda (BJH) method based on the desorption
This journal is © The Royal Society of Chemistry 2018
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arm of the isotherms. Fourier transform infrared (FTIR) spec-
troscopic data was determined using a Varian 640-IR FTIR
spectrometer with a miracle single bounce diamond ATR
(attenuated total reectance) cell from PIKE Technologies. The
FTIR spectra of the samples were recorded at 25 �C between the
wavenumbers ranging from 400 to 4000 cm�1 with resolution of
4 cm�1. Thermogravimetric (TGA) analysis was carried out on
simultaneous thermal analyser (STA) instrument (Perkin-Elmer
model 6000) by heating about 5–10 mg of the samples under N2

owing at 20 mL min�1 at linear heating rate of 10 �C min�1

from 35 �C to 800 �C.
2.4 Catalytic wet air oxidation of phenol

The catalytic activities of Al-PILCs, Fe-PILCs and Al/Fe-PILCs
catalysts were investigated using the CWAO of phenol solu-
tion as a model pollutant through a continuously stirred high-
pressure stainless steel autoclave semi-batch reactor equipped
with a magnetically driven stirrer. The initial pH of the phenol
solutions was adjusted to the desired pH value of 3 by adding
1 M NaOH or HCl solutions prior to CWAO experiments. All
experiments were performed at optimal values determined in
our preliminary investigations as indicated in ESI (Fig. S3–S7†).
The initial concentration of phenol solutions was prepared at
1000 mg L�1 and the amount of catalyst was 2 g L�1. The reactor
content was stirred vigorously for about 60 min in the dark at
the desired temperature prior to the reaction. The air in the
reactor was removed by purging the reactor system with pure
nitrogen three times before nitrogen pressure of 5 bars was
maintained for 5 min. The reactor content was heated to the
desired temperature of 100 �C with the stirrer set at 800 rpm.
Once the reactor content had reached the desired temperature,
pure oxygen at the desired pressure at 10 bars was supplied to
the reactor for the duration of the reaction. 5 mL samples were
withdrawn periodically during the reaction and ltered using
a micro lter of 0.45 mm pore size prior to analysis. The phenol
concentration in the liquid samples was determined using high
performance liquid chromatography (HPLC) method with an
ODS-3 column and a UV detector (LC-10AD, Shimadzu, Kyoto,
Japan). Amethanol/water mixture (60/40 v/v) was used asmobile
phase. The ow rate of the mobile phase was 1 mL min�1. Total
organic carbon (TOC) of the effluents was measured by a TOC
analyzer to evaluate the mineralization degree in the CWAO of
phenol. All experimental data analyses were conducted in trip-
licate, and the average values were used in the calculations.
Table 1 Physicochemical characteristics of natural and pillared bentoni

Sample
Al/Fe
ratio Na (%) Mg (%) Al (%) Si (%)

Bentonite — 3.73 2.29 15.31 65.09
Al-PILCs — 0.96 1.24 31.98 59.14
Fe-PILCs — 0.93 1.22 13.73 52.42
Al/Fe-PILCs 1 : 3 0.96 2.08 19.98 56.80
Al/Fe-PILCs 1 : 1 0.97 1.35 21.88 57.19
Al/Fe-PILCs 3 : 1 0.91 1.25 20.55 57.70
Al/Fe-PILCs 6 : 1 0.86 1.79 21.78 56.75

This journal is © The Royal Society of Chemistry 2018
2.5 Catalyst stability and its reusability studies

The metal leaching from the solid catalysts during CWAO of
phenol reactions were determined by inductively coupled
plasma-atomic emission spectrometer (ICP-AES) spectroscopy.
The CWAO experiments were carried out in the same way as the
main CWAO experiments at optimal conditions (catalyst
loading of 2 g L�1 with 1000mg L�1 initial phenol concentration
solution at initial pH of 3). Aer determining the performance
of the Al/Fe-PILCs catalyst in each reaction, the used catalyst
was recovered by separating the catalyst solids from liquid
phase at the end of each catalytic run. Then the solid catalyst
was added into 100 mL of CaCl2 solution (4%) to remove
organics adsorbed on surface of the catalyst and stirred for
120 min at 25 �C and then washed with high purity water. The
recovered catalysts were oven-dried at 120 �C for 5 hours, and
characterized by PXRD and surface area analyses. The recovered
catalyst was then reused for the same reaction under the same
conditions.
3. Results and discussion
3.1 Physicochemical characterization

The surface morphology of the natural bentonite clay and PILCs
catalysts samples are shown in ESI (Fig. S2†). According to SEM
micrographs, the natural bentonite clay as well as the pillared
bentonite clay samples showed a tightly packed pattern with
rough surface. The EDS results showed the existence of Fe in the
sheets of pillared bentonite clay catalysts. The mechanical
structure of natural bentonite clay was not destroyed by the
pillaring process (also conrmed by the XRD results). Table 1
shows the chemical composition of the natural and pillared
bentonite clay samples, as obtained from EDS analysis. The
chemical composition results revealed that the natural
bentonite clay contained high amounts of oxides of Si4+ and Al3+

with exchangeable interlayer cations such as Na+, Mg2+, Ca2+, K+

and Fe3+. The high content of Si/Al indicate the high amount of
quartz and muscovite in the starting natural bentonite clay.23

However, aer modication by pillaring, the Si/Al ratio
decreased as results of removal of the quartz. The high content
of Na+ than Ca2+ in the natural bentonite clay might be the
indication that the interlamellar cation is sodium, therefore
having a high swelling and cationic exchange capacities.24 The
increase of Al3+ and Fe3+ cations and the decrease of Na+, Mg2+,
Ca2+ and K+ exchangeable cations in the pillared bentonite clay
te clay samples by EDX, CEC and XRD

K Ca Fe Si/Al
CEC
(meq/100 g) d001

2.39 2.09 9.10 4.25 78.6 1.24
1.82 0.27 4.55 1.85 40 1.52
1.42 0.16 30.12 3.82 27 1.56

56.80 0.13 18.61 2.84 23 1.59
57.19 0.15 17.01 2.61 20 1.61
57.70 0.14 17.97 2.81 21 1.69
56.75 0.15 16.99 2.61 31 1.64

RSC Adv., 2018, 8, 30115–30124 | 30117
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samples conrmed the insertion of the Al3+ and Fe3+ Keggin ion
between the bentonite clay sheets.

The cation exchange capacity (CEC) is one of the most
signicant properties of bentonite clay that is mainly related to
the cation adsorption ability and surface functionalization. The
CEC of natural and pillared bentonite clay was measured by the
ammonium acetate exchange according to the Kjeldahl method
and the results obtained are illustrated in Table 3. The CEC
value of natural bentonite clay was about 78.6 meq/100 g which
is in good agreement with well-known CEC value of South
African natural bentonite clay of >60 meq/100 g.23 As it can be
seen in Table 1, the CEC values of single and mixed pillared
clays samples shows a decrease (from 78.6 to 21 meq/100 g)
compared to natural bentonite clay, therefore, demonstrating
that the exchangeable cations were replaced by A13+ and Fe3+

pillars incorporated into the natural bentonite clay during pil-
laring process. Moreover, the decrease of CEC of the natural
bentonite clay aer pillaring suggests the irreversibility of
cation exchange process.

The XRD patterns of the natural and pillared bentonite clay
are shown in Fig. 1. The XRD results conrm the successful
pillaring of the natural bentonite clay material in all cases.
Table 1 shows the results of basal spacing (d001) values of
natural and pillared bentonite clay. The d001 values of all pil-
lared bentonite clay samples increased aer pillaring, which
further conrmed the intercalation of the metal oxides pillars
into the interlayer space of the bentonite clay. The basal spacing
of the mixed metal oxide pillared clays are higher than those of
the single metal oxide pillared clays as shown in Table 1. The
increased basal spacing observed in the Al-PILCs can be
attributed to the size of Al oligomers [AlO4Al12(OH)24(H2O)12]7
that was greater than the Fe oligomer Fe3(OH)4

5+.14 The XRD
patterns in Fig. 1 show well-dened reections at 2 theta value
of 7.40� which correspond to d001 value of 1.24 nm which is
a typical characteristic peak of natural sodium bentonite clay,
revealing that the predominant exchangeable cation could be
sodium, as suggested by EDS analysis (see Table 1). Moreover,
the natural bentonite clay matrices contain mineral impurities
such as quartz, muscovite and calcite.25,26 Aer modication by
Fig. 1 X-ray diffraction spectra of natural and pillared bentonite
samples clays.

30118 | RSC Adv., 2018, 8, 30115–30124
pillaring with Al and Fe, the (001) reections shied to lower 2
theta values, which resulted in an increase in d001 values from
1.24 nm to 1.69 nm. Meanwhile, no noticeable reections of any
crystalline phase of Fe oxides in Fe pillared bentonite clay
samples are observed, as they would likely show a signicantly
lesser degree of crystallization. It is noteworthy that the natural
bentonite clay structure was not negatively altered aer pillar-
ing, since the peaks observed in natural bentonite clay were
retained, which is in agreement with the ndings reported by
Chen et al.27 As reported by Jia et al. the ratio of Al/Fe inuences
the size of pillaring, and the sample with Al/Fe ratio 3 : 1
displays the highest basal spacing of pillared bentonite clay.28

These ndings were similar to those reported in the literature
for single and mixed metal oxides of Al and Fe pillared
bentonite clay.1,29,30

The pH point of zero charge (pHzpc) of the catalyst is an
important parameter to determine the pH at which the surface
has net electrical neutrality and surface charge plays a main role
in the adsorption of ionisable pollutants into catalyst from
aqueous solutions. The surface charge results of the natural and
pillared bentonite clay used in this study are shown in Fig. 2.
According to the literature and the results obtained in this study
the natural bentonite clay displayed negative zeta potential
values without an isoelectric point over the entire pH range (1–
10) studied.23,27,31 The pHzpc values of Al-PILCs, Fe-PILCs, Al/Fe-
PILCs (1 : 3), Al/Fe-PILCs (1 : 1), Al/Fe-PILCs (3 : 1) and Al/Fe-
PILCs (6 : 1) were found to be 5.4, 5.7, 3.3, 3.4, 3.7 and 4,
respectively, whereas the pHzpc value of natural bentonite clay
was not observed. The negative zeta potential values of natural
bentonite clay can be supported by the fact that bentonite clay
particles comprise of a permanent negative charge arising from
isomorphous substitution of structural Si4+ by Al3+ and OH
groups pH dependent charge at the edges of the bentonite clay
particles. Therefore, the obtained decrease in negative zeta
potential from�28.6 to�17.5 mV with increasing H+ ions in the
solution can be attributed to pH dependent charge. However,
aer pillaring of natural bentonite clay with Al3+ and Fe3+, the
obtained pillared clay solid materials had positive zeta potential
values at pH > 3.3 and pH < 5.7. The positive and negative zeta
potential values of pillared clays at acidic and basic pH,
respectively, can be attributed to predominant pillared
Fig. 2 Zeta potentials for different pH values of natural and pillared
bentonite clay.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 FTIR spectra of natural (Bt) and pillared bentonite clay catalysts;
(a) wide range wavelength and (b) low range wavelength.
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bentonite clay surface species. For example Fe(II,III)OH2
+ and

Al(III)H2
+ are predominant species at acidic pH whereas Fe(II,III)

O� and Al(OH)4
� are predominant bentonite pillared clay

surface species at basic pH. The pHzpc values of single metal
oxide pillared clay were found to be lower compared to mixed
metal oxides pillared clay. This can be attributed to the fact that
the mixed oxides of Al/Fe polyoxycations are presented as
{[AlxFey(OH)z(H2O)n]

(3x+3y�z)+}, which is a predominant species
on the surface of Al/Fe-PILCs and results in an increase of
hydroxyl groups. This then causes a decrease of positive charges
and pHzpc values. The signicance of these zeta potential values
is that conversion of phenol is expected to be exible below the
Table 2 Surface properties of prepared catalysts and raw bentonite clay

Sample Al/Fe ratio SBET
a (m2 g�1)

Bentonite — 61
Al-PILCs — 140
Fe-PILCs — 147
Al/Fe-PILCs 1 : 3 175
Al/Fe-PILCs 1 : 1 190
Al/Fe-PILCs 3 : 1 200
Al/Fe-PILCs 6 : 1 169

a Specic surface area (SBET).
b Total pore volume at P/P0 � 0.99. c Microp

This journal is © The Royal Society of Chemistry 2018
obtained pHzpc values of pillared clays since the net positively
charged of pillared clays is likely to attract the phenol anions.

Shown in Fig. 3 is the FTIR analysis of natural and pillared
bentonite clay. It can be seen from the FTIR spectra that there
are no signicant differences between the FTIR spectra of the
natural and pillared bentonite clays, suggesting that the struc-
ture of natural bentonite clay was not affected by pillaring
process. These ndings are in agreement with both the SEM
and XRD analysis results in this study. However, decreases of
the peaks at 3623 cm�1 and in the range of 400 to 999 cm�1,
were observed for bentonite pillared clay catalysts, with more
peak decrease in the mixed metal oxides compared to single
metal oxides pillared catalysts. This can be attributed to the
interactions between Al, Fe or Al/Fe mixed polyoxocations with
Si–O group in the siloxane layers (silica tetrahedron plates) and
Al–OH group in the alumina octahedral layers.32,33 The absorp-
tion band located at 3623 cm�1 is ascribed to O–H stretching
vibrations of non-hydrogen-bonded water region while the
relatively weak absorption bands at 3428 cm�1 is also attributed
to O–H stretching vibrations but of hydrogen-bonded water
region.34 The peak at 1635 cm�1 can be assigned to the H–O–H
bending vibration.34 The strong intense peak near 999 cm�1

corresponds to the in-plane Si–O–Si stretching vibrations.28 The
absorption band at 917 cm�1 is ascribed to Al–O(OH)–Al
deformation, and the peaks situated at 518 cm�1, 671 cm�1,
693 cm�1 and 748 cm�1 corresponds to the deformation of Si–
O–Fe, Si–O–Al, coupled Al–O and Si–O out of plane stretching
vibration and Si–O–Mg, respectively.28,34 The absorption bands
corresponding to Fe–O–Fe vibration of Fe-bentonite were not
detected. Similar ndings were reported by Chen and Zhu who
reported that this might be due to the characteristic stretching
vibrations of natural bentonite clay mineral.35

The nitrogen adsorption–desorption measurements were
investigated on both natural and pillared clays in order to
determine porosity and BET surface area. The corresponding
parameters such as BET surface area, total pore volume,
micropores volume and pore diameter are summarised in
Table 2. The obtained BET surface area and total pore volume
of PILCs are much higher compared to natural bentonite clay.
This indicates that the modication of natural bentonite clay
by pillaring results in a signicant increase in porosity and
BET surface area. The BET surface areas of the mixed metal
catalysts are higher than those of the single metal catalysts,
which suggest that introduction of second metal ions greatly
Vpore
b (cm3 g�1) Vmic

c (cm3 g�1) dpore
d (nm)

0.11 0.089 15.31
0.30 0.102 31.98
0.32 0.099 13.73
0.34 0.110 19.98
0.35 0.111 21.88
0.37 0.113 20.55
0.33 0.105 21.78

ore volume. d Pore diameter.
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improved the BET surface area and porosity. The increase in
the BET surface areas of pillared natural bentonite samples
may be attributed to the increase of micropores volume and
enlarged total pore volume of micropores. The pore diameter
of mixed metal composite catalysts greatly decreased
compared to single metal catalysts, which positively impact
the catalytic properties of mixed composite PILCs.

The thermograms and their derivative curves for both
natural bentonite and the pillared bentonite clay samples
carried out between 35 and 900 �C are shown in Fig. 4. As can be
seen in Fig. 4, thermal analysis (TGA/DTG) of the natural
bentonite clay and pillared bentonite clay samples showed
a similar thermal behaviour, in which the mass loss for all the
samples occurs in three stages. All the Al/Fe-PILCs samples
display relatively small weight losses even at high temperatures
compared with the Al and Fe-PILCs as well as the natural clay.
As shown in Fig. 4 the TGA curves show an initial weight loss of
2.2%, 2.1%, 1.9%, 0.8%, 0.6%, 0.5% and 0.3% for natural
bentonite, Al-PILCs, Fe-PILCs, Al/Fe-PILCs (1 : 3), Al/Fe-PILCs
(1 : 1), Al/Fe-PILCs (3 : 1) and Al/Fe-PILCs (6 : 1), respectively,
starting at 38 �C and ending at 156 �C. The major decomposi-
tion occurred above 554 �C and total weight loss at 900 �C was
23.5%, 18.1%, 12.3%, 12.0%, 11.8%, 10.5% and 9%, respec-
tively for natural bentonite, Al-PILCs, Fe-PILCs, Al/Fe-PILCs
(1 : 3), Al/Fe-PILCs (1 : 1), Al/Fe-PILCs (3 : 1) and Al/Fe-PILCs
Fig. 4 Thermogravimetric analyses (TGA) (a) and their derivative plots
(DTG) (b) for natural and pillared bentonite clay samples.

30120 | RSC Adv., 2018, 8, 30115–30124
(6 : 1). This can be attributed to the fact that the Al and Fe
polycations introduced in the layers of the clay form thermally
stable oxides during the heat treatment in the pillaring process
which prevents the collapse of the clay layers.28,36 The derivative
plot of the thermal gravimetric analysis (DTG) showed three
peaks for natural bentonite clay, Al-PILCs, Fe-PILCs and Al/Fe-
PILCs samples in the range of 36–150 �C, 388–487 �C and
576–721 �C. The peaks observed can be attributed to oxidation
state of Al or Fe polycations used during the pillaring process.28

For example oxidation state of Fe are Fe2+, Fe3+ and Fe6+, which
resulted in three peaks. The rst peak was due to the loss of
physical adsorbed water molecules from the interlayer space.29

The second small peak corresponds to the structural dehy-
droxylation of the clay mineral.37 Finally the third step is
attributed to the thermal decomposition of the layered pattern
of the bentonite clay.30,38 This is consistent with the literature
where there are reports of the thermal stability of the bentonite
pillared clays up to 650 �C.39
3.2 Catalytic wet air oxidation of phenol

The performance of the catalyst samples in the catalytic wet air
oxidation of phenol are shown in Fig. 5. The conversion of
phenol was negligible in the absence of catalyst, showing that
phenol is extremely stable under non-catalysed reaction
conditions. The conversion of phenol was very low (8%) in the
presence of natural bentonite clay due to the absence of cata-
lytic active sites and also due to highly negative charge of
natural bentonite clay (as shown in Fig. 2) resulting in repulsion
between its particles and negatively charged phenol. However,
the pillared clay catalysts yield a very high phenol conversion,
with the Al-PILCs and Fe-PILCs giving 74 and 85% conversion
respectively over reaction time of 120 min and complete
conversion at 180min. The Al/Fe-PILCs showed higher activities
with total conversion of phenol occurring at 120 min of reaction
time. The order of the activities of the catalysts is Al-PILCs < Fe-
PILCs < Al/Fe-PILCs (6 : 1) < Al/Fe-PILCs (1 : 3) < Al/Fe-PILCs
(1 : 1) < Al/Fe-PILCs (3 : 1) with the most active catalyst being
the Al/Fe-PILCs with a Al : Fe molar ratio of 3 : 1. Furthermore,
TOC removal in the phenol oxidation by adsorption and in the
absence of a catalyst (WAO) was negligible. In contrast, using
pillared bentonite clay catalysts, the removal of TOC was
signicantly increased, 55%, 58%, 65%, 68%, 75% and 80%
being achieved in less than 180 min with Al-PILCs, Fe-PILCs, Al/
Fe-PILCs (6 : 1), Al/Fe-PILCs (1 : 3), Al/Fe-PILCs (1 : 1) and Al/Fe-
PILCs (3 : 1), respectively. This observed trend in the perfor-
mance of the catalysts can be attributed to the fact that pillaring
of the clay imparts improved surface electrical properties as well
as new functional groups in the clay. The zeta potentials of all
the pillared clay samples were positive at pH below pHzpc which
indicate a positively charged surface of pillared clay samples.
Therefore, the positive charge surface promotes the adsorption
of phenol, which consequently increases oxidation of phenol on
the catalyst surface. The larger BET surface area of the pillared
clay samples also provides more active sites for oxidation
reaction of phenol. The catalytic results show promise in the use
of pillared clays as catalysts in catalytic wet oxidation reaction
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Phenol (a) and TOC (b) conversions in the CWAO reaction of
phenol over the natural and pillared bentonite clay samples (experi-
mental conditions: 200 mL of reaction solution, 1000 mg L�1, 0.4 g of
catalyst, pH 3.0, 10 bar and 100 �C).
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especially as the reaction here is carried out under mild
conditions.

Table 3 summarizes a comparison of the performance of Al/
Fe-PILCs catalyst in this study with some representative cata-
lysts discussed in the literature for the CWAO of phenol in
wastewater. To date very few published studies focused on the
use of Al/Fe-PILCs in CWAO,1,3 most of studies widely reported
Table 3 Performance comparison of various CWAO heterogeneous cat

Catalyst Reactor Conditions

MWCNTs Batch T ¼ 155 �C, P ¼ 25 bar,
[pH] in ¼ 1000 mg L�1, treactio

GO Batch T ¼ 155 �C, P ¼ 25 bar,
[pH] in ¼ 1000 mg L�1, treactio

MnCeOx Batch T ¼ 150 �C, P ¼ 9 bar,
[pH] in ¼ 50 mg L�1, treaction ¼

(Ru,Pt)–TiO2–CeO2 Batch T ¼ 160 �C, P ¼ 20 bar,
[pH] in ¼ 2098 mg L�1, treactio

Al/Fe-PILCs Batch T ¼ 160 �C, P ¼ 25 bar,
[pH] in ¼ 2098 mg L�1, treactio

Al/Fe-PILCs Batch T ¼ 100 �C, P ¼ 10 bar,
[pH] in ¼ 1000 mg L�1, treactio

This journal is © The Royal Society of Chemistry 2018
the use of Al/Fe-PILCs with costly hydrogen peroxide (H2O2)
oxidant.13–16,40 Therefore, the Al/Fe-PILCs in this study was also
compared with other developed CWAO heterogeneous catalysts
such as carbon materials (reduced graphene oxides, multi-
walled carbon nanotubes.), noble metals catalysts (Ru, Pt.)
and transition metal oxides (MnO2, Fe2O3.).41–43 As shown in
Table 3, complete phenol oxidation and TOC removals can be
accomplished at relatively faster oxidation rates, however, at
high reaction conditions are temperatures (>100 �C) and pres-
sures (>10 bar); these severe reaction conditions are strongly
inuenced by lack of robust catalysts which can be used under
mild conditions.44 In order to make CWAO process feasible at
industrial scale, in the last decade a lot of attention has been
paid to developing heterogeneous catalysts that can be used
under mild conditions to reduce the costs for CWAO process.
The Al/Fe-PILCs catalysts developed in this study show good
catalytic performance under mild reaction conditions
compared to most of the listed catalysts in Table 3. In generally
the use of natural clay and transitional metal oxides as active
phase reduces the preparation cost of the synthesized pillared
clay catalysts in the present study.

According to the literature CWAO of phenol by hydroxyl
radical takes place involving a free radical chain reaction.45,46

Timofeeva et al. reported that the important step in the phenol
oxidation in the presence of heterogeneous Fe-containing
system is a formation of strong oxidation species such as
HOc radical compared to unreactive O2

�c and HO2c radicals.
The HOc radical could rapidly oxidize the phenol through
direct conversion to CO2 and H2O and via formation of
aromatic intermediates such as hydroquinone and pyrocate-
chol.47,48 Further hydroxylation of formed aromatics interme-
diates led to the formation of benzoquinone which transform
into short-chain carboxylic acids such as maleic, malonic,
oxalic, formic and acetic acids.49 The intermediates of phenol
oxidation were analyzed by HPLC and identied by compar-
ison with selected commercial standards in this study. Fig. 6
shows the evolution of the intermediates and concentration
proles of phenol in the CWAO of phenol over Al/Fe-PILCs
(Al : Fe ¼ 3 : 1) as catalyst. The analysis of HPLC data detec-
ted the generation of intermediates such as hydroquinone and
alysts for phenol oxidation

Results Ref.

n ¼ 120 min
[pH] ¼ 100%, [TOC] ¼ 80% 42

n ¼ 120 min
[pH] ¼ 100%, [TOC] ¼ 84% 41

60 min
[pH] ¼ 100%, [TOC] ¼ 80% 44

n ¼ 180 min
[pH] ¼ 100%, [TOC] ¼ 88% 43

n ¼ 180 min
[pH] ¼ 100%, [TOC] ¼ 80% 1

n ¼ 120 min
[pH] ¼ 100%, [TOC] ¼ 80% Current study
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Fig. 6 Evolution of phenol and intermediates in the CWAO of phenol
over the Al/Fe-PILCs (3 : 1).
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short chain carboxylic acids (acetic and maleic acids) aer
15 min of phenol oxidation reaction. At 60 min reaction time
the concentration of the intermediates (maleic, acetic, formic,
oxalic, malonic acids, as main intermediates, benzoquinone
and pyrocatechol, as traces, below 10 mg L�1) increase as
phenol gets oxidized. However, aer 120 min of the reaction
the concentration of the intermediates becomes insignicant.
The detected intermediates during the reaction did not accu-
mulate in large quantities in the phenol reaction solution as
they are rapidly oxidised by highly active hydroxyl radicals to
form CO2, H2O and less harmful intermediates such as acetic
acid. This behaviour can be attributed to the resistance of low-
molecular-weight short chain carboxylic acids to CWAO,
consistent with previous studies.49,50 The Al/Fe pillared
bentonite clay catalyst exhibited good catalytic activity in the
CWAO of phenol, since complete oxidation of phenol was
achieved with formation of less harmful intermediates. The
content of these carboxylic acids intermediates can be calcu-
lated by TOC concentration and about 80% TOC conversion
was obtained. The actual measured TOC and the calculated
TOC by the identied intermediates were compared and
results are shown in Fig. 6 (inset). As shown in Fig. 6 (inset),
the two curves of TOC conversion with reaction time can be
well tted together, suggesting that the main intermediates
are detected by HPLC in the CWAO of phenol in aqueous
solution.
Table 4 Stability, leaching and basal spacing features of reused Al/Fe-PIL

No. of runs
Phenol removal
in 120 min (%)

TOC con
180 min

First use 100 80
Re-use 1 100 76
Re-use 2 100 71
Re-use 3 96 65
Re-use 4 91 57
Re-use 5 87 53
Re-use 6 85 50

30122 | RSC Adv., 2018, 8, 30115–30124
3.3 Catalyst stability and reusability

For practical applications, it is important to determine the
stability and reusability of catalysts. The stability and reusability
of the Al/Fe-PILCs (with Al/Fe ratio of 3 : 1) catalyst against
metal leaching during the reaction was investigated in this
work. To study the leaching of Fe3+ metal cations from pillared
clay catalyst, concentration of total Fe3+ ions in the solution
aer 120 min of reaction time were measured and the results
presented in Table 4. The catalyst was reused seven times to
investigate its reusability. The results indicate that the
concentration of Fe3+ ions leached in the solution aer the
reaction was #0.295 mg L�1 which is below the World Health
Organization (WHO) maximum permissible level (0.3 mg L�1)
in drinking water aer seven consecutive catalytic runs.51 The
results demonstrate that the pillared clay catalyst has good
stability towards leaching of Fe3+ aer the phenol oxidation
reaction, since the leaching of Fe3+ was found to be negligible.
The observed leaching could be attributed to the iron sites
decorating the bentonite clay pillars, whereas the metal incor-
porated within the structure of the mixed bentonite clay pillars
has been thought to be the most active in the catalytic wet air
oxidation of phenol.8 This conrms that the pillaring cations
were well incorporated in the pillar structure of the catalyst.
Aer seven consecutive reaction runs the phenol removal
slightly decreased from 100 to 85% in 120 min reaction time.
The slight decrease in catalytic activity can be attributed to the
deposition of phenol on the catalyst surface during the reaction,
which results in the blocking of the channels and, thus, to
a decrease in the number of available active sites.2 No signi-
cant decrease in surface area as well as in the d100 basal spacing
of the catalyst is observed with each reuse. However, the TOC
conversion decrease signicantly from 80% to 50% with recy-
cling times, suggesting that more hydroxylation instead of
minimization of phenol took place with increasing consecutive
reaction runs. Therefore, as shown in Table 3 three consecutive
reaction runs for the Al/Fe-PILCs catalyst were attainable to
achieve complete removal of phenol and 71% conversion of
TOC in our studies. These results are in agreement with those
published by Sassi et al. CWAO of phenol using Al/Fe-PILCs.1

The oxidation of phenol was reported to be 95%, while 80% of
TOC removal was obtained at 160 �C under 25 bar of pure
oxygen aer 180 min of reaction. Less than 0.7 mg L�1 of initial
Fe species was leached out during the consecutive re-use of the
catalyst, indicating that the Fe species were quite stable.
Cs catalyst in the removal of phenol and TOC over optimum conditions

version in
(%)

Leaching of
Fe3+ (mg L�1) d001 (nm)

0.175 1.69
0.198 1.66
0.214 1.65
0.221 1.65
0.263 1.64
0.275 1.61
0.295 1.68

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 PXRD patterns of the fresh and reused Al/Fe-pillared clay
samples.
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3.4 Structural studies of the catalyst aer each catalytic run

The spent catalysts were characterized by PXRD to determine
the effect of the catalyst re-use on its structure and morphology.
Fig. 7 demonstrates results for structural stability of the catalyst
aer each consecutive catalytic run. Aer six reuse of the cata-
lyst, its characteristic PXRD peaks are maintained, while there is
gradual decrease in the basal spacing. Therefore, our prepara-
tion method which employs the use of ultrasonic treatment
during the aging and intercalation steps results in a highly
stabilized Fe3+ species in the pillared clay matrix.
4. Conclusions

Natural bentonite clay was successfully pillared with Al, Fe and
Al/Fe polycations using ultrasonic treatment during the aging
and the intercalation stages and tested for CWAO of phenol in
aqueous solutions. This method resulted in a signicant
decrease in the consumption of water as well as synthesis time
and the catalyst synthesis is performed at room temperature.
The PXRD demonstrated an increase in the basal spacing up to
1.69 nm with a high thermal stability. The textual properties
show an increase in BET surface area indicating that Al/Fe
polycations inserted into the bentonite clay plays a crucial in
increasing surface area. HRSEM conrms that this method-
ology allows interaction of Al/Fe polycations with the tetrahe-
dral sheets of the bentonite clay, without destroying the
structure of the clay. The pillared clay catalysts were found to
completely oxidize phenol and 80% conversion of TOC in
aqueous solution under mild conditions showing the potential
of these catalysts to be used in removal of organic compounds
from industrial wastewater streams. The analysis of interme-
diate products revealed the presence of hydroquinone, pyro-
catechol, benzoquinone and oxalic, formic, malonic, oxalic,
malonic and maleic acids. The Al/Fe-PILCs catalyst could be
used in four consecutive reaction runs without signicant loss
of phenol catalytic activity and 65% conversion of TOC.
Therefore, Al/Fe-PILCs catalysts were found to be promising
catalysts for CWAO of phenol in aqueous solutions.
This journal is © The Royal Society of Chemistry 2018
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F. Garćıa-Ochoa, Appl. Catal., B, 2002, 39, 97–113.

48 A. Quintanilla, J. A. Casas, A. F. Mohedano and
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