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Abstract J

In this study, the CWAO (catalytic wet air oxidation) of phenol was studied in a batch and
plug-flow reactors operated in continuous mode, using a highly active and stable heterogeneous
catalysts. Three pillared clay-based heterogeneous catalysts, Al/Zr-PILCs (aluminium/zirconia
pillared interlayered clays), Al/Fe-PILCs (aluminium/iron pillared interlayered clays) and
Al/Cr-PILCs (aluminium/chromium zirconia pillared interlayered clays) were synthesized
using ultrasonic treatment method and screened for their efficiency in removing phenol in
aqueous medium in a batch autoclave reactor. The method of hydrolysis and ion exchange were
successfully achieved by direct addition of the clay into the pillaring solution using ultrasonic
treatment both during the formation of the pillaring solution and in the intercalation process,
respectively. The preparation method used in this study significantly reduced the synthesis time
and the water consumption required compared to conventional method discussed in the
literature, indicating advantages of potential scale-up of the pillared clay preparation.
Calcination of the synthesized pillared clay catalysts at 500 °C for 120 minutes yielded
optimum physical properties with BET (Brunauer—Emmett—Teller) surface area of 180 - 230
m?/g and basal spacing of 1.50 - 1.92 nm and with good thermal stability. All catalysts achieved
a complete removal of phenol and above 80% TOC conversion after 120 min in agueous
solution under mild reaction conditions of 100 °C and 10 bar. Of the catalysts, screened Al/Zr-
PILCs catalyst, especially with Al/Zr ratio of 3:1 was the most active catalyst in terms of phenol
removal, TOC conversion and stability. For practical purposes, Al/Zr-PILCs as the best
selected PILCs (pillared interlayered clays) catalytic powder was fixed on a monolithic
substrate. Since the use of monolithic catalysts to the oxidation of phenol in wastewaters can

minimize the pressure drop in the flow reactor.

The cordierite monoliths coated with Al/Zr pillared bentonite clay powder were synthesized,
characterized and tested in phenol oxidation. The BET specific surface area and mean pore size
of the monolithic catalysts obtained by N adsorption—desorption isotherm studies shows that
the catalyst are mesoporous by showing type IV adsorption isotherms. The HRSEM (high

resolution scanning electron microscopy) characterization results confirmed the active



components were well deposited on the channel walls and the washcoat is observed in all the
corners of the washcoated monolith cross section, while the EDX (energy dispersive X-ray
spectrometer) revealed the presence of the Zr and Fe elements in the cordierite monolithic
catalyst walls. Ultrasound experiments used to estimate the coating adherence show that the
washcoated Al/Zr pillared bentonite powder is well anchored on the cordierite. Kinetics of
CWADO of phenol was studied over powder Al/Zr-PILCs and monolithic catalyst using a batch
autoclave reactor and flow reactor, respectively. During the CWAO of phenol reaction,
aromatic ring intermediates (p-benzoquinone, catechol acid and hydroquinone) and short chain
carboxylic acids (oxalic acid, maleic acid, formic acid, acetic acid and malonic acid) were
identified. Kinetic parameters of the model that describes the formation and oxidation of
intermediate aromatic compounds and short chain carboxylic acids were determined. The
proposed CWAO of phenol kinetic model account for internal and external diffusion
limitations, assuming the pseudo-first order reaction. Therefore, the proposed approach can be
used for scaling-up the CWAO of phenol in plug flow reactor. The reaction pathway for the
CWAO of phenol was proposed.

These findings show that the novel Al/Zr-PILCs monolithic catalyst have a great potential for
application in CWAOQO of phenol, since the materials used in the process are inexpensive,
abundant and require minimal modifications. To best of our knowledge, the application of
Al/Zr-PILCs/cordierite monolith catalyst for this reaction has not been previously reported.

Keywords: Bentonite clay, Al/Zr-pillared clay, Al/Fe-pillared clay, Al/Cr-pillared clay,
ultrasonic treatment, cordierite honeycomb monolith, washcoating, wastewater treatment, flow

reactor, reaction pathway and kinetics, phenol, catalytic wet air oxidation (CWAO).



1
Dedication J

To My Late Mother
Mphephu Baloyi
1948 - 2002

| dedicate this thesis to Almighty God of Mount Zion my creator, my strong pillar, my source
of inspiration, wisdom, knowledge and understanding. He has been the source of my strength
throughout this PhD program and on His wings only have | soared. He always stood with me
and strengthened me. | also dedicate this work to my family for creating a conducive
environment for me to complete my studies in record time without any pressure. Indeed | gave
it all it takes to finish that which | started within three years.



Acknowledgement J

| would like to begin by thanking a number of people for their help and support throughout my
PhD studies.

I cannot thank my supervisor, Dr John Moma, enough for giving me a great opportunity to
study at the University of the Witwatersrand. He was very supportive in guiding me through
my research and was always there, with his open door policy, if | needed his advice. He was
like a brother I never had, he would sacrificed his family time and making long calls after office

hours about my work progress.

I would also like to extend my thanks to my industrial supervisor, Dr Thabang Ntho, from
Mintek for financial support and technical guidance. | have learned lots of things from his way
of thinking and his research methodology style. | can honestly say that this PhD thesis could
not have gone ahead without his outstanding input, supervision, scientific knowledge and

experience in catalysis.

| am also grateful of the time my former supervisors, Professor Kalala Jalama and Professor
Esther Akinlabi, spent supporting me during my initial stages of this PhD study at the

University of Johannesburg.

Special thanks to Mr Kabelo Ledwaba, for letting me use their BET surface area analysis and
FTIR; Ms Pumeza Gqogga for her assistance with HPLC training and to Mr Mbavhalelo

Maumela for his assistance with HRSEM analysis.

To all the members of CATMAT group (Wits University) and Catalysis group (Mintek),
for all the great scientific discussions and constructive criticism during seminars and practice

talks. It was a great experience being with all of you.

| thank Mr Tladi Makatsa and Mr Sibusiso Mavuso for their technical help in designing and

commissioning plug flow monolith reactor.

Mr Petrus Mafulako and Ms Pumeza Ggogqga, for encouraging me during toughest times.



Financial support by the Department of Science and Technology (DST) and National
Research Foundation (NRF) of South Africa, University of Witwatersrand, University of

Johannesburg and Mintek is acknowledged.

My deepest gratitude goes to my Family for their moral and spiritual support in all that I do,

Xikwembu xi mikatekisa.

And last but not least, special thanks to my supportive girlfriend, for her patience,
understanding and encouragement. We started dating before I started my PhD studies so she

had to put up with the stress all the way through. Thank you very much.

vi



Publications, Presentations and Awards J

Publications

1.

J. Baloyi, T. Ntho, J. Moma, Synthesis and application of pillared clay heterogeneous
catalysts for wastewater treatment: a review, RSC Adv. 8 (2018) 5197-5211.
d0i:10.1039/C7TRA12924F.

J. Baloyi, T. Ntho, J. Moma, Synthesis of highly active and stable Al/Zr pillared clay
as catalyst for catalytic wet oxidation of phenol, J. Porous Mater. (2018).
d0i:10.1007/s10934-018-0667-3.

J. Moma, J. Baloyi, T. Ntho, Synthesis and characterization of an efficient and stable
Al/Fe pillared clay catalyst for the catalytic wet air oxidation of phenol, RSC Adv. 8
(2018) 30115-30124. doi:10.1039/C8RA05825C.

Baloyi, J., Ntho, T., & Moma, J. (2018). A Novel Synthesis Method of Al/Cr Pillared
Clay and its Application in the Catalytic Wet Air Oxidation of Phenol. Catalysis Letters,
148(12), 3655-3668.

J. Baloyi, T. Ntho, J. Moma. Influence of operational parameters and kinetic modelling
of catalytic wet air oxidation of phenol by Al/Zr pillared clay catalyst. Accepted for
publication in Iranian Journal of Chemistry and Chemical Engineering (IJCCE).

J. Baloyi, T. Ntho, J. Moma. Catalytic wet air oxidation of phenol by cordierite
honeycomb washcoated with Al/Zr pillared bentonite. Submitted for publications in
Applied Catalysis B: Environmental.

J. Baloyi, T.A Ntho and J. Moma. An Effective Pillared South African Bentonite Clay:
Synthesis and Application as Green Chemistry Catalyst for Wastewater Treatment. Int’1
Conference Proceeding: 9th International Conference on Advances in Science,
Engineering, Technology and Waste Management (ASETWMZ17) November 27-28,
2017 Parys (South Africa) (First Prize). Conference paper, ISBN: 978-81-934174-6-1.

Vii



Presentations

1. Title: An Effective Pillared South African Bentonite Clay: Synthesis and Application as Green
Chemistry Catalyst for Wastewater Treatment. Oral presentation. Authors: Jeffrey Baloyi,
T.A Ntho and J Moma. Conference: 9th International Conference on Advances in Science,
Engineering, Technology and Waste Management (ASETWM17) November 27-28, 2017
Parys (South Africa) (First Prize). ISBN: 978-81-934174-6-1

2. Title: Pillared Bentonite Clay Washcoating into Cordierite Honeycomb Monolith Reactors for
Application in Wastewater Treatment: Effect of Powder Characteristics. Oral presentation.
Authors: Jeffrey Baloyi, T.A Ntho and J Moma. Conference: 9th International Conference on
Research in Chemical, Agricultural, Biological and Environmental Sciences (RCABES-2017)
November 27-28, 2017 Parys (South Africa). ISBN: 978-81-934174-6-1

3. Synthesis of low-cost Al/Zr pillared from South African natural clay: Application for
catalytic wet air oxidation of phenol. Oral presentation. Authors: Jeffrey Baloyi, T.A Ntho
and J Moma. Conference: Catalysis South Africa (CATSAL7) November 19-23, 2017 Sun City
(South Africa).

4. Title: Preparation of novel Al/Cr pillared clays catalyst for catalytic wet oxidation of phenol:
effect of ultrasonic time. Oral presentation. Authors: Jeffrey Baloyi, T.A Ntho and J Moma.
Conference: 8th World Congress on Oxidation Catalysis (WCOC17) September 3-8, 2017
Krakow (Poland). ISBN: 978-83-60514-27-6.

5. Title: Highly active and stable Al/Fe pillared South African bentonite clay: Synthesis,
characterization and application for CWAOQO of phenol under mild conditions. Poster
presentation. Authors: Jeffrey Baloyi, T.A Ntho and J Moma. Conference: 8th World
Congress on Oxidation Catalysis (WCOC17) September 3-8, 2017 Krakow (Poland). ISBN:
978-83-60514-27-6.

6. Title: Effect of ultrasonic treatment time on the preparation of novel Al/Zr pillared clays
as catalyst for catalytic wet oxidation of phenol. Poster presentation. Authors: Jeffrey
Baloyi, T.A Ntho, J.A Moma, J. Kalala and E.T. Akinlabi. Conference: International
Conference on Environment, Materials and Green Technology, Nov. 24-25, 2016
Sebokeng (South Africa). ISBN: 978-1-77012-141-6.

7. Title: High catalytic activity at low temperature in oxidation of phenol with South
African pillared bentonite clay. Poster presentation. Authors: Jeffrey Baloyi, T.A Ntho
and J Moma. Conference: 8" Wits Cross-Faculty Graduate Symposium, University of
the Witwatersrand, Oct. 25-26, 2017 Johannesburg (South Africa).

viii



Awards

1.

Session Best Paper and Best Oral presentation: International Conference of Eminent
Association of Pioneers (EAP), November 2017, Parys, South Africa.

DST/NRF Professional Graduate Programme PhD Scholarship: 2015-2018,
Mintek.

Postgraduate PhD Merit award: 2016-2017, University of the Johannesburg.

Postgraduate PhD Merit award: 2017-2018, University of the Witwatersrand.

PhD Researcher Travel Grant: 8" World Congress on Oxidation Catalysis and XII
European Workshop Meeting in Innovation in Selective Oxidation Catalysis 2017,
Krakow, Poland.



Contents

D= Tod o= 1 o] P i
AADSTIACT. ...ttt ettt b ettt n e bbbt et et et e st et ebeeaeeaentens ii
DT [ Tor= 11 o] o [OOSR iv
ACKNOWIEAGEMENT ...ttt b e bbb et et ese s b neenes v
Publications, Presentations and AWAITS.........c..eevoveiieiiiiiie et eeieee st e seare e ssaae e s sssraeeessaeeseeas vii
(O T T (=] USRS 1
Introduction to pillared clays as catalysts for wastewater treatment ...........c.cccoeevevveveevecneenen. 1

IR = 7= 1ot (o 01U o IO USRS 2
1.1 g 0] o] [=] 0 g ISy = 1 (=] 1 1=] o | S 5
O 11 1 1 T 11 [ ) o TR 7
1.3. Aim and objectives of the PreseNt WOIK........ccooveieiiieeiiieceereeese e 7
1.4, Scope and structure of this theSiS .........ceeciiieiiiice e 8
(=] =] (o0 OSSPSR 10
CRAPTET 2 ...ttt a bbbt b ettt h e bbbttt e et a e h b e b e 15
LITEIATUIE FEVIBW ..ottt ettt ettt et sttt e s tees e besseess e s e sneestesseensesseensensesseensensennees 15

(O T 10 (=] i OO USSR 30
Synthesis and characterization of Al/Zr pillared clay catalyst ...........cccoveeveveiieienieniececeenns 30

L0 T T (-] RSP 46
Synthesis and characterization of an efficient and stable Al/Fe pillared clay catalyst............. 46

L0 T T (-] TSP 57
A novel synthesis method of Al/Cr pillared clay catalysts...........cccoviieeiiieieiieceeecececeeee, 57
CRAPLEE B ...ttt ettt et e st e e be et e s beeaeeabesteesa e beeaeenteebeenaeateebeentesteenbenteereenes 72
Influence of operational parameters and kinetic modelling in a batch reactor ............c.cc........ 72

L0 T T (-] SR 98
Cordierite honeycomb washcoated with Al/Zr pillared bentonite catalyst: mechanistic studies,
reaction pathway and Kinetic Modelling .........cccovoeeeiiieirieee e 98

(O T T (=] RSP 137
General conclusions and reCoOMmMENAATIONS ........ccooieieriiiieie e 137
APPENDICES ...ttt sttt sttt ettt ettt b e st e s b e e st e st et e e sbeneeseneens 141
Supplementary MAtEITialS.........ccccverieieiiiieese e a e et e s re e s e sreennens 142


file:///E:/Final%20thesis%20PhD%20Wits/08%20Jan%202019%20Thesis%20Final%20Submission.docx%23_Toc534903157
file:///E:/Final%20thesis%20PhD%20Wits/08%20Jan%202019%20Thesis%20Final%20Submission.docx%23_Toc534903158
file:///E:/Final%20thesis%20PhD%20Wits/08%20Jan%202019%20Thesis%20Final%20Submission.docx%23_Toc534903159
file:///E:/Final%20thesis%20PhD%20Wits/08%20Jan%202019%20Thesis%20Final%20Submission.docx%23_Toc534903160
file:///E:/Final%20thesis%20PhD%20Wits/08%20Jan%202019%20Thesis%20Final%20Submission.docx%23_Toc534903161
file:///E:/Final%20thesis%20PhD%20Wits/08%20Jan%202019%20Thesis%20Final%20Submission.docx%23_Toc534903162
file:///E:/Final%20thesis%20PhD%20Wits/08%20Jan%202019%20Thesis%20Final%20Submission.docx%23_Toc534903170
file:///E:/Final%20thesis%20PhD%20Wits/08%20Jan%202019%20Thesis%20Final%20Submission.docx%23_Toc534903172
file:///E:/Final%20thesis%20PhD%20Wits/08%20Jan%202019%20Thesis%20Final%20Submission.docx%23_Toc534903174
file:///E:/Final%20thesis%20PhD%20Wits/08%20Jan%202019%20Thesis%20Final%20Submission.docx%23_Toc534903176
file:///E:/Final%20thesis%20PhD%20Wits/08%20Jan%202019%20Thesis%20Final%20Submission.docx%23_Toc534903178
file:///E:/Final%20thesis%20PhD%20Wits/08%20Jan%202019%20Thesis%20Final%20Submission.docx%23_Toc534903180
file:///E:/Final%20thesis%20PhD%20Wits/08%20Jan%202019%20Thesis%20Final%20Submission.docx%23_Toc534903182

Introduction to pillared clays as catalysts for wastewater treatment




1. Background

The basic human right of access to clean and safe water has been compromised by the rising
global population, urbanization, and climate change as well as domestic, agricultural and
environmental changes. Around the world, 780 million people do not have access to safe and
clean drinking water for consumption [1]. It has been estimated that by 2025; about 3 billion
people will be forced to survive under water scarcity as estimated by World Water Council
[2]. Almost 1.1 billion people don't have facility to improve drinking water bodies throughout
the world, and 2.6 billion are under sanitation [3]. Water scarcity can affect economic growth
and human health, since this jeopardizes the industrial production and shrinks the availability
of hygienic foods, and drinks [4]. Water scarcity is among the main problems to be faced by
many societies and the World in the 21% century. Water scarcity is both a natural and a human
made phenomenon. Therefore, continuous release of wastewater into the environment
without treatment is causing growing concern to the whole world and is environmentally

unacceptable.

Amongst the many organic contaminants that can be present in wastewaters, phenol is proved
important because of the global demand for the industrial phenol market that has been
increasing steadily over the last few years mainly because of the demand for its derivatives
from the end-use segment. Phenol and phenolic substances are widely used in many
industries and discharged in the wastewater from various industries, such as phenolic resin
and pharmaceutical, oil refineries, petrochemical plants, ceramic plants, steel plants, coal
conversion processes and pesticides manufacturing [5]. Moreover phenol is considered to be
an intermediate product in the oxidation pathway of higher-molecular-weight aromatic
hydrocarbons [6]. Many of the materials produced by the phenol industry are toxic and cannot
be discharged without treatment. Typical concentrations of phenolic compounds in these
industrial wastewaters are in the range of 200 to 1500 mg/L whilst the Environmental
Protection Authority’s limit for wastewater discharge are 0.5 mg/L for surface water and 1
mg/L for sewerage water [7]. In the past years, wastewater-containing phenol has received
increased attention because of its extreme toxicity to the aquatic life and poor
biodegradability [8-13]. Therefore, it is very important to eliminate these contaminants to

environmentally harmless species before their discharge into water bodies.

The conventional processes for removal of phenols from industrial wastewaters include

extraction, adsorption (e.g. using activated carbon), biological, chemical oxidation,

2



electrochemical techniques and irradiation etc. All of these methods suffer from serious
shortcomings such as high costs, incompleteness of purification, formation of hazardous by-
products, long time of the treatment, the large area of land, easily influenced by seasons, low
efficiency and applicability to a limited concentration range [14, 15]. Therefore, there is
urgent need to develop a safe and effective phenol wastewater treatment technique.

As a result, many studies over the past decade have focused on alternative treatment methods,
which are direct and effective, for removal of phenols from wastewater. Advanced oxidation
processes (AOPs) can be a useful option. Advanced oxidation processes include wet air
oxidation (WAOQ), catalytic wet air oxidation (CWAO), H2O2-promoted catalytic wet air
oxidation (H2.0.-CWAO) and Fenton process [16]. The efficiency of AOPs results from the
fact that the in-situ generated hydroxyl radicals ("OH) are highly reactive species (E° =
+2.8V), which attack the majority of organic molecules causing their oxidation to other
products and ultimately to CO, and H>O [17, 18]. They are also characterized by low
selectivity of attack, which is a useful attribute for an oxidant used in wastewater treatment
and for solving pollution problems [19]. Contaminants are mainly oxidized through the use
of four different reagents: ozone, hydrogen peroxide, oxygen, and air or their combination.
To choose the most appropriate technology, some aspects such as the concentration and

nature of the pollutants and the volume of wastewater must be considered.

In AOPs, CWAO is one of the promising methods for the oxidation of refractory compounds
such as phenol using oxygen or air to CO2and H»O, without emissions of toxic gases such as
NOx, SO, HCI, dioxins, furans, fly ash, etc. [20]. The advantages of CWAO includes
simultaneous treatment of total organic carbon (TOC), sulfur compounds and refractory
organic compounds in one stage, low running costs (using robust catalysts), a compact plant
design for low space requirements, stably continuous and automatic operation, the process is
extremely clean since it does not involve the use of any harmful chemical reagents and no
secondary contaminants formed [21, 22]. Moreover, the wastewater after CWAO treatment
may be reused and steam from the oxidation reaction of the wastewater may be recycled into
energy. The main drawbacks are high capital investment and high operating costs due to
severe reaction conditions and the lack of stable and active catalysts, which prevent industrial
commercialization. Therefore, various research efforts have been committed to reduce the
harshness of the operating conditions through the development of robust solid catalysts [13,

23]. Guo et al. [23] reported that if stable solid catalysts can be developed that work
3



efficiently below 125 °C and 25 bar, CWAO would be a potential technology for the
treatment of organic compounds in wastewater streams. The use of a novel class of
heterogeneous pillared interlayered clays (PILCs) catalysts in CWAO has been proposed as
a way to efficiently reduce the harshness of the reaction conditions, reduce reaction time and
improve the oxidation rate of refractory organic contaminants [24]. Since clay minerals are
natural, abundant, environmentally friendly and low cost these characteristics make pillared

clays more suitable catalysts compared to other expensive noble metal based catalysts.

The present work focuses on the use of South African natural bentonite clay to obtain
heterogeneous pillared clays catalysts for wastewater treatment. Natural clays have been
widely used as ion exchangers, catalysts and adsorbents due to their local and abundant
availability and the capability to undergo modification to enhance the surface area, adsorption
capacity and range of application [25]. However, their lack of permanent high porosity limits
their further application in industry. To solve this problem, bulky inorganic polycations
obtained from polymerization of multivalent inorganic cations (e.g. AlI**, Zr**, Cr¥, Ti** and
Fe3") are intercalated into the interlayer region of the clays by cation exchange. This is done
because when the clays are dispersed in water, they swell significantly owing to the hydration
of the interlamellar cations that act as counterions to balance the negative charges of the clay
layers. Therefore, polycations in aqueous solutions can be intercalated into the interlayer
gallery by cation exchange. The intercalated polycations increase the basal spacing of the
clays, and upon heating in the calcination stage at a high temperature, the intercalated species
undergo dehydration and dehydroxylation and hence are converted to temperature-stable
oxide pillars, propping the clay layers apart and preventing its collapse. The final pillared
clays present a two-dimensional porous network, showing a dramatic improvement in
catalytic and adsorption applications [26, 27]. The final properties of pillared clays can be
modulated by carefully choosing the different parameters, such as nature of the pillaring
agent, type of clay and particle size, pillaring procedure and the thermal treatment, thus
offering a very powerful flexible way to design tailored catalysts. Solids with very high
surface areas, a broad spectrum of properties (structural, chemical and catalytic, etc), and
controlled internal structures can be obtained by controlling the pillaring process.

However, conventional method involves prolonged periods of synthesis, high volumes of
water and high energy costs. These conditions present major drawbacks in the scale up of the

synthesis of pillared clays [28-31]. Therefore, the synthesis method has gained considerable
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attention with many studies aimed at reducing synthesis time and energy costs by finding
novel ways to economize the method for commercial feasibility. In an attempt to overcome
these synthesis drawbacks, novel simplified synthesis methods for PILCs catalysts with
single and mixed pillaring metals have been developed by the use of ultrasound [29, 32, 33],
microwave [29, 33, 34] and one-step high-temperature high-pressure synthesis [28] during
aging of the pillaring solution and interaction with the powdered raw natural clay. In addition,
the use of the raw natural clay without further purification has been reported to reduce
synthesis time [32] and the addition of a second pillaring metal such as Cr, Zr, Fe and Ti to
the Al pillaring solution is also recommended, in order to improve the porosity, pore volume,
specific surface area, thermal stability and acidity of mononuclear inorganic PILCs catalysts
[35-41]. Moreover, the commercialization of PILCs catalysts is not only influenced by the
optimization of preparation parameters but also by the ability to shape the powder material
into conformed products such as monoliths or washcoating into monolith which aid in a
separation of used catalysts from treated water. This study is focused on the design of novel
pillared bentonite clay catalysts for phenol wastewater treatment by CWAO under mild

reactions conditions.

1.1. Problem statement

The biggest challenges for the next generation are adequate supplies of fresh water and
climate change. It has been reported by WHO, that more than 80 countries including South
Africa accounting for 40% of the world’s population are facing major water crises and about
1.2 billion people are already estimated to be drinking unclean water [42]. Moreover, more
than 10 million people die annually due to various diseases caused by the consumption of
polluted water. Therefore, treatment of wastewater for reuse to overcome scarcity of water
has been a global challenge for many countries like South Africa as water scarce country.
The rapid increase in the demand of clean water has attracted much of the attention of
government organisations and water industries to develop robust, environmental friendly and

cost effective technologies for wastewater treatment.

Currently, the various treatment methods that have been actively investigated to remove
organic pollutants from wastewater are chemical, physical (adsorption, reserve osmosis, etc.),
adsorption, biological, incineration, AOPs, etc. The selection of wastewater treatment process

among these methods is very critical and has to be made considering the contaminants present
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in wastewater in terms of toxicities and concentration of the pollutants in the wastewater
stream. Chemical and petroleum industries generate a wide variety of highly toxic organic
wastes. Among organic pollutants, phenol and phenol derivates, used as raw materials in
petrochemical, chemical and pharmaceutical industries, have received increased attention in
the last years due to their toxicity. This situation is mainly due to phenol’s high solubility in
water. These phenols when discharged into the environment end up in surface waters like
lakes and rivers, as well as underground water and as a result contaminate them. Due to high
toxicity of phenol, it is important to treat wastewater containing phenols to bring their
concentrations to levels prescribed by law before they are discharged into the water bodies.

Of the above listed methods, the most favoured treatment method for phenol removal is the
AOPs such as CWAO. However, this method has not seen wide scale industrial application
due largely to the high cost of operation involved emanating from severity of the reaction
conditions [18]. Although the use of biological treatment is generally cheaper than all the
methods known, it fails when the phenol concentration in the wastewater is higher than 200
mg/L [43]. Pauli and Franke, [44] and Katzer et al. [45] reported this limit at 50 and 70 mg/L,
respectively. In many cases all the above limits are exceeded in most of the actual wastewater
streams. Moreover, biodegradation processes are inherently slow and do not allow for high
degrees of removal and sludge is still major factors of environmental pollution [46]. The
CWAQO is very attractive for treating wastewaters that are too toxic for biological technology
to be treated and too dilute for incineration to be eliminated. The heterogeneous CWAOQO has
gained some attention as the addition of catalysts decreases the severe operating conditions,
enhances the reaction rate, and shortens the reaction time and remarkable economy-scale
advantages [22, 23, 46, 47]. Therefore, further research on the discovery of solids
heterogeneous catalysts that are robust, cheap, and efficient solid catalysts, ensuring the total
oxidation of refractory organic compounds to water, carbon dioxide and less toxic
biogradable compounds, at mild reaction conditions is a big scientific and technological
concern worldwide. Gitari et al. [48] reported that South Africa has large deposits of bentonite

clay that is likely to be extracted in the next 60 years, if the demand does not increase.

This research study is aimed at the design of pillared bentonite clay as “green chemistry”
catalysts using South African bentonite clay and suitability of pillared clays for the treatment
of refractory organic wastewater containing phenol by using CWAO process. In this study

the severity of oxidation conditions can be reduced by the use of a suitable (cheap, stable,
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environmental friendly and resistant to poisoning) solids catalyst. Not only can the treatment
use milder conditions (temperature and pressure), but, in principle, the designed catalyst can
also be easily recovered, regenerated, and reused without significant catalyst leaching and

deactivation.

1.2. Justification

The incapability of conventional methods to effectively remove refractory organic
wastewater such as phenol has made it evident that new, compact and more efficient systems
are needed. The AOPs such as CWAO seems to be better economically and technologically
feasible for treating the highly toxic organic wastewater [46, 49-51]. Using CWAO, the
reaction is operated at mild conditions, the reaction time is shortened, and much higher
oxidation rate is achieved. In this respect, the presence of environmental catalyst in CWAO
performs an essential role in minimizing the release of toxic compounds and the development
of energy saving, residue-free processes. The design of new effective suitable and
inexpensive catalytic materials is one of the main challenges to achieve this goal [52].

Therefore, the application of pillared bentonite clay as heterogeneous catalysts offers a
variety of potential advantages in CWAO wastewater treatment technology, from both the
sustainable green chemistry and engineering point of view. The preparation of PILCs as novel
heterogeneous catalysts and its application in CWAO is still in its developmental stage,
efficient evaluation of this novel technology requires deep understanding of PILCs catalyst
design. Several research studies have been reported on the preparation and characterization
of PILCs and CWAO removal of refractory organic wastewater using PILCs. None has been
recorded on the CWAO removal of refractory organic wastewater using South African
bentonite clay minerals in the preparation of PILCs. Moreover, no commercialised
preparation process has been reported in the literature. To the best of our knowledge, this is
the first study that investigates the CWAO of phenol by PILCs using South African natural
bentonite clay as starting material. Hence, it was decided to embark on this study.

1.3. Aim and objectives of the present work

The main objective of this research is to apply pillared clay catalysts prepared from natural

bentonite clay for treatment of phenol in aqueous solution by CWAO.



In order to achieve the research objective, the specific objectives of this study are:-

a. To prepare and characterize heterogeneous pillared clay catalysts from naturally
occurring South African bentonite clay mineral.

b. To evaluate the activity, stability and regeneration of pillared clay catalysts for use
in catalytic wet oxidation of phenol wastewater.

c. To investigate the effect of operational parameters such as reaction temperature,
initial pH, initial phenol concentration, catalyst dosage and oxygen partial pressure.

d. To washcoat cordierite honeycomb monolith with pillared clay powder catalyst.

e.  To study the mechanistic studies as well as kinetic modelling.

f.  Todesign and construct a monolith reactor and process instrumentation diagrams for

the reactions.

1.4. Scope and structure of this thesis

The current study is primarily focused on the development of a pillared clay catalysts for
CWAO of phenol in aqueous solution, which will include a cordierite monolithic support
structure carrying a catalyst. This development will consist of the aim and specific objectives
listed above, and will be limited to the catalytic materials developments and catalytic activity
testing in both batch and trickle bed monolithic reactors, putting aside the comprehensive

engineering reactor simulations.

The thesis contents are structured as outlined below.

In Chapter 1, a detailed background, problem statement, justification for the study, main and

specific objectives of the research are covered.

In Chapter 2, detailed literature review about preparation of pillared clays, water pollution
by refractory organic compounds and advanced oxidation processes based on the previous
and recent work relating to this study is explained. This chapter has been published as; J.
Baloyi, T. Ntho, J. Moma, Synthesis and application of pillared clay heterogeneous catalysts
for wastewater treatment: a review, RSC Adv. 8 (2018) 5197-5211.
d0i:10.1039/C7TRA12924F.



In Chapter 3, synthesis, characterization and CWAO application of Al/Zr pillared clay
catalyst is presented. This chapter has been published as; J. Baloyi, T. Ntho, J. Moma,
Synthesis of highly active and stable Al/Zr pillared clay as catalyst for catalytic wet oxidation
of phenol, J. Porous Mater. (2018). doi:10.1007/s10934-018-0667-3. The published paper
fully fulfilled the specific objectives a and b.

In Chapter 4, synthesis, characterization and CWAOQO application of Al/Fe pillared clay
catalyst is presented. This chapter has been published as; J. Moma, J. Baloyi, T. Ntho,
Synthesis and characterization of an efficient and stable Al/Fe pillared clay catalyst for the
catalytic wet air oxidation of phenol, RSC Adv. 8 (2018) 30115-30124.
doi:10.1039/C8RA05825C. The published paper fully fulfilled the specific objectives a and
b.

In Chapter 5, synthesis, characterization and CWAOQ application of Al/Cr pillared clay
catalyst is presented. This chapter has been published as; Baloyi, J., Ntho, T., & Moma, J.
(2018). A Novel Synthesis Method of Al/Cr Pillared Clay and its Application in the Catalytic
Wet Air Oxidation of Phenol. Catalysis Letters, 148(12), 3655-3668. The published paper
fully fulfilled the specific objectives a and b.

In Chapter 6, influence of operational parameters and kinetic modelling of catalytic wet air
oxidation of phenol is presented. This chapter has been accepted for publication in Iranian
Journal of Chemistry and Chemical Engineering (IJCCE) as; J. Baloyi, T. Ntho, J. Moma.
Influence of operational parameters and kinetic modelling of catalytic wet air oxidation of

phenol by Al/Zr pillared clay catalyst. This paper addresses objectives ¢ and e.

Chapter 7 presents wash coating of cordierite honeycomb with Al/Zr pillared bentonite for
CWADO of phenol with the design of monolithic plug flow reactor. This chapter is submitted
for publication in Applied Catalysis B: Environmental as; J. Baloyi, T. Ntho, J. Moma.
Catalytic wet air oxidation of phenol by cordierite honeycomb washcoated with Al/Zr

pillared bentonite. This paper addresses objectives d, e and f.

Finally in Chapter 8 general conclusions are summarized and recommendations for future

studies are presented.
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The use of pillared interlayered clays (PILCs) as heterogenous catalysts in wastewater treatment technologies,
particularly advanced oxidation processes (AOPs), is gaining popularity for the treatment of refractory
wastewater effluents. The recent literature involving these solid materials is reviewed, with more focus on
studies that aim at reducing the synthesis costs and escalating the synthesis process to industrial scale. Their
role as active solid materials in the ACPs such as photocatalysis, catalytic wet peroxide oxidation (CWPQ), the
Fenton process and catalytic wet air oxidation (CWAQ) of refractory organic compounds in polluted aqueous
streams is also reviewed. These processes are evaluated to evidence their main direction for future research,
particularly with reference to possible industrial use of these technologies to treat refractory organic
wastewater using pillared clay-based catalysts. The pillared clay catalysts demonstrate good application
prospects for the removal of refractory wastewater effluents using AOP technology. The reviewed studies
suggest that the photocatalytic process is useful in low concentrations of these compounds, while CWPO,
the Fenton process and CWAQ are recommended for higher concentrations. However, catalyst development
to reduce the severity of oxidation reaction conditions, with focus on the low cost, catalyst stability,

rsc.li/rsc-advances

1. Introduction

The use of green chemistry and green engineering intimates the
design of chemical products, processes that reduce or eliminate
the use or generation of hazardous substances from all sources
and overall cost minimization.! Moreover, the minimization of
toxicity and hazards as well as the maximization of safety prac-
tices are important considerations. When these terms are
applied to the performances of individual chemical reactions,
chemical processes, and chemical synthesis plants, they deal
with the same issues. Advances in both green chemistry and
green engineering address the presence of toxic substances in
the environment, hazards associated with global issues such as
climate change, energy demands, global warming, availability of
a safe and adequate water supply and interest in sustainability.
These concepts have then become very popular. In recent years
there has been an increasing interest in the use of pillared clays
minerals, also called pillared interlayered clays (PILCs), as green
heterogeneous catalysts in the wastewater treatment.**
Applications of clay minerals have attracted a lot of interest
due to their potential use in heterogeneous catalysis.*® However,
clay minerals inherently have the shortcoming of poor access to

‘“Molecular Science Institute, School of Chemistry, University of the Witwatersrand,
P/Bag 3, WITS 2050, Johannesburg, South Aftica. E-mail: john.moma@wits.ac.za
"Advanced Materials Division, Mintek, Private Bag X3015, Randburg 2125, South
Africa

I'his journal is © The Royal Society of Chemistry 2018

reusability and ernvironmental friendliness are the key aspects to be addressed by future research work.

their active sites which decreases their performance for catalytic
reactions. Nevertheless, modification of natural clay minerals by
pillaring using suitable pillaring agents has emerged as
a promising technique because it allows for opening of the clay
layers, producing high resistance and thermal stability,
increased porosity, surface area and basal spacing as well as
other physicochemical characteristics.”® The pillaring method is
based on a mechanism of cationic exchange in which robust
inorganic molecules are introduced in the interlayer space of the
clay minerals forming oxides strongly bound to layers of the
minerals.” The hydroxyl polycations of polynuclear metals, such
as Al, Fe, Zr, Cr and Ti, are types of inorganic pillaring agents
that have been widely studied. Numerous studies have discussed
these solid materials in details and are cited in the literature.***
Incorporation of a second pillaring agent (e.g., M = Zr, Fe, Cr and
Ti) in the Al inorganic agents to create mixed oxide PILCs have
emerged.'™** The general preparation process of mixed oxides
pillaring agents (e.g. Al/M) is similar to the preparation of
a single metal oxide agent, except that the base solution
(eg. NaOH or Na,CO;) is titrated into the Al(NO;); and M
pillaring agent solutions with different AI/M molar ratios.
Incorporation of a second metal oxide is reported to further
improve the structure by increasing the pore volume and specific
surface area (200-300 m* g~ %), thermal stability and acidity of
the catalyst compared to single metal oxide PILCs.

The conventional preparation of PILCs consists of two
important stages: the preparation of the metal oxide pillaring

RSC Adv,, 2018, 8, 5197-5211 | 5197
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agent in solution and the mixing of pillaring agent with
a suspension (typical 2% in weight) of clay in water.”* This
method involves long periods of time and large amount of water,
and such requirements represent a considerable shortcoming
when trying to scale-up the pillaring method to industrial scale."
Therefore, the use of PILCs as heterogeneous solids catalysts has
not been escalated to commercial levels, due to the fact that it has
been challenging to perform the conventional laboratory
synthesis method at industrial scale.”” In order to reduce the
large volume of water required, currently the pillaring method is
focused on application of concentrated clay suspension, dry clay
and concentrated pillaring agent solution.” Similarly, direct
addition of clay to pillaring solutions decreases the time required
for the preparation process and methods such as ultrasound,’
microwave' and one-step high-temperature synthesis' have
recently emerged as a powerful and green approaches for
synthesis of PILCs. All these methods, obtain solid materials with
comparable characteristics to those of the solid materials
synthesized by means of the conventional method, however,
within shorter time for the process. Moreover, several studies
reported that when using the conventional method, the aging
time may vary by hours or days (1-5 days) depending on the
pillars.”** With ultrasound, microwave and one-step high-
temperature synthesis methods, the aging and ion exchange
process occur in minutes (5-30 minutes), therefore facilitating its
extension to an industrial scale. However, commercialization of
PILCs catalysts is not only influenced by the optimization of
preparation parameters but also by the ability to shape the
powder material into conformed products such as pellets,
monoliths and agglomerates, etc. The prepared catalytic solids
materials are expected to keep their chemical properties and
catalytic activity as well as maintain their stability during the
reaction process. Mohino et al*® and Sanabria et al** used the
extrusion method to manufacture raschig rings, pellets and
monoliths that involve pillared bentonite clay minerals.
Numerous studies available in literature on the manufacture of
extrudates are related to ceramic monoliths such as sepiolite,
cordierite, mullite, zirconia, titania, & and y-alumina and
mixture of these materials.”»* However, few studies have been
reported relating to fabrication of extrudates based on pillared
clay catalysts, which remains an important aspect for PILCs to be
used at an industrial scale level.* Therefore, there is a great need
for creative strategies which should enable PILCs to be engi-
neered to “designer catalysts” for applications in green, eco-
friendly and sustainable wastewater treatment processes.
Wastewater contaminated by phenol and its derivatives is one of
the most common and essential representatives of refractory
organic wastewater produced by industrial methods such as
petrochemical, paper, paint, fabric and chemical industries,
because of its high toxicity even at low concentrations. Phenol is
listed as a primary pollutant by WHO (World Health Organisa-
tion). It is considered toxic at concentration above 2 mg L™, and
when it is present in natural water streams it can lead to the
formation of harmful chlorine solutions during disinfection by
chlorination.* Typical concentrations of phenolic compounds in
these industrial wastewaters are in the range of 200-1500 mg L ™"
whilst the Environmental Protection Authority's limit for

5198 | RSC Adv, 2018, B, 5197-5211
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wastewater disposal discharge is 0.5 mg L' for surface water and
1 mg L' for sewerage water. In the past years, wastewater
containing phenol has received increased attention because of its
extreme toxicity to aquatic life and resistance to biodegrada-
tion.** Consequently, with regards to human health and the
environment, it is crucial to purify water contaminated with
phenol and its derivatives, which can be present in almost all
industrial wastewater streams.

Conventional processes for removal of phenol from industrial
wastewaters include biological, adsorption, extraction, chemical
oxidation, electrochemical methods and irradiation etc. The
above mentioned methods suffer from serious shortcomings
such as high costs, incompleteness of purification, formation of
hazardous by-products, low efficiency and applicability to
a limited concentration range (these methods are not suitable for
treating moderate to high concentration organic pollutants such
as phenol).””* Therefore, it is of great importance to find inno-
vative and simple methods and approaches to tackle environ-
mental problems associated with wastewater contaminated by
phenol. The use of advanced oxidation processes (AOPs) in the
presence of PILCs to treat environmental contamination by
refractory organic wastewater containing phenol is one of the
most promising methods that have received increased attention
in recent years.»** AOPs, especially using PILCs catalysts as
cheap natural materials are able to remove organic contaminants
from aqueous effluents without high costs and complex technical
requirements. Catalytic wet air oxidation (CWAO), catalytic wet
peroxide oxidation (CWPO), Fenton-like process and photo-
catalytic treatment of wastewater are some of the successful AOPs
processes, utilising catalysis for the removal of pollutants in
industrial wastewater in the presence of an active catalyst.’® AOPs
are all based on the high reactivity together with low selectivity of
attack displayed by hydroxyl radicals (HO). AOPs may achieve
full mineralization of most of the refractory organic contami-
nants to CO, and H,0, or at least partial degradation of the
substrates releasing less harmful by-products.® Therefore, these
processes play crucial roles as green engineering processes in the
wastewater treatment of moderate to high concentration of
organic contaminants such as refractory organic pollutants.

In this context, this article aims at undertaking a systematic
review of heterogeneous pillared clay catalysts syntheses
processes based on recent and previous studies. The green route
syntheses, modification and applications of the pillared clays
catalysts in AOPs have been discussed in detail. The synthesis
and application of pillared clay catalysts for refractory organic
wastewater treatment will be reviewed with focus on aspects
that have not yet been comprehensively reviewed such as a new
insight into understanding the role of new robust sustainable
green synthesis methods and their eco-friendly approach
towards commercialization.

2. Synthesis of pillared interlayered
clays (PILCs)

Pillared inter-layered clays (PILCs) are an imperative group of
microporous inorganic solids with great catalytic potential for

his journal is @ The Royal Society of
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applications in catalytic processes.* PILCs have attracted
increasing attention, particularly from industry, due to their
microporous nature and wide range of applications such as
catalytic oxidation, hydrogenation, dehydrogenation, hydroxyl-
ation, esterification, catalytic cracking, and others.” All of the
above-mentioned reactions are potentially interesting in
general green engineering industrial methods and green
chemistry techniques.

The phenomenon used in the synthesis of pillared clays is
the ion exchange of interlamellar cations by bulky cationic
species that act as supports to keep the structure open. It is well
known that only swelling clay minerals that are capable of
cation exchange such as smectite group (bentonite) can be pil-
lared. The first step in the pillaring of PILCs involves the
synthesis of the pillaring agent. In this step the pillaring solu-
tion undergoes hydrolysis, polymerization and complexation
with the anion in the solution.*? The hydrolysis conditions such
as temperature, pH and aging time, play an important role in
the formation of PILCs. In the case of AI*" polyoxocation, a base
(NaOH or Na,C0;) is added to AICI; or AI(NO;); solutions with
OH/AI®*" ratios up to 2.5. Kloprogge'” analyzed the polyoxocation
complex produced during the process and is thought to be the
Keggin ion [AlO,Al;2(OH),4(H20),,]7". The conventional process
involves prolonged times and this makes the pillaring process
not applicable in an industrial scale. This stage of the synthesis
process has gained considerable attention with many studies
aimed to reduce time and energy costs by finding ways to
economize the process for commercial feasibility. Martinez-
Ortiz et al.,* Olaya et al."* and Sivaiah et al.** used microwave
radiation during the synthesis of pillaring solution with
a reduction in the synthesis time needed from several hours to
less than 30 minutes. Tomul" recently investigated the use of
ultrasound treatment during the preparation of iron-chromium
pillaring solution. The Fe/Cr pillaring solutions was aged for
less than 20 minutes compared to hours or days required when
conventional method is used. The characteristics and catalytic
behavior of the resulting pillared solids confirmed the benefi-
cial effect of using ultra sound treatment.

The synthesis of the pillaring agent is followed by slow
addition of the polyoxocation pillaring solution to the clay
suspension. This allows the interlayer inorganic cations in the
clay to exchange with the polyoxocation in solution through
intercalation.® This results in up to five times increase in basal
spacing (dgo, ) of the clay mineral, which is generally determined
by XRD. When the conventional method is used, this process
can take up to hours or days to complete depending on the
pillars, as the pillaring solution is added drop-wise and the
mixture is stirred for at least hours with heat supplied."™"**%"
Although this method has been successful in laboratory
synthesis of pillared clays, it is not an ideal method for indus-
trial scale production because of the large amounts of water and
heat required. However, using an ultrasound or a microwave
treatment method, the ion exchange occurs in minutes. Duong
et al.*® studied the intercalation of montmorillonite and found
ultrasonic treatment to reduce the intercalation time from
several hours with the conventional method to less than 20
minutes. They however found prolonged ultrasonic treatment
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to result in partial destruction of the pillared structure. The
obtained solids were comparable in physical and catalytic
properties to that from the conventional method. Most impor-
tantly, no heat was needed in the pillaring process, with the
added advantages of cost saving and minimal safety risks.
Lastly, the amount of water used and space were minimized by
use of a more concentrated clay suspension compared to
conventional method. Therefore, the synthesis of PILCs on
a commercial scale can be attained since the intercalation of the
pillaring complexes can be achieved within a short period of
time without losing catalytic activity. Numerous studies also
concluded that ultrasound treatment method can enhance and
promote dispersion of the active metal on the carrier, therefore,
improving the catalytic performance of the pillared clay
catalysts, !>

The application of microwave radiation has also been re-
ported to reduce the time of the synthesis during intercalation
stage. Olaya et al." reported the synthesis of Al pillared clay
catalyst using a concentrated suspension of the pillaring solu-
tion and the clay with microwave radiation. It was found that
the solids synthesized using microwave irradiation exhibited
better characteristics than those of solids synthesized by the
conventional method. They concluded that the synthesis of Al
pillared clays using concentrated suspensions of clay and
microwave provided advantages at the industrial level
compared with the conventional method. This can be attributed
to the fact that it decreases the time and volume of water
required in the process, and also generates solids with high
catalytic activity. A number of studies also reported PILCs
materials synthesized using microwave irradiation with char-
acteristics that can be matched with those of PILCs materials
synthesized by means of the conventional methods,**3%***

Another problem which hinders the commercialization of
PILCs at industrial scale is that the clay dispersion is diluted by
the use of high volumes of water during the synthesis process,
and addition of pillaring solutions to the clay suspension takes
a long time. As reported by numerous studies water consump-
tion can be significantly reduced by using concentrated clay
suspensions and dry clay.'**”* It has been reported that start-
ing with dry clay generated the highest degree of modification.
This could be attributed to strong interaction of vibrating
molecules due to microwave radiation and generation of higher
resistance in the medium, which also results in higher dielectric
heating than in a diluted system.

The final step is the washing and then calcination of the
dried obtained solids. This step results in the dehydration and
dihydroxylation of the polyoxocation where it changes to stable
oxide clusters. This step is also referred to as thermal activation.
Thermally stable porous solids are obtained after caleination.
During calcination the bond between the interlayer species and
clay layers is thought to shift from ionic to near covalent which
results in the stabilisation of the porous network, by converting
hydroxide pillars to stable oxides.® The basal spacing may
decrease, but should not collapse due to calcination at high
temperatures. It is also suggested that the intercalation species
must not fill the entire interlayer clay space in order to have
accessible porosity with high specific surface areas.* Excess
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ions such as chlorides or nitrates that can still be found in the
solid materials prior to calcination can also be removed in this
step. Due to the re-suspension of the separated clay minerals in
high purity water, the washing step is also considered as more
time consuming step. The washing step is repeated several
times until the chlorides or nitrates ions are completely
removed from solid clay materials. The high volume of water
required during the washing step hinders the industrial scale-
up of the solid clay materials. The effect of washing step on
Al-PILCs was investigated by Thomas and Occelli.** The samples
which were repeatedly washed up to 4 times with 400 em® of
high purity water and the samples with no washing were
compared. The XRD results revealed a broad weak peak for the
unwashed sample, which then shifted to 18.9 A with the first
washing, and then became sharper with consecutive washing.
Their study concluded that the initial cations present in the
interlayer space were formed “in situ” by base hydrolysis of the
different oligomers present instead of Keggin. Therefore, the
washing step is found to be necessary to form stable Al-PILCs as
their stability is linked to the creation of Keggin ions. Molina*®
was the first to publish a method in which concentrated
(40% w/w) clay slurries, contained in dialysis bags, were equil-
ibrated in an Al-pillaring solution. Subsequently, del Riego
et al.”” used the same method to pillar concentrated (10% w/w)
raw and purified bentonite clay and found that the use of
dialysis membranes aided the recovery of the concentrated
suspensions of pillared clay materials and the number of
washing cycles was decreased. However, the procedure was
time-consuming and high volumes of solutions were required
since the pillaring solution remained dilute. The use of dialysis
compared to conventional washing methods was examined by
Aceman et al."”® who found that at first Al was adsorbed into the
interlayer space either in a monomeric state or as small oligo-
mers. The hydrolytic oligomerization to form Keggin ions with
these species were achieved after a number of days, given that
the excess ions such as Al, Cl and Na were removed through
washing or dialysis. Intercalated clay sample inside the Visking
dialysis bag was put in double distilled water for 7 days at room
temperature in the dialysis experiments. The thermal stability
of dialyzed intercalated montmorillonite clay samples was
similar to non-dialysed samples, while intercalated laponite
and hectorite clay samples resulted in poor thermal stability for
both dialyzed samples and the washed samples. Both dialyzed
intercalated beidellite and saponite clay samples demonstrated
high thermal stability as revealed by more intense sharper XRD
peaks compared to those washed 4 times. Sampieri et al.*
investigated the effect of washing. For solids samples washed
with a large volume of water (2 L g~ ' of montmorillonite clay),
the larger silica species were expelled irrespective of the
synthesis method used in the study. The study concluded that
the washing step is critical in synthesis methods, as it deter-
mines the interlayer space, thermal stability and the porosity of
the pillared montmorillonite. However, the pillared structures
were stable up to 600 °C, but collapsed at 700 °C. Fig. 1 displays
schematically the pillaring process.

In general the current problems associated with the above
preparation procedure are long synthesis periods and high
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Fig. 1 Schematic representation of clay pillaring process (basal
spacing; dy < dz > d>).

energy costs, high volumes of water usage and mixing of clay
solutions.

Therefore, due to the above-mentioned problems PILCs have
not been applied as commercial catalysts. This is because of the
difficulties in escalating the laboratory scale developed pillaring
process to an industrial scale. In order to produce PILCs at an
industrial scale, the above mentioned procedure must be
simplified.

3. Recent advances in the synthesis of
PILCs

Commercially, when huge amounts of PILCs are required to be
synthesized, conventional methods become uneconomical,
since enormous equipment as well as the use of large volumes
of water are required in the process.*”” The synthesis of pillared
clays requires several optimizations to enable them to be
applied at industrial scale. These include the use of raw natural
clays without further purification®*>"* and the use of advanced
green chemistry synthesis methods such as ultrasound,
microwave radiation and one-step high-temperature high-
pressure syntheses.'™'*'>** In addition, in order to improve
the structure and acidity of mononuclear inorganic PILCs, the
addition of a second pillaring agent such as Cr, Zr, Fe and Ti to
the Al pillaring agent solution is also recommended.

The effect of addition of second metal oxides (e.g. M = Fe, Zr,
Cr and Ti, etc.) to the Al inorganic pillaring solution has been
extensively investigated. Carriazo et al.," Molina et al.*' and Zuo
et al.** obtained solids with higher surface areas (increase from
200 to 300 m* g~ ') and pore volumes than single metal oxide
(AI-PILCs). However, the drawbacks of the synthesis methods of
the pillaring agent solutions are not considerably improved.

The removal of traces of organic matter, iron oxides and
soluble salts from the natural clay before pillaring has also been
investigated. Prior to pillaring process high content of iron
oxides in the surface are generally removed from raw natural
clay due to reports that they affect the synthesis process, textural
properties and catalytic activity of PILCs as a result of the fact
that excessive iron oxides content may change the colloidal and
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rheological behavior of both the suspended natural clay and the
cation exchange capacity of the mineral clay present.** For more
cutting-edge green chemistry processes some excellent proper-
ties of shaped PILCs such as extruded solids, pellets, agglom-
erates and monolith macro-structures are preferred. However,
excessive iron oxides content may reduce both the thermal and
mechanical stability of the solid materials. The PILCs catalysts’
acidic and redox properties could be modified due to the
excessive iron oxides content present in the raw natural clay.
However, the use of purified clays is not preferred for the
industrial scale process due to the fact that this cation exchange
involves the use of high volumes of water and sodium salts.
Therefore, the use of raw natural smectite clays with high
swellability such as sodium bentonite is preferred, as it makes it
easier to incorporate large metal polyoxo complexes.

The methodology for the synthesis of PILCs with single and
mixed metal oxides that was developed by the use of ultrasound,
microwave and one-step high-temperature high-pressure
method during aging of the pillaring solution and interaction
with the powdered raw natural clay has been reported to
decrease the synthesis time as well as the volume of water used
in the pillaring process by approximately by 90 and 95%,
respectively. At an industrial scale, this leads to a significant
reduction in the cost of the synthesis processes.'®'*!*

Several studies™'*'***#53* found the use of ultrasonic
treatment to reduce the synthesis time of PILCs to less than
20 minutes. The obtained PILCs had a basal spacing ranging
from 18 to 20.6 A and a BET surface area in the range of 134 to
362 m” g '. In order to test their thermal and hydrothermal
stabilities, the PILCs were heated at temperatures ranging
between 400 to 900 °C in a muffle furnace for 2 to 8 hours. The
PILGCs intercalated by the conventional method were exposed to
comparable conditions. The results showed that the structure of
PILCs prepared by conventional method collapsed at around
600 to 700 °C while the PILCs prepared by ultrasonic treatment
partially maintained their structure at 900 °C. This stability was
attributed to the uniform pillaring obtained by the use of
ultrasonic treatment. Ultrasonic treatment did not change
properties such as acidity and catalytic activity of the PILCs but
was found to improve the incorporation of pillars of larger size
and higher homogeneity into the clay, compared to the
conventional synthesis. The ultrasonic treatment method offers
several advantages to the scale up of these PILCs. Firstly, it
reduces the time required from several hours or days to less
than 20 minutes. It also requires no heat for the process,
thereby offering a considerable saving in energy costs. In
conclusion, the dry raw natural clay can be directly added to the
pillaring solution and the resulting clay suspension can be
highly concentrated compared to conventional methods,
therefore using less water, shorter period and volumes.

The use of microwave irradiation has been reported by
various authors to also speed up the PILCs synthesis
process'>!®18335657 requiring less than 15 minutes for the
intercalation. Fetter et al.*® investigated ways to accelerate the
intercalation step during the synthesis of PILCs by using
microwave irradiation. In their study 10 wt% clay suspension
was slowly added to Al chlorohydrate to give an Al/clay ratio of
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5 mmol g '. The solid sample was sealed and exposed to
microwave irradiation for different time periods and then pil-
lared by the conventional method. It was found that the specific
surface areas of the solids prepared using microwave irradiation
increased by 20-30% compared to samples synthesized by the
conventional method. The microwave irradiation time was
found to have little effect on the specific surface area, attaining
340 m* ¢! in 5 minutes of irradiation compared to 18 hours
using the conventional method. Similarly, Fetter et al®
synthesized PILCs solids materials via microwave irradiation for
7 minutes using highly concentrated starting clay slurry of
50 wt% and obtained a specific surface area of 331 m* g™,
which was 27% higher compared to solids samples synthesized
by the conventional method. Olaya et al.** developed a novel
methodology for the synthesis of composite Al/Fe and Al/Fe/Ce
pillared clays. The starting raw clay was added directly to pil-
laring solution and microwave radiation was applied during
both the synthesis of the pillaring solution and in the interca-
lation process. The amount of water used and the processing
time were reduced by 90-95%, offering new routes for the
industrial scale up of the synthesis of the PILCs. The most
promising materials prepared by the methodology proposed in
their study, were synthesized using between 50 and 90% less Fe
and Ce than the PILCs synthesized by the conventional method.
The XRD patterns showed more intense and homogeneous
(001) diffraction lines with a high content of both Al and Ce
while BET results showed higher specific surface areas
compared to PILCs prepared viz conventional methods. Their
activities and selectivities in the oxidation of phenol in waste-
water were found to be superior compared to PILCs from
conventional preparation method with higher Fe content. A
lower Ce was found to have a positive effect on the incorpora-
tion of Al, the homogeneity of the (001) diffraction lines, the
high specific surface area and high catalytic activity, demon-
strating that the catalytic activity of the solid materials depends
on the success of the pillaring process. The study by Sanabria
et al.** also found that the synthesis of PILCs composites Al/Fe
and Al/Ce/Fe by microwave radiation in a concentrated medium
resulted in a 90-95% reduction in amount of water used as well
as the intercalation time by 70-93%. The PILCs synthesized by
this method were comparable in their catalytic activity and
selectivity to those from the conventional synthesis procedure
in a dilute medium. The active phase was reported to be more
stable during the reaction and the leaching of Fe was less than
0.18 mg L™ ",

Recently, Ding et al." proposed a method for the synthesis of
AlCr pillaring agents via one-step high-temperature high-
pressure hydrothermal procedure, and the composite of Al/Cr-
PILCs were synthesised using ion exchange. Variations in
synthesis parameters such as reaction temperature, Al/Cr molar
ratio and reaction time were found to affect the structure and
textural properties of Al/Cr-PILCs. The specific surface area,
pore volume, and maximum basal spacing of Al/Cr-PILCs
reached 266 to 362 m* g~ *, 0.16-0.22 cm® g ', and 2.06 nm,
respectively, after 4 hours of calcination at 550 °C. The as-
synthesized composite Al/Cr-PILCs were porous materials with
outstanding structures and performance compared to
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mononuclear AI-PILCs and Cr-PILCs. The synthesis procedure
significantly reduced the number of steps as well as the amount
of materials used compared to conventional methods. There-
fore, this new proposed one-step method can be extensively
applied to the synthesis of PILCs.

4. Synthesis of PILCs extrudates and
monoliths

The scale up of catalysts based on PILCs to a commercial level
for industrial applications also depends on the ability to match
the synthesized powder pillared clay materials from laboratory
scale to commercial shapes such as pellets, Raschig rings,
monoliths efc. These materials after formation should keep
their chemical properties, catalytic activity and stability during
the reaction similar to the powder pillared clay materials. The
synthesis of pillared bentonite clay materials with different
shapes such as pellets, Raschig rings and monoliths has been
achieved via extrusion techniques.*™*'** There are four steps
that are involved in the extrusion process; the mixing and
kneading of powder components in dry state is considered as
the first step. In this step powder materials are selected based
on the final solid material's chemical composition. In order to
impart plasticity and lubrication to the solid mixture
throughout extrusion, liquids such as water and plasticizers are
added in the second step. In the third step, high-shear mixing,
extrusion and thermal processing are applied to fix the solid
structures and impart to the green body mechanical strength.
The synthesis schematic representation of the extrusion process
is shown in Fig. 2.

To date, most of the studies on the manufacture of mono-
liths, investigated the catalysts materials based on conventional
supports such as alumina,™ cordierite,” activated carbon,”
zeolite,* titania® and mixtures of these materials.*® On the
other hand, in developing new catalyst systems, it would be
appropriate to explore the opportunity of synthesizing mono-
liths materials with stable, less expensive and high surface area
materials. Generally, monolithic catalyst structures have several
advantages over conventional solid particle catalysts. These
include low pressure drop, high mass transfer, short internal
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Fig. 2 Schematic representation of extrusion process.
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diffusion distance, very low bed flooding, high liquid velocity,
good thermal and mechanical properties, simplicity in scale
up, etc.*

Sanabria et al** developed extrudates on Al/Fe and Al/Ce/Fe
pillared bentonite composites which were shaped as pellets,
Raschig rings and monoliths and the precursor materials were
Na- or Ca-bentonite clay as binder. The catalytic activities of
these composite materials were investigated for the oxidation
of phenol in wastewater. The mechanical resistance of the
extrudate materials depended on the calcination temperature
and at 500 °C, good mechanical strength and sufficient stability
to immersion in water were achieved. The as-synthesized
extrudate materials retained the structural and textural prop-
erties of the powder materials. However, there was a decrease in
specific surface area and pore volumes, which was reported to
be due to the added bentonite as binder. The formed extrude
materials preserved the catalytic properties of powder form.
However, longer reaction times were required to accomplish
a comparable phenol oxidation activity as well as TOC reduc-
tion, likely due to the diffusional limitations inherently present
in the extrudates.

Mohino et al.*® investigated features linked to the composi-
tion of the paste in the synthesis of monoliths of Al-PILCs as
well as the effect of parameters such as temperature and pH on
the physicochemical properties of the synthesized monoliths.
In their study PILCs were introduced as starting material to
prepare monoliths, and described the manufacturing condi-
tions under which the resulting extruded materials offer the
suitable combination of both physicochemical and mechanical
properties as to be used as catalyst materials or catalytic
supports. This study showed that extruded monolithic honey-
combs with high surface area can be easily synthesized using
Al-PILCs as starting raw material. The original properties of the
PILCs were improved by the obtained monolith catalysts. These
improved properties such as high surface area, acidity and
reactivity, a good mechanical strength and resistance to pH and
temperature makes the PILCs to be able to be applied as green
catalyst in catalytic processes. It was therefore concluded that
the AI-PILCs can be regarded as a competitive material for any
other high specific surface area materials for instance zeolites,
to conform monoliths either as catalysts or as active phase
carriers in a number of catalytic processes. Generally, in the
manufacturing process, the composition of the mixture to be
extruded is of capital significance and in order to get the desired
physicochemical properties of the product. In that sense, they
concluded that the addition of the natural parent clay as
a binder in a ratio 80/20 and of water in a solid/liquid ratio of
0.53 seems profitable.

Dominguez et al® performed the deposition of Al-Fe pil-
lared bentonite and gold supported Al/Fe pillared bentonite on
metallic monoliths. The synthesized catalysts were character-
ized and their efficiency was investigated in the gaseous
oxidation of CO as well as the oxidation of phenol in aqueous
medium. They found that the deposition of pillared bentonite
clay (with and without gold) was successful without changing
the structural characteristics of the catalysts. The use of
monoliths was found to enhance the catalytic activity in both
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oxidation reactions; however, more improvement was evident in
the oxidation of phenol. The monolith assisted with the sepa-
ration of the catalyst from the reaction medium in the liquid
phase.

Han et al.®* synthesised a series of acidic montmorillonite/
cordierite monolithic catalysts by a coating method using
silica sol as the binder. The catalysts performances were
investigated in the conversion of cumene hydroperoxide (CHP).
They reported that acidic montmorillonite was homogeneously
distributed on the surface of cordierite honeycomb monolith.
The specific surface area of the cordierite honeycomb monolith
considerably increased with an increase in the acidic mont-
morillonite. The catalysts were found to have a higher catalytic
activity and selectivity towards conversion of CHP. It was also
reported that this novel catalyst can be reused for several times
without significant decrease in the activity.

Recently, Gatica et al.* studied the use of pillared clays in the
synthesis of washcoated clay honeycomb monoliths as support
for manganese catalysts for the total oxidation of VOCs. Based
on the physicochemical properties of the catalyst it was shown
that the pillared clay played a positive role in optimizing the
active phase deposited onto the surface of the honeycomb
monolith surface by increasing its amount while keeping
a relatively dispersed firmly bound active phase on the surface
of the honeycomb monolith. The synthesized catalyst showed
high efficiency and stability towards removal of the two model
VOCs (acetone and propane) investigated. It was concluded that
the data collected in their studies together with the intrinsic
advantages of the honeycomb monolithic design, demonstrate
the potential of the synthesised catalyst as a competitive
material in the field of VOCs removal.

5. Catalytic application of PILCs
catalysts in wastewater treatment
5.1 Overview

In the last decade of the 21% century wastewater and water
industries have come up with innovative trends focused on
green and sustainable development.*” In general, sustainable
technologies strengthen diverse products and services that
deliver performance at lower costs, greatly reduce or remove
environmental impact without forming secondary pollution
and thereby improving the quality of life. Adsorbents and
catalysts are significant for sustainable development in the
green engineering wastewater industry. They aid in the treat-
ment of wastewater contaminated by harmful substances in
a resource protective way, with less energy usage and, in some
cases, without any formation of harmful by-products and
wastes. The catalysts, specifically if applied in a structured way,
play a significant role in the so-called combined or integrated
approach to environmental protection, such as integration of
various wastewater treatment processes. These processes
include separation, chemical reaction, momentum transfer and
heat exchange. The result of such process integration is the
decrease of investment costs, which is often combined with
major energy recovery and space saving.
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Recently, PILCs have been defined as porous materials of
the 21% century and have attracted much attention from both
academic and industrial research point of view.**”* Their high
specific surface area, large micropore volume, upper acid site
concentration, increased hydrophobicity and the increase in the
density of sorption sites malke them an excellent adsorbent and
catalyst for removal of pollutants in wastewater.*”* The removal
of contaminants present in wastewater streams generated by
various industrial processes has emerged as a significant
concern during past decade.”” This is because of the decline in
the amount and quality of available fresh water in the world due
to the increase in water demands and long periods of drought.
Many extremely toxic and hazardous compounds such as
phenol and its derivatives are considered as persistent organic
contaminants that occupy a prominent position on the WHO
contaminants list owing to their high toxicity for microorgan-
isms, high chemical oxygen demand and low biodegradability.™
Typical concentrations of phenol in industrial wastewaters are
in the range of 200-1500 mg L~" whilst the Environmental
Protection Authority's limit for wastewater discharge are
0.5 mg L™ for surface water and 1 mg L™' for sewerage
water.”*” Therefore, effective removal of pollutants such as
phenol in wastewater turns out to be a challenging task since
environmental laws and regulations are becoming more strin-
gent with time. Wastewater discharges such as phenols that are
too dilute to incinerate and yet too toxic to be treated by bio-
logical process can suitably be dealt with by AOPs. AOPs have
been defined as aqueous phase oxidation processes mainly
based on the generation of highly active and non-selective
hydroxyl radicals (HO") in its mechanism, that contribute to
the breakdown of the organic pollutants in wastewater.” The
first step in the removal of organic contaminants by AOPs is
adsorption, due to the fact that their mode of action occurs on
the surface of the catalyst and both adsorption and AOPs
processes would take place concurrently and the final removal
would be due to the result of both removal by adsorption and
AOPs. Low adsorption of these organic contaminants onto the
surface of the PILCs, results in significantly low AOPs reaction
rates. Consequently, increasing the adsorption capacity of
organic contaminants onto PILCs may significantly increase the
removal rate of organic contaminants.

In recent years, the modification of clay mineral to increase
its adsorption capacity for the removal of contaminants from
wastewater has been studied.*””””® Several research groups have
focused on the improvement of the structural and textural
properties of bentonite clays and their applications in waste-
water treatment.*”* Ding et al'® prepared a novel Al/Cr-
pillared montmorillonite clays materials and tested them for
adsorption of benzene. The benzene adsorption capacity of the
prepared Al/Cr-PILCs was found to be higher compared to the
starting raw clay minerals. Furthermore, the results indicated
that the material had excellent benzene adsorption perfor-
mance, and complete desorption could be achieved at
a temperature far below its calcination temperature, indica-
ting that the material can be reused. Therefore, the prepared
Al/Cr-PILCs were found to be good materials for adsorption. El
Miz et al.* synthesized Al-PILCs using Al,; [OH/Al = 2.4] from
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Moroccan clay and studied its aqueous thymol adsorption
capacities using a batch equilibrium technique. The prepared
materials were found to possess excellent adsorption capacity
for aqueous thymol removal. The intraparticle diffusion plot in
the study confirmed that the sorption process was controlled by
particle diffusion. The amount of thymol released (desorbed)
from the Al-PILCs was negligible in water, Mechanisms involved
in the adsorption that describe the high thymol adsorption
capacity and irreversibility, were the molecule fixed by the
adsorbed clay on polar groups (AlI-OH and Si-OH) (remaining)
sites onto the basal plane and on the layer silicate edges. Owing
to these properties, the Al-PILCs showed a high potential for use
as an adsorbent for thymol in wastewater. Although adsorption
seems to be an effective and simple method, the regeneration of
the adsorbent increases the operational cost.*”™* In contrast,
quite reasonable results are obtained in the removal of organic
contaminants by AOPs as compared to adsorption due to the
fact that hydroxyl radicals are not selective and have high
oxidation capacity.™

Recently, Tomul et al® synthesized Ti-pillared bentonite,
Cu, Ag and Fe modified Ti-pillared bentonite and Cu/Ti- and Fe/
Ti pillared bentonite composites using different Ti sources via
direct synthesis or by modification after synthesis. The
synthesized materials were investigated for both adsorption
and oxidation of aqueous bisphenol A. The bisphenol A
adsorption capacity of the Fe/PTi-PILCs sample was observed to
be higher compared to other samples. The adsorption of
bisphenol A by the pillared bentonite tested was found to fit the
Langmuir isotherm. On the other hand the PTi-PILCs, Cu/PTi-
PILCs and Fe/PTi-PILCs, values close to complete bisphenol A
conversion were obtained within 30 minutes of reaction time
while the conversion rate was only 85% in the Ag/PTi-PILCs
sample for the same reaction time. It was concluded that the
synthesized pillared bentonite materials were effective for both
adsorption and oxidation of bisphenol A from aqueous solu-
tion. Tomul® synthesized the Fe/Cr-mixed bentonite pillared
clay and investigated its activity for the oxidation of phenol. It
was found that the temperature have major effect, compared to
other studied parameters, increasing both the phenol oxidation
and TOC removal while also retarding iron and chromium
leaching from Fe/Cr-pillared bentonite catalyst. The iron and
chromium leaching was not significant as were reported to be
less than 0.71 and 1.13 mg L™}, respectively. These values were
found to be less than the maximum allowed by the legislation
for these metals.” Moreover, during the oxidation of phenol,
aromatic intermediates such as catechol, hydroquinone and
benzoquinones were obtained and then it was observed that
these intermediates are oxidized to organic acids such as oxalic
acid, formic acid, maleic acid and fumaric acid.

Guo and Al-Dahhan*® evaluated extrudates of Al/Fe-PILCs in
the packed-bed operations for wastewater treatment by a wet
oxidation process. The oxidation of phenol in aqueous solution
was investigated using a semi-batch reactor under mild condi-
tions. The Al/Fe-PILCs attained complete oxidation of phenol
and high removal of TOC. Intermediate products such as cate-
chol, benzoquinone, hydroquinone, oxalic acid and acetic acid
were identified. The catalyst was found to be reusable for several
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reaction cycles without any significant change in its catalytic
activity with low amount of Fe leached from the catalyst into
solution. The as-synthesized Al/Fe-PILCs was thus found to be
a promising catalyst for industrial wastewater treatment.
Nikolopoulos et al.* investigated the removal of phenol using
extrudates prepared with pillared bentonite clay at room
temperature and atmospheric pressure. Extrudates with B-Al/Fe
and B-Al/Ce/Fe were reported to attain total removal of phenol
and TOC between 30 and 62%, in 9 hours reaction time,
Thereafter, the catalyst was removed from the solution and the
leachate was recovered and analysed, indicating Fe values in the
range of 0.11-0.14 mg L™". The differences in phenol and TOC
removal time for the extruded materials compared to the
powdered materials were attributed to a consequence of the
agglomeration process and the inherent diffusional limitations.
The extruded catalyst retained its catalytic activity during at
least 10 consecutive tests (80 hours).

Sanabria et al.*' synthesized extrudates developed from Al/Fe
and Al/Ce/Fe pillared bentonite shaped as pellets, Raschig rings
and monoliths with Na- or Ca-bentonite as binder. The Al/Fe
and Al/Ce/Fe-PILCs were investigated as catalyst in the
removal of phenol. The synthesized extrudate materials were
reported to maintain their chemical and catalytic properties of
the synthesized materials in a powder form. The observed
differences in the reaction time required to achieve similar
phenol and TOC removal, were attributed to diffusional limi-
tations inherently present in the extrudate materials.

5.2 Advanced oxidation processes

AOPs have gained recognition as alternative wastewater treat-
ment processes against conventional methods, targeting the
removal of non-biodegradable and toxic  organic
compounds.*™* In general, the main objective of any AOPs
design is to produce and use hydroxyl free radicals as strong
oxidants to destroy chemical compounds which cannot be
removed by conventional oxidants. AOPs technology has gained
popularity as an imperative technology for oxidation and
mineralization of refractory compounds in wastewater.*””
Oxidizing power is one of the most important factors to be
considered when selecting an oxidant for oxidation processes.*
Table 1 shows the relative oxidation potentials of several
chemical oxidizers. The HO" is the second strongest oxidant
(second highest powerful oxidant after the fluorine) with
a relative to oxidation power of 2.86 eV. These radicals are
produced by means of oxidizing agent such as H,0, and O,

Table 1 Oxidation potentials of some commonly oxidants

Substance Potential (eV)
Fluorine (F;) 3.06
Hydroxyl radical (HO") 2.86
Oxygen (0) 2,42
0zone molecule (O3) 2,07
Hydrogen peroxide (H,0;) 1.78
Oxygen molecule (0,) 1.23
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ultrasound, ultraviolet irradiation, and homogeneous or
heterogeneous catalysts. The HO' radicals are non-selective in
nature and they can react without any other additives with
awide range of contaminants and attack organic compounds by
either abstracting a hydrogen atom or adding hydrogen atom to
the double bonds.**®* The HO" radicals oxidize organic
compounds to lower molecular weight intermediates or carbon
dioxide and water in case of complete mineralization.*

AOPs include wet air oxidation (WAO), photocatalysis, cata-
lytic wet peroxide oxidation (CWPO), catalytic wet air oxidation
(CWAO) and Fenton processes.®® In recent decades, these
methods have been applied successfully for the removal of
recalcitrant pollutants based on the high oxidative power of the
HO' radical.**** These methods are promising in converting
toxic and biologically resistant compounds into less harmful
intermediates compounds or carbon dioxide and water.
However, most noticeable drawback of AOPs is their operating
cost compared to other conventional physicochemical or bio-
logical treatments. This is due to the use of catalysts that are
sensitive to poisoning and expensive. Therefore, AOPs cannot
be easily implemented to industrial scale to achieve complete
mineralization of non-biodegradable compounds due to this
limitation. One of the most reasonable solutions to this
problem is the use of abundant, inexpensive and environment
friendly catalyst such as PILCs or coupling AOPs with less
expensive conventional treatment methods. This process is
justified commercially in the industrial application if the used
catalyst can be less expensive, non-poisonous, reduce the
severity of the operating conditions and completely mineralize
the organic compounds. PILCs have been applied in AOPs as
a catalyst or catalyst support due to their stability, structure,
abundant availability, and cost-effectiveness. The use of PILCs
in AOPs as a catalyst that helps in the removal of high toxic
organic compounds has been frequently reported in the litera-
ture with promising selectivities suitable for various organic
contaminants.*"**

5.2.1 Photocatalysis. Heterogeneous photocatalysis is one
of the AOPs technologies which is expected to develop to indus-
trial scale in the near future. This is due to the fact that it does not
need any chemicals addition, it is suitable for treating wastewater
with low concentrations of organic pollutants, it is non-specific,
and it can lead to the total mineralization of organic
compounds.” This technology can use solar energy, which can be
of particular interest for countries with prolonged periods of
sunlight.” Heterogeneous photocatalytic process is one of the
most important AOPs and it is based on the oxidation of organic
compounds present in wastewater by means of a photochemical
reaction occurring on a semiconductor catalytic solid surface
activated by light with a specific wavelength. The use Ti-PILCs has
attracted increasing interest because of their low toxicity, such
kind of materials are being used as photocatalysts for efficient
treatment of wastewaters containing toxic organic compounds.®
The photocatalytic oxidation of different organic compounds
such as phenol, 4-chlorophenol, dimethyl phthalate ester and
dyes using Ti-PILCs catalysts has been reported.”*

However, most of the above mentioned studies reported
photocatalytic activities of Ti-PILCs to be low compared to
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commercial available P25 TiO,. The possible reasons are related
to lower amount of TiO, in Ti-PILCs compared to pure TiO,, the
difficulty in obtaining well crystallized nanocrystals, and the
quantum-size effect, due to small TiO, nanocrystals present
(a blue shift in the absorption edge). Moreover, it appears that
doping of the Ti-PILCs with silver decreases the catalytic activity
in agreement with its lower adsorption capacity. Another most
common problem associated with the photocatalysis process is
the reduced efficiency of Ti-PILCs photocatalyst with contin-
uous operation possibly due to the adsorption of contaminants
at the solid surface and blocking of the UV activated sites, which
makes them unavailable for the destruction of targeted organic
compounds and the need to treat highly diluted wastewater.
Therefore, the practical applicability of photocatalysis using
Ti-PILCs in industrial scale is not eco-friendly. However, many
researches at laboratory scale to date are investigating ways which
are aimed at improving the process to escalate it to industrial
scale. The use of natural sunlight is significant compared to the
use of artificial UV lamps which are reported not feasible in the
photocatalytic process. Therefore, the current need is to study
how to use the PILCs catalysts structure to promote catalytic
activity under sunlight and also to apply the hydrophobic micro
environment of PILCs to absorb the non-polar pollutants.

So far, only few studies have reported the use of PILCs
catalyst structure as heterogeneous catalyst to promote sunlight
activity. Yang et al.*® and Zhang et al.'™ prepared a composite
TiO,-PILCs photocatalyst for the removal fuchsine and 4BS dye
under sunlight. The photocatalytic activities in both studies
were found to be comparable to that of commercial Degussa P25
TiO, using sunlight irradiation. However, it was reported that
the use of dyes adsorbing in the visible region is not appropriate
valuation to study the photocatalytic properties of PILCs mate-
rials in the visible region, due to the dye self-sensitizer effect in
the visible region.

5.2.2 Photo-Fenton. Fenton peroxidation process has
a long-established reliability to generate the powerful oxidant,
hydroxyl radicals (HO") and is judged to be effective in the
elimination of organic compounds in wastewater.’” In addition,
itis relatively environmentally friendly due to the fact that it does
not involve the use of harmful chemical reagents such as Fe*'
ions and hydrogen peroxide (H,0,) and the generated hydroxyl
radicals (HO") are nontoxic."™'* However, the conventional
homogeneous Fenton processes require the removal of the ferric
hydroxide sludge after wastewater treatment and it requires
acidic conditions, typically below pH 3.0. Additionally, separa-
tion and reuse of these homogeneous catalysts are rather diffi-
cult at the end of the Fenton oxidation treatment process. These
drawbacks limit the application of this process in the industrial
scale, due to the high costs involved in terms of labour, reagents,
acidification during processing and neutralization after treat-
ment and time.* To overcome these drawbacks, much attention
has been paid to the development of immobilized Fenton cata-
lysts, such as heterogeneous Fenton-like catalysts, which can
promote a heterogeneous Fenton process.

Since the beginning of the 21* century, efforts have been
made to improve heterogeneous processes such as iron sup-
ported on materials like clays.®'*'* PILCs have been
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commonly used in heterogeneous photo-Fenton applications."”

This is due to the low cost and abundance of clay minerals,
together with the ease of the pillaring process, resulting in the
successful immobilization of iron ions on the surface of
a material with relatively larger specific surface area. Therefore,
pillared clay catalysts have been employed in the photo-Fenton
removal of organic contaminants such phenol and its deriva-
tives," ' organic dyes," toluene,"" tyrosol™* and other
persistent compounds."*'** The catalyst physiochemical char-
acteristics, as well as the operational parameters used in
a specific reaction are reported to have a strong influence on the
removal efficiency of organic contaminants in wastewater. As
aresult, it is essential to assess the effect of these factors on the
effectiveness of the PILCs catalysts for removal of organic
pollutants using heterogeneous Fenton process.

The first study which investigated the performance of pil-
lared laponite clay-based Fe nanocomposites in the photo-
Fenton (H,0, + UV radiation) mineralization of azo-dye Acid
Black was reported by Sum et al.'** They achieved a 100%
mineralization of azo-dye Acid Black, whereas only trace
amounts of leached Fe ions were detected. The study by Li
et al.* investigated the photo-Fenton removal of an organic azo-
dye (Orange 1) using Fe-pillared bentonite. They compared the
reaction rates of the heterogeneous photo-Fenton process and
homogeneous photo-Fenton process, in which it was found that
the heterogeneous photo-Fenton process was much faster. It
was further shown that the synthesized catalyst materials can
also be easily recovered, regenerated, and re-used in the
process. The photo-Fenton oxidation of Methylene Blue using
Fe-PILCs catalysts with two different sized particle fractions
(<250 pm and within the range of 250-450 pm, respectively) was
studied by De Leon et al.'* Both PILCs catalysts performed very
well for the removal of the dye from aqueous solution, but the
differences in catalyst performance were linked to textural
properties. Recently, Bel Hadjltaief et al.'* synthesized an iron-
pillared Tunisian clay (Fe-PILCs) and used as the catalyst in the
heterogeneous photo-Fenton oxidation of Red Congo and Mal-
achite Green in aqueous solution. They found that both dyes
were successfully removed from the aqueous solutions using
a heterogeneous photo-Fenton process in the presence of Fe-
PILCs as the catalyst. Furthermore, stability and leaching tests
showed that the catalyst was stable over the evaluated reaction
time and cycles.

Heterogeneous Fenton oxidation using PILCs has been
demonstrated in full laboratory scale applications as a feasible
technology for the treatment of a wide diversity of organic
pollutants in aqueous solutions. However, many studies were
carried out using H,0, and UV light, which is not economically
feasible at a commercial scale. Therefore the possibility of using
sunlight is necessary for commercial scalability. The economy
of this technology is very dependent on the H,0, consumption;
and therefore safe handling of H,0, and minimal usage of H,0,
when dealing with high organic important
considerations.

5.2.3 Catalytic wet peroxide oxidation (CWPQO). CWPO
processes using H,0, (hydrogen peroxide) as the oxidant
instead of oxygen have emerged as a feasible alternative for the

loads are
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wastewater treatments of medium-high refractory pollutants
and TOC concentrations.'*® This process operates at milder
reaction conditions (temperature lower than 100 °C and atmo-
spheric pressure) and does not need expensive reactors, offering
significantly lower operative and fixed capital costs. The
absence of a gas/liquid boundary in the CWPO process removes
mass-transfer limitations and the H,0, acts as a free-radical
initiator, providing radicals (HO") that promote the removal of
organics pollutants in wastewater. This results in reduction of
reaction times and allows conversion under milder reaction
conditions. However, it should be noted that H,0, is a more
expensive reactant compared to oxygen (air). One of the major
drawbacks of this process is the instability of the solid catalyst
due to the chemical leaching of active metal such as Fe and Cu
into the liquid phase of reaction. In order to increase the
breakdown of H,0, to hydroxyl radicals the use of an inexpen-
sive, stable, ecofriendly and superior activity catalysts is highly
desirable.

Among different solid catalytic materials that have been used
in CWPO process, PILCs are receiving increasing attention.®'"”
Therefore, these materials can be used as a new class of micro-
and mesoporous materials for catalytic applications in both
acid-base and oxidative reactions.*""'* PILCs with mixed
oxides of aluminium/iron or aluminium/copper have been seen
as a feasible option for the removal of organic pollutants such
as dyes and phenolic compounds from wastewaters.™" PILCs
catalysts have been reported by Galeano et al.* to achieve high
rates of pollutants removal with a very high stability and
a minimal leaching of the interlayered metal species.”'®'®
Garrido-Ramirez et al.® and Zhou et al.” reported that PILCs
can also perform over a wide range of pH and temperature and
can be readily separated from the aqueous solution and retain
their catalytic activity in repeated cycles. They reported relatively
short operation times owing to the high catalytic activity of the
PILCs.

Barrault ef al.'* were amongst the first to study the removal
of phenol in wastewater under mild reaction conditions (70 °C
and atmospheric pressure) using mixed Al/Fe-PILCs in CWPO.
Their study showed that approximately 80% of the phenol
present was converted into CO, and H,O within 2 hours reac-
tion time. The stability of Al/Fe-PILCs catalyst was reported to be
superior, even after three cycles of the reaction and only less
than 1 mg L ™" of iron leached to the solution. Barrault et al.'*'*
were also amongst the first researchers to report the good
performances of mixed Al/Cu-PILCs synthesized from a crude
bentonite clay mineral in phenol oxidation with H,0,. They
reported that the introduction of copper in pillaring position
resulted in more effective catalysts, although the amount of
copper which can be introduced was limited to less than
0.5 wt%. This catalytic material was reported to be stable
against leaching and the catalyst was reusable in consecutive
batch reactor tests. Caudo et al.*** compared Cu-PILCs and Fe-
PILCs in the CWPO of both model phenolic compounds
(p-coumaric and p-hydroxybenzoic acids) and real olive oil
milling wastewater. The synthesized solid materials exhibited
similar performances in all these reactions, although Cu-PILCs
showed a lower formation of oxalic acid (main reaction
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intermediate) compared to Fe-PILCs. Both catalysts showed
a high resistance to leaching of active metal and a good catalytic
performance.

The first study to investigate the removal of the refractory
contaminants in the coffee wet processing wastewater (CWPW)
produced in Colombia using CWPO was reported by Peralta
et al."* In their study the oxidation of the phenolic compounds
in CWPW was examined using Al/Fe-PILCs extrudates which
were shaped into Raschig rings. The investigation was con-
ducted at mild operating conditions (temperature of 25 °C and
atmospheric pressure), the Al/Fe-PILCs extrudates were found
to be effective catalysts for the removal of phenolic compounds
and TOC reduction in CWPW. The catalyst extrudates were re-
ported to have achieved a 62.4 and 67.5% phenol removal and
selectivity toward CO, after 96 hours of the reaction time.
Moreover, the Al/Fe-PILCs extrudates showed superior catalytic
activity during eight successive oxidation experiments without
significant Fe leaching. Therefore, the use of Al/Fe-PILCs
extrudates in the removal of phenolic compounds demon-
strated the potential for treatment of real wastewaters
contaminated by phenolic compounds. This study showed
a positive contribution to the eco-friendly and sustainable
development in the use of CWPO for real wastewater treatment.
This is mainly due to the fact that the Al/Fe extrudates materials
can keep the properties of the pillared clay (high specific surface
area and reactivity), show good mechanical stability and do not
disintegrate upon contact with real wastewater. In addition, the
expensive separation step (filtration or centrifugation) is not
compulsory as the extrudates can be easily separated from
wastewater after reaction, unlike powder solids catalysts mate-
rials. Therefore, these features make PILCs catalyst extrudates
an attractive alternative for treating wastewater using CWPO.

In summary, several studies showed interesting and stable
performances of PILCs-based catalysts for CWPO process. They
can be used for practical applications, although studies on their
practical industrial application in CWPO are limited, as most of
the studies in the literature only focus on the use of model
compounds. However, up to date there are few commercial
CWPO processes using solid catalysts materials. These include
the OXY-PURE of Delta Umwelttechnik which is developed to
remove cyanide, phenols and other organic species from heavily
organic loaded and turbid wastewaters and the USP Technolo-
gies (formerly known as US Peroxide processes) for treatment of
municipal wastewater, drinking water treatment and industrial
wastewater.'*!

5.2.4 Catalytic wet air oxidation (CWAO). Among the
methods employed to oxidize recalcitrant organic contami-
nants, the CWAO is of significant interest due to its high
oxidizing ability and complete mineralization."* The CWAO is
a liquid-phase oxidation process using a solid catalyst in which
organic and inorganic compounds, present in the solution, is
oxidized by oxygen or air basically to CO, and H,0, without any
toxic gaseous emissions such as NOx, SO,, HCI, dioxins, furans,
fly ash, etc. CWAQ is considered an attractive and useful method
for treatment of organic contaminants effluents with concen-
trations which are too low for incineration and too high for
biological treatment, e.g. in the case of harmful organic effluent
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such as phenol.”™ The incineration process is reported to be
uneconomically feasible due to additional fuel cost or when
heat recovery would result in only marginal saving.'®
The reaction is typically carried out at elevated temperatures
(200-325 °C) and pressures (5-20 MPa) in order to optimize the
oxygen concentration in the dissolved phase and consequently
improve the CWAO process efficiency.'*® Although, CWAO has
shown excellent potential to treat industrial wastewater, its
application is limited due to the high capital investment and
the high operating costs involved." This is due to the severity of
operating conditions and the lack of stable and active catalysts,
which prevent a wider industrial commercialization. Therefore,
many research efforts have been devoted to decrease the severity
of the operating conditions through the development of
appropriate solid catalysts.'** If a stable solid catalysts can be
developed that works effectively below 125 °C and 2.5 MPa,
CWAO would be a potential wastewater treatment process for
more general water treatment.'® The use of PILCs catalysts in
the CWAO has been proposed as this can effectively decrease
the severity of the operating conditions, shorten reaction time
and enhance the oxidation efficiency of organic compounds.*

Guo and Al-Dahhan et al* studied the use of PILCs catalyst
in the CWAO of aqueous phenol solution. The CWAO kinetics of
an aqueous solution of phenol was investigated using Al/Fe-
PILCs extrudates (cylindrical, approximately 2 x 8 mm) in
the temperature range of 90-150 °C and air pressure range of
0.8-2.5 MPa. The reaction temperature, air pressure, initial
solution pH, initial phenol concentration, and catalyst loading
were the operating parameters studied. The employed condi-
tions in their studies were much milder compared to typical
industrial operating conditions. The comparison between
results obtained without hydrogen peroxide and using
hydrogen peroxide oxidation were done in this study. This is
one of the few studies in open literature wherein a good
comparison between the performances in catalytic oxidation
with wet air and H,0, (CWAO and CWPO, respectively) of the
same catalyst was investigated. In the presence of H,O, the
Al/Fe-PILCs was reported to have attained a total removal of
phenol and significant mineralization (80-100%) of TOC
conversion without significant Fe leaching and catalyst deacti-
vation. However, the cost and noticeable corrosion issues
associated with H,0, restricted their efforts on H,0, oxidation
and focused on the oxidation by air only. The total removal of
phenol by CWAO was achieved at optimum pH of 4 and low
pressure of 1.5 MPa. The optimum temperature was found to be
between 130 and 150 °C, above which the operating pressure
was reported to exceed the vapour pressure of the liquid phase
which was uneconomical. The deactivation of the Al/Fe-PILCs
extrudates catalyst due to fouling and Fe leaching was re-
ported to be insignificant, although the solution was acidic and
at high temperature. Therefore, the PILCs catalyst was found to
be stable and maintained its activity for long-term experimental
reaction.

The development of commercial CWAO processes based on
homogenous catalysts (e.g., Ciba-Geigy, LOPROX, WPO, ORCAN
and ATHOS processes) started as early as the mid-fifties in the
United States.”*"'** Homogeneous transition metal catalysts
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Table 2 Commercial CWAO processes for the treatment of industrial wastewatert*-15

Process Catalyst/oxidant Temperature, “C Pressure, MPa Application

LoProxBaye Fe*'-acid/0, <300 0.5-2 Chemical/pharmaceutical waste

Ciba-Geigy Cu*'fair ~300 ~15 Chemical/pharmaceutical waste

Athos cu®'/o, 235-250 4.4-5.5 Residual sludge

WPO Fe-Cu-Mn/H,0, 90-130 0.1-0.5 Aquifer decontamination

Orcan Fe*"fair + H,0, 120 0.3 Refractory waste pre-treatment

The Nippon TiO;, supported multi-metal 160-270 0.9-8 Can treat acetic acid, phenol,

Shkubai [NS-LC) catalysts (oxides of lanthanide formaldehyde and ammonia
series and transition metals)

Osaka gas Zr0, or TiO, with noble or base 250 6 High COD and ammonia containing
metals (Fe-Co-Ni-Ru-Pd-Pt-Cu-Au-W) wastewaters

Kurita Supported Pt 170 — Ammonia

CALIPHOX Cu0-Zn0-Al,0; 180 4 Industrial wastewaters

based on Cu®' or Fe*' ions are currently used in numerous
commercial CWAO plants, which are operating successfully to
treat different industrial discharges and residual sludge.
Table 2 summarises some commercial CWAO processes. Ciba-
Geigy was the first to commercialize CWAO process that
applies a copper salt as a catalyst. Currently, there are three
plants operating in Germany and Switzerland, these plants are
dedicated to the treatment of chemical and pharmaceutical
wastes. These plants operate at 300 °C and pressure above
15 MPa and have accomplished high oxidation efficiencies
(95-99%) of chemical and pharmaceutical wastewaters.
However, there is a need to remove the homogeneous transition
metal catalysts from wastewater stream after treatment in
a subsequent step and recycle to the reactor inlet or discard it.
On the other hand the heterogeneous catalysts can be separated
from treated wastewater easily and reused, while maintaining
their catalytic activity for sufficiently long periods.

Therefore, three commercial heterogeneous CWAO
processes (e.g. NS-LC, Osaka Gas and Kurita) have been devel-
oped in Japan since mid-eighties.'* These heterogeneous
CWAO processes are based on heterogeneous catalysts con-
taining precious metals deposited on titania or titania-zirconia
supports and are able to oxidize different refractory
compounds, therefore, allowing the treated wastewater to be
discharged directly to water bodies or reused as process water.
The NS-LC process uses a vertical monolith reactor with a Pt/Pd/
Ti0,-Zr0O, honeycomb heterogeneous catalyst. The operating
conditions are in the range of 160-270 °C and 0.9-8 MPa with
space velocity of 2 L h~" and can treat different organic effluents
such as acetic acid, phenol, formaldehyde and ammonia, up to
more than 99% conversion. The Osaka gas process applies
a combination of precious and base metals on titania or
zirconia-titania supports (Fe-Co-Ni-Ru-Pd-Pt-Cu-Au-W) in
a form of honeycomb or sphere as heterogeneous catalyst.
Typical operating conditions are 250 °C and 6 MPa, with
200 L h ' feed of wastewater and this process targets wastewater
effluent containing high COD and ammonia. The Kurita process
uses nitrite as oxidant instead of oxygen in the presence of
a supported Pt catalyst. This process is more effective at lower
temperatures, around 170 °C and is used to treat wastewater
effluent containing ammonia. The CALIPHOX process is the
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most recently developed process to treat industrial wastewaters
using metal oxide catalyst extrudates in a trickle-bed reactor.
This process was developed by the National Institute of
Chemistry of Slovenia and an engineering firm and operates at
relatively mild conditions (180 °C and 4 MPa).

In conclusion, as it can be observed from Table 2, there have
been more CWAO commercialised processes based on homog-
enous catalysis than heterogeneous catalysis. Moreover, the
industrial applications of CWAO operate at temperatures and
pressures that are not considerably low compared to those used
in non-catalytic wet oxidation. This observation indicates the
urgent need for the development of more active, eco-friendly,
cheap and stable heterogeneous catalysts, which can reduce
the severity of the reaction conditions. However, it is also
interesting to note that majority of these heterogeneous
processes have used transition metal catalysts either as sole
active component or in combination with other active compo-
nents instead of expensive noble metals.

6. Conclusions and future prospects

The application of pillared clays as heterogeneous catalysts
offers a variety of potential benefits in AOPs wastewater treat-
ment technologies, from both the sustainable green chemistry
and engineering perspective. However, it is essential to further
advance background knowledge to completely understand
limitations and advantages towards commercialization. The
current reviewed results are promising to fill some specific gaps,
which prevent the process to be escalated to industrial scale. Up
to date however, no industrial examples of the use of pillared
clays as catalysts in AOPs exist. The next step involves a more
rational design and engineering of catalysts materials and
reactors. Along this review, important aspects of AOPs tech-
nologies have been reviewed and studies on treatment of
wastewaters on the industrial scale/commercialized processes
demonstrate the potential of these technologies. The possible
benefits such as mineralization of highly toxic refractory
compounds, mild reaction conditions and shorter residence
times and the formation of harmless products, from AOPs
specifically CWAQO process, will be a key driver for more research
studies in the field. The main current problem in the
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development of successful industrial-scale heterogeneous
CWAO process for the treatment of industrial wastewater seems
to be the design of appropriate catalyst that is highly active,
stable, economical, easy to recover, reusable and environmen-
tally friendly. Improvements to overcome high operational costs
of CWAO process offer attractive alternatives, such as PILCs
materials as inexpensive robust catalysts for CWAO of refractory
organic contaminants. Therefore, further research in the area of
catalyst development, with the focus on the low cost, catalyst
stability, reusability and environmental friendliness such as
PILCs, will lead to the discovery of solids heterogeneous cata-
lysts that are effective for many industrial-scale CWAO
processes. The use of novel green synthesis methods such as
microwave radiation and ultrasonic treatment has proven to be
effective methods with more improved physicochemical prop-
erties and high catalytic activity of PILCs compared to conven-
tional methods. The new developments in the synthesis of
PILCs substantially mitigate deactivation of catalysts due to
leaching, long period of synthesis and high water consumption,
which are the most important drawback in industrial scale
application of wastewater treatment.
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Abstract

Natural bentonite clay was used in the synthesis of single and mixed oxide Al/Zr pillared clay catalysts by means of ultra-
sonic treatment during the aging and intercalation steps. The raw bentonite and pillared clay catalysts were characterized
using high resolution scanning electron microscopy with energy dispersive system (HRSEM-EDS), powder X-ray diffraction
(PXRD), N, adsorption/desorption, Fourier transform infrared spectroscopy, thermogravimetric analysis, cation exchange
capacity, zeta potential and all the catalysts evaluated in the catalytic wet air oxidation (CWAO) of phenol. Calcination of
the synthesized Al/Zr-PILCs at 500 °C for 120 min yielded optimum physical properties with BET surface area of 230 m%/g,
pore volume of 0.115 cm’/g and basal spacing of 1.92 nm and with good thermal stability. Complete removal of phenol was
obtained after 120 min and 88% TOC was removed after 180 min in aqueous solution under mild reaction conditions of
100 °C and 10 bar after. Catalyst reusability studies showed that the Al/Zr-PILCs catalyst demonstrated excellent chemical
and structural stability with insignificant leaching of Zr** after six consecutive catalytic runs. The Al/Zr-PILCs catalyst
therefore demonstrated excellent catalytic properties in the CWAOQ of phenol in aqueous solution.

Keywords Al/Zr pillared clay - Ultrasonic treatment - Phenol - Catalytic wet air oxidation

1 Introduction

The steady growth in global population and industrializa-
tion presents challenges in the treatment of wastewaters that
usually contain an extensive diversity of persistent, toxic
and poorly biodegradable organic pollutants. Phenol and
its compounds are usually detected in various wastewaters
streams due to their wide usage in numerous industries such
as refineries, paint, coking operations, petrochemicals, pulp,
paper, pharmaceuticals, wood products, resin manufacturing
and plastics [1—4]. Phenol is characterized by low solubil-
ity, a poor ionization capacity and a very low vaporization
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pressure. Moreover, phenolic compounds are complex,
toxic to living organisms and poisonous to soil microbes
[5]. Phenolic compounds have been listed as priority water
pollutants by the World Health Organisation (WHO) and
the department of water and sanitation of South Africa in
its reviewed national water resource strategy (NWRS) pub-
lished in June 2013 [6-8]. Phenolic compounds in various
industrial wastewater streams are usually present in the con-
centration range of 200-1500 mg/L whilst the Environmen-
tal Protection Authority (EPA) has set limit for water purity
standard of less than 1 pg/L for phenol in surface water [9].
The toxicity levels typical range between 10 and 24 mg/L
for human beings and 9-25 mg/L for fish and aquatic eco-
system [3].

Several physical and chemical wastewater treatment
techniques have been used to mitigate the aquatic pollu-
tion impact of phenol. These include biological, adsorp-
tion, extraction, chemical oxidation, electrochemical and
irradiation methods. The above mentioned conventional
treatment techniques suffer from limitations such as incom-
plete removal of the organic compounds, high costs, low
efficiency, generation of hazardous by-products and appli-
cability to a limited concentration range [10]. As a result, it
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is important to develop and implement innovative technolo-
gies for treatment of wastewater pollutants such as phenol
at high efficiencies, low cost and low energy consumption.
Advanced oxidation processes (AOPs) such as catalytic wet
air oxidation (CWAO) have been well-defined as promising
alternatives to oxidize refractory compounds such as phenol
using oxygen or air to CO, and H,0, without emissions of
toxic gases such as NOx, SO,, HCI, dioxins, furans, fly ash,
etc. [10]. The main drawbacks are high capital investment
and high operating costs due to severe reaction conditions
and the lack of stable and active catalysts, which prevent
industrial commercialization. Consequently, numerous
research efforts have been committed to decrease the sever-
ity of the operating conditions through the development of
robust solid catalysts [11]. If a stable solid catalyst can be
developed that works efficiently below 125 °C and 25 bar,
CWAO would be a potential technology for the treatment
of organic compounds in wastewater streams. The use of
a novel class of heterogeneous pillared interlayered clays
(PILCs) catalysts in CWAO has been proposed as a way
to efficiently reduce the severity of the reaction condi-
tions, reduce reaction time and improve the oxidation rate
of organic compounds [12]. Since clay minerals are natu-
ral, abundant, environmentally friendly and low cost these
characteristics make pillared clays more suitable catalysts
compared to other expensive noble metal based catalysts.
However, the conventional method for the synthesis of
PILCs involves long synthesis times, high water volumes
and high energy costs. These conditions present major
setbacks in the scale up of the synthesis of pillared clays
[13-17]. Consequently, the synthesis process has gained
considerable attention with many studies aimed at reducing
time and energy costs by finding new ways to economize the
process for commercial feasibility. In an attempt to overcome
these synthesis drawbacks, new simplified synthesis methods
for PILCs catalysts with single and mixed pillaring metals
have been developed by the use of ultrasound [14, 18, 19],
microwave [14, 19, 20] and one-step high-temperature high-
pressure synthesis [13] during aging of the pillaring solution
and interaction with the powdered raw natural clay. In addi-
tion, the use of the raw natural clay without further purifi-
cation has been reported to reduce synthesis time [18] and
the addition of a second pillaring metal such as Cr, Zr, Fe
and Ti to the Al pillaring solution is also recommended, in
order to improve the porosity, pore volume, specific surface
area, thermal stability and acidity of mononuclear inorganic
PILCs catalysts [21, 22]. In spite of PILCs being robust het-
erogeneous microporous catalyst materials derived from
natural sources and having very fascinating properties, there
is very little information reported in the literature aimed at
improving the synthesis method of PILCs by addition of the
raw clay directly to pillaring solutions and using ultrasonic
treatment method during the intercalation stage as well as

@ Springer

Journal of Porous Materials

the application of mixed transition metal oxides PILCs as
catalysts for the CWAO of phenol. Although there are some
research articles available in the literature investigating the
use of ultrasonic method for syntheses of PILCs catalysts
with different single metal oxides as well as their applica-
tion in wastewater treatment, to the best of our knowledge
there is no report on the combination of AI/Zr metal oxides
in PILCs synthesis by direct addition of the natural clay to
the pillaring solution without purification for applications in
CWAO of phenol in wastewater treatment. One interesting
aspect on using Al/Zr-PILCs is based on the fact that both Al
and Zr are well-known highly active single transition metal
oxides applied to oxidize many organic wastewater reactions
by different researches [23-28].

The present study aims to synthesize and catalytically
apply composite Al/Zr-PILCs catalysts with different Al/Zr
molar ratios for CWAOQ of phenol in the liquid phase under
mild reactions conditions. Our objectives are to (i) synthe-
size and characterize Al/Zr-PILCs prepared from natural
bentonite clay, (ii) investigate the potential of Al/Zr-PILCs
for the CWAOQ of phenol in aqueous solution, and (ii1) study
the catalyst stability and its regeneration.

2 Materials and methods
2.1 Chemicals

Bentonite clay mined by ECCA Holdings (Pty) Ltd., from
Cape Town, South Africa was used as starting material
for the preparation of Al/Zr pillared clay and used without
any further purification. Analytical grade AI(NO;);-9H,0,
Zr(NO,),-5H,0, HCI and NaOH used for preparation of pil-
laring agents and pillared bentonite were purchased from
Merck Chemicals (Pty) Ltd. The phenol used for catalytic
experiments was supplied by Sigma-Aldrich Chemical Co.
Analytical-grade hydroquinone, benzoquinone, catechol,
oxalic acid, acetic acid, maleic acid, malonic acid and for-
mic acid used to identify the reaction intermediates were
also purchased from Sigma-Aldrich Chemical Co. Acetic
acid and methanol of chromatographic grade were obtained
from Merck.

2.2 Preparation of pillaring solutions

NaOH solution (0.4 M, 500 mL) was added dropwise at a rate
of 5 mL/min into either AI(NO,);-9H,0 (0.4 M, 250 mL) or
Zr(NO5),-5H,0 (0.4 M, 250 mL) solution at 25 °C under
vigorous stirring. After complete addition, the mixture was
stirred for 2 h and ultrasonicated for 10 min at room tem-
perature. Qur preliminary investigation found 10 min to be
the optimum ultrasonic treatment time. The mixed Al/Zr
pillaring solutions (Al/Zr molar ratios of 1:3, 1:1, 3:1 and
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6:1) were prepared by dropwise addition of 0.4 M NaOH
solution into a mixture of 0.4 M AI(NO,);-9H,0 and 0.4 M
Zr(NO;),-5H,0 solutions with the desired Al/Zr ratio under
vigorous stirring until an [OH™)/ [A** + Zr*"] molar ratio
of 2:1 was reached. The resulting mixture was subjected to
ultrasonic treatment at 25 °C for 10 min.

2.3 Pillaring of the bentonite clay

The pillared clay catalysts were synthesized using a modi-
fied method described by Tomul [18]. Ultrasonic treat-
ment starting with dry clay material was used to prepare
the pillared bentonite clay, in order to decrease material
consumption and reaction time compared to conventional
pillared clays synthesis method. In a typical preparation pro-
cedure for obtaining Al/Zr-pillared bentonite clay, the dry
clay was added directly to the pillaring solutions to yield
a 10 mmol ratio of (Al+Zr)/g sodium bentonite (25 mL
pillaring solution/1 g) and stirred at room temperature for
30 min. The resulting suspensions were ultrasonicated for
10 min at 25 °C for the ion exchange to occur, followed
by 8 min of centrifugation. The resultant solid was washed
with high purity water (5 times each with 200 mL portions)
to remove any nitrates and chlorides (negative to AgNO;
test), oven-dried at 120 °C for 16 h followed by calcination
in air at 500 °C for 2 h. After cooling, the solid catalyst was
grounded and sieved to a particle size range of less than
150 pm.

2.4 Materials characterization

High resolution scanning electron microscopy (HRSEM)
was carried out using FEI Nova NanoSem equipped with
an energy dispersive X-ray spectroscope (EDS). The sam-
ples were sputtered with a thin layer of gold or carbon to
avoid static electricity effect and enhance image quality.
X-ray diffraction (XRD) was performed using a high reso-
lution Bruker AXS D8 X-ray advanced powder diffractom-
eter with CoKa-radiation (40 kV, 40 mA, 178897 A) using
a LinxEye detector recorded over 5°-80° of 20 range at
scanning speed of 0.02°/s. The basal spacing (d,;) values
were also determined from XRD patterns. The BET sur-
face areas, average pore diameters and pore volumes were
determined by N, adsorption/desorption at 77 K, using a
Micromeritics ASAP TrisStar 3000 unit. Fourier transform
infra-red (FTIR) spectra were measured using a Varian
640-IR FTIR spectrometer with a Miracle single bounce
diamond attenuated total reflectance (ATR) cell from
PIKE Technologies. The FTIR was operated at a resolu-
tion of 4 cm™" in the wavelength range of 4004000 cm™'
over 200 scans. The surface acidity properties were evalu-
ated by adsorption of pyridine as probe molecule and the
nature of the acid sites characterized on the basis of the

FTIR spectral data of the pyridine pre-adsorbed samples
measured using a Varian 640-IR FTIR spectrometer in the
spectral wavelength range of 1650 and 1350 cm™" with 200
scans and at a resolution of 4 cm™!. The pyridine adsorp-
tion and FTIR spectral measurements were carried out
in-situ in the spectrometer. Thermogravimetric analysis
(TGA) curves were obtained using a simultaneous ther-
mal analyser (STA) (Perkin-Elmer model 6000). The point
of zero charge (PZC) pH were determined by a Zetasizer
Nano ZS (Malvern Instruments, UK). The cation exchange
capacity (CEC) was obtained by the Kjeldahl technique
using ammonium acetate to exchange the ions of the sam-
ple with the ammonium ion and the amount of ammonium
ion retained determined using a Kjeldahl unit.

2.5 Catalytic wet air oxidation (CWAO) of phenol

The experiments in the CWAO of phenol were carried out
in a high pressure semi-batch type autoclave reactor (Parr
Instruments Co., model 4531M) equipped with a magneti-
cally driven stirrer and fittings to enable gas addition to
the reactor and for liquid sampling. The temperature of the
reactor was measured by a thermocouple and controlled by
a PID regulator. All experiments were carried out under
optimized reaction conditions determined in our prelimi-
nary investigations for CWAO process with Al/Zr pillared
clay catalyst (Figs. S2-S7 in Supplementary Materials).
The 350 mL glass liner vessel of the reactor was charged
with 200 mL of phenol solution (initial concentrations of
1000 mg/L) and the 2 g/L of catalyst. The reactor mixture
was purged with pure nitrogen (at 5 bars) for 5 min and
the nitrogen evacuated. The reactor was then heated to
the desired temperature (100 °C), with the stirrer set at
800 rpm. Once the desired temperature was attained, the
mixture was stirred for 60 min and the reaction initiated
by supplying pure oxygen (10 bars) to the reactor. Prior
to initiating the reaction, a sample from the reactor was
analysed to determine the amount of phenol adsorbed by
the catalyst. The extent of the reaction was the determined
by withdrawing samples from the reactor at regular time
intervals and determining their phenol concentration. The
extent of the reaction was calculated by using the follow-
ing equation.

(Cn - CI}

0

A(%) = x 100 5))
where C,, is the initial phenol concentration, C; is the phe-
nol concentration at time t and A is the percentage phenol
conversion.

It was found that the amount of phenol adsorbed by
the catalyst was not significant. Throughout the CWAO
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«Fig. 1 HRSEM images of the different clay samples: a natural ben-
tonite clay, b Al-PILCs, ¢ Zr-PILCs, d Al/Zr-PILCs (1:3), e Al/Zr-
PILCs (1:1), f AVZr-PILCs (3:1) and g Al/Zx-PILCs (6:1)

experiments, 5 mL samples were withdrawn from the reac-
tion suspension and immediately filtered by nylon micro
filter of 0.45 um pore size prior to analysis. All catalytic
experiments were carried out in triplicate and the average
values reported.

The phenol concentration was determined by high per-
formance liquid chromatography (HPLC) (Shimadzu LC-
10AD) using an ODS-3 column and a UV detector. A
mixture of 60/40 V/V of methanol and water was used as
mobile phase at a flow rate of 1 mL/min. The column was
operated at a constant temperature of 30 °C. The evolution
of phenol intermediates during the reaction were analysed
by HPLC following the method described by Ma et al. [29].
Total organic carbon (TOC) was measured to evaluate the
mineralization degree of short-chain organic compounds
acids by a Shimadzu TOC analyzer. A Mettler-Toledo FE
20 pH meter was used to determine the pH of solutions. The
total Zr** leached from the solid catalysts during CWAQ
of phenol reactions were evaluated by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES).

2.6 Catalyst stability and regeneration

The spent catalyst was recovered by separating the solid
catalyst from the liquid reaction medium at the end of each
run, added to 100 mL CaCl, solution (4%) and stirred for
120 min at room temperature to remove all adsorbed organ-
ics. It was then rinsed with high purity water and oven-dried
at 120 °C for 5 h and reused for the next catalytic reaction
under the same conditions. The leached Zr** from the cata-
lyst at the end of each catalytic reaction was quantified using
ICP-AES. XRD and BET surface area analyses were also
used to study the catalyst after successive catalytic runs.

3 Results and discussion
3.1 Characterization of Al/Zr pillared bentonite clay

The morphologies of the natural bentonite and pillared ben-
tonite clays are shown in Fig. 1. A tightly packed pattern
with highly porous and rough surface was observed in the
structure of both natural bentonite and pillared bentonite
clays. The morphology of the pillared bentonite samples
is similar to the morphology of the natural bentonite; no
clusters of ZrO, were identified. Therefore, zirconium nano-
particles seem to be homogenously dispersed in the pillared
bentonite clay samples and no differences between the natu-
ral bentonite and pillared bentonite clay was visualized. The

natural bentonite clay structure remained intact after pillar-
ing process, thus, indicating that the mechanical structure of
natural bentonite clay was not affected by the pillaring pro-
cess. Similar results were reported by Nissam et al. [30]. The
EDS analyses confirmed the presence of Zr in the bentonite
clay lattice after pillaring process. The elemental analysis of
natural and pillared bentonite clays, as obtained from EDS
analysis, are shown in Table 1. The chemical composition
of natural bentonite clay confirms the presence of oxides
of Si and Al together with other mineral impurities such
as Fe, Na, Mg, Ca, K and Fe. The high content of Si and
Al oxides revealed the presence of quartz and muscovite
[31, 32]. This result was also confirmed by XRD analysis.
As shown in Table 1, significant amounts of Al or Zr were
incorporated during the pillaring process. Pillaring resulted
in a decrease in the amount of exchangeable K, Na and Ca
cations which confirms the insertion of Al, Zr or Al/Zr pil-
lars into the interlamellar spacing of the natural bentonite
clay through ion exchange. The EDS analysis also confirmed
the increase and presence of aluminium and zirconium in the
pillared bentonite clay which correspond to the decrease in
the amount of exchangeable cations, further confirming the
successful ion exchange between the interlayer cations and
Al, Zr and/ or Al/Zr species.

CEC is defined as the total capacity of a material to bind
exchangeable cations. These cations such as Ca’*, Mg?*,
Na* and K* as determined by EDS analysis are held by the
negatively charged clay sheets through electrostatic forces.
The obtained results of CEC of natural and pillared ben-
tonite clay are presented in Table 1. In order to evaluate the
influence of the pillaring process, the CEC of the natural
as well as the pillared bentonite clays were measured using
ammonium acetate exchange method [23, 33]. As shown in
Table 1, the CEC of natural bentonite clay is higher than
the CEC of all pillared bentonite samples, suggesting that
the intercalated polycations are hardly exchanged. Moreo-
ver, this might be attributed to the heterostructure formation
mechanism of the bentonite clay which is not an exchange
type but a template assisted self-assembling mechanism
[34]. This decrease of CEC bentonite clay after pillaring
might be an indication that the ion exchange process took
place. The results support the fact that the high CEC ena-
bles the bentonite clay to eliminate low-density chemical
species such as Ca*", Mg?", Na* and K* from the bentonite
clay matrices over isomorphous substitution by high density
poly-cationic species. The CEC residual value of Zr-PILCs
is found to be low compared to that of AlI-PILCs which con-
firms that zirconium polyhydroxycations are more effective
in blocking negative charge than Al-PILCs. Similar trends
were reported by Mnasri-Ghnimi et al. [23].

The plot of the zeta potentials of the natural and pillared
clays at different pH values are shown in Fig. 2. The point
of zero charge for the different samples are derived from
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Table 1 Physicochemical characteristics of natural and pillared bentonite clay samples by EDS, CEC and XRD

Sample AlfZrratio  Na(%) Mg(%) Al(%) Si(%) K(% Ca(%) Fe(%) Zr(%) CEC dyy, (nm)
(meq/100 g)

Bentonite - 373 329 15.31 65.09 2.39 1.09 9.10 0.00 8.6 1.56
Al-PILCs - 0.96 1.24 31.98 59.14 1.82 0.27 4.55 0.00 40 1.72
Zr-PILCs - 0.88 1.33 11.74 41.83 1.57 0.11 4.35 38.19 21 1.79
Al/Zr-PILCs 133 0.19 1.88 18.06 54.98 1.31 0.09 1.51 21.98 28 1.81
Al/Zr-PILCs 1:1 0.98 1.25 20.27 56.38 1.45 0.76 1.31 17.60 27 1.88
AlZr-PILCs  3:1 0.26 1.29 23.65 54.47 1.41 0.04 1.61 17.31 26 1.92
AlfZr-PILCs  6:1 0.58 1.59 25.89 52.64 1.36 0.57 0.99 16.38 30 1.78

30 3 E— lower.con_)pared to the single metal oxides. This is dge to the

20 —_— 2!.}»” e combination o_f more h.ydr-oxyl groups (—-OH) by mixed Al/

1 . e Zr polyoxycations, which is likely to be present as {[Al Zr,

< 10 ] “ oH AL :;:; (OH).(H,0),]%*"#~9*} on the mixed AU/Zr-PILCs surfaces

§ o 1 =“\1’ =M T AVZEPILGs (61 [38]. In the case of single Al or Zr polyoxycations, the well-

2 1 s \6 7 8 9 10 known Keggin Al ; cations is presumably present as {[Al};0

*Q -10 1 : pH 4(OH)24(H20)|2]7+] while the tetrametric {[Zr(OH),-4H,0,]

= 20 - 8+1 cations present in the phase of Zr. This results in a lower

NE ] positive charge and PZC values of the mixed metal oxides

-30 1 pillared clay compared to single oxides. When the solid

0 _ — phase Al or Zr dissolves in water they produce deprotonated

] T species with reduced charge [40]. Due to its positive charge,

-50 1 pillared bentonite clay can be expected to decrease the repul-

Fig.2 Zeta potential (mV) values as a function of pH for natural and
pillared bentonite clays

the plot [35]. It is seen that the natural bentonite clay (Bt)
has negative zeta potential values in the pH range of 1-10.
A similar observation was reported by various researchers
[36-38]. The high content of permanent negative charge
on the basal surface of Bt clay particles can be attributed
to arise from the high degree of isomorphous substitution
of structural Si*" in the tetrahedral layer by Fe*" or A"
while AI** in the octahedral layer is substituted by Fe?* or
Mg?* [39] as well as the pH independent charge arising from
the hydroxyl groups at the edges of the Bt clay particles.
The decrease in negative zeta potential from 27 to 17.5 mV
with increasing pH values (H ions) in the solution can be
attributed to this pH independent charge. In contrast, the pil-
lared clays have higher zeta potentials than the natural clay,
which reflect that positive charges have been introduced into
Bt resulting in a less negatively charged Bt after intercala-
tion. This can be related to the oxide pillars formed between
Bt layers due to the hydration of zirconium or aluminium
polycations intercalated into the intermellar space, upon
calcination. In addition, it was observed that the increase of
OH™ ions reduces the positive charge of pillared Bt result-
ing in negative zeta potential values at basic pH values and
the PZC values of mixed metal oxides pillared clay were
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sion between its particles and negatively charged substances
at acidic pH values, thereby increasing the adsorption of
phenol on its surface, which consequently increase the cata-
lytic oxidation of phenol.

XRD analysis confirms the success of pillaring process
by indication of an increase in basal spacing (dy,,) which
results from the intercalation of Al, Zr or Al/Zr metal oxides
clusters between the bentonite clay sheets. Figure 3 shows
the XRD patterns of raw bentonite and the pillared clays.
The basal spacing (d,,,) values for materials are listed in
Table 1. XRD analysis results as shown in Table 1 confirm
the increase in the dy,, values of the bentonite after pillaring
with Al, Zr or Al/Zr metal oxide clusters into the bentonite
clay silicate layers. The XRD patterns of natural benton-
ite and pillared clays exhibit a shift of the signal related to
(001) smectite (for sodium bentonite) planes at 20=8.8° to
20=7.3°-6.88°. This corresponds to the increase in the d,
values of the raw bentonite from 1.56 nm to 1.72-1.92 nm
for the pillared clays because of the pillaring process [13,
41]. This finding indicates a successful intercalation of
active metal oxide clusters (Al, Zr or Al/Zr) into Keggin
structure by cation exchange process, since a shift of the
signal corresponding to sodium bentonite to lesser 2 theta
degrees values is observed with evident increase in its dy,
values [23. 24]. XRD data indicate that the raw bentonite
mineral clay matrices contain mineral phases such as mont-
morillonite which is dominant and other impurities such as
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Fig.3 XRD patterns of the natural and pillared bentonite clay; a wide
angle p-XRD and b low angle p-XRD patterns

quartz, muscovite and calcite [42, 43]. After modification
by pillaring the mineral phases present in the natural clay
are inherited by the pillared clay materials. Therefore, the
main characteristic diffraction reflection corresponding to
natural clay observed in all pillared materials shows that
the crystalline structure of pillared materials inherited from
the raw bentonite clay was not strongly affected by the pil-
laring process. Similar observations for pillared clay have
been reported by different research groups [24, 44, 45]. In
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Fig.4 FTIR spectra for natural and pillared bentonite clay samples

addition, the zirconium oxide (ZrQ, particles) and mixed-
Al,04/Zr0, oxide phases peaks were not detected in the
XRD analysis, which indicate that these active metals were
either very well distributed over the catalyst surface or
resulted in amorphous phases [30, 46].

The FTIR spectra (400-4000 cm™") of the natural and
pillared bentonite clay materials are shown in Fig. 4. The
shapes of the spectra of the natural as well as the pillared
clay materials are similar, demonstrating that the peaks
which correspond to natural bentonite clay structure were
retained after the pillaring process. This therefore suggests
that the layered crystal structure of natural bentonite clay
was not affected by the pillaring process for both the single
and mixed metal oxides, in agreement with the XRD and
SEM analyses results. For the natural bentonite clay, the
peaks corresponding to —OH stretching vibrations of struc-
tural hydroxyls groups in the bentonite clay and the water
molecules (H-bonded water) in the interlayer are observed
at approximately 3583 and 3294 cm™!, respectively [41,
42]. The peak near 1630 cm™' corresponds to H-O-H
bending vibration of water, while the peak at approxi-
mately 978 cm™ corresponds to the siloxane (Si-O-Si)
group stretching vibration in the tetrahedral structure of
the bentonite clay [25, 41], but the peak shifted to higher
wavelength (978-1088 cm™") due to pillaring in all pillared
materials. Similar observations have been reported by differ-
ent researchers [24, 47, 48]. The peaks at 906 and 771 cm™!
were attributed to the Al-OH and MgO-H stretching vibra-
tions, respectively [41]. The peaks resulting from Si-O bend-
ing and Al-O stretching vibration are observed at approxi-
mately 561-611 cm™! [47]. Although the spectra of both
raw and pillared bentonite are similar, minor differences
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regarding the decrease in the peaks intensity of all pillared
materials at high wavelength (3583-3294 cm™!) and low
wavelength of 978-400 cm™! range were observed. The
observed decrease in the intensity of H-bonded-OH stretch-
ing near 3583 and 3294 cm™' was due to the hydration of
the interlayer water molecules after intercalation. Moreover,
broadening of the peak at 3294 cm™' could be attributed to
the existence of Keggin-OH and Keggin-H,O stretches, indi-
cating the presence of Keggin ions in the Al, Zr or mixed Al/
Zr pillared bentonite [49, 50]. The decrease in the siloxane
(Si—0-Si) group peak intensity at approximately 978 cm™!
can be attributed to the formation of protonic sites (Si—O-Si,
Si—0-Al or Si—O-metal peaks) during calcination of the
intercalated cation [51, 52]. The slight changes in the peak
intensity at 561-611 cm™" might also be attributed to the
formation of Si—-O-metal (Al, Zr) pillars after the intercala-
tion of metal ions into natural bentonite layer structure [25,
53, 54].

The textural properties of the natural and pillared ben-
tonite clays are presented in Table 2. Pillaring of natural
clay leads to a significant increase in the specific surface
area and micropore volume. The results confirm the success-
ful intercalation of Al, Zr or Al/Zr polyoxycations into the
bentonite clay layers. It is seen this increase is lower for the
single metal oxide (Al or Zr) pillared clays compared with
those for the mixed metal oxides (Al/Zr) for all the Al/Zr
ratios. The specific surface area and the micropore volume of
the natural bentonite clay increased from 61 to 230 m*/g and
0.089 to 0.115 cm®/g, respectively and as the mixed metal
oxides (Al/Zr) molar ratio differs, the specific surface area
and micropore volumes vary with Al/Zr-PILCs (3:1) having
the highest specific surface area as well as micropore vol-
ume. The higher specific surface area shows that the pillared
bentonite clay samples have a microporous structure. These
results are in a good agreement with the results from XRD
which confirmed successful pillaring of the raw bentonite
clay. Similar results in the case of Al, Zr or Al/Zr pillared
clays were observed by different researchers [23, 55-59].

Journal of Porous Materials

The nitrogen adsorption—desorption isotherms of the raw
and pillared bentonite samples are shown in Fig. 5. The iso-
therms of the raw and pillared bentonite samples are com-
binations of type II and type IV isotherms with well-defined
hysteresis loops corresponding to type H4 [60]. At lower
equilibrium pressures P/P;, < 0.4, the adsorption—desorption
isotherms have the shape of type II suggesting microporous
structure according to Brunauer, Deming, Deming and Teller
(BDDT) classification [61]. At higher equilibrium pressures,
the adsorption—desorption isotherms exhibit a well-defined
type H4 hysteresis loop indicating slit-shaped pores between
plate-like particles according to the IUPAC classification.
Accordingly, type IV isotherms indicate mesoporous materi-
als while H4 hysteresis loops are generally characteristic of
materials containing both micropores and mesopores struc-
ture [60].

AUZr-PILGs (6:1)

«E’ AVZr-PILCs (3:1)
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Fig.5 Nitrogen adsorption—desorption isotherms for natural and pil-
lared bentonite clay samples with single and mixed oxide pillars

bentonite clay Bentonite 61 0.11 0.089 10.1
Z1-PILCs 150 0.33 0.106 8.5
ALPILCs 147 0.32 0.099 8.2
AVZr-PILCs (1:3) 206 0.35 0.110 72
AVZr-PILCs (1:1) 210 0.36 0.113 7.6
Al/Zr-PILCs (3:1) 230 0.38 0.115 7.1
AVZr-PILCs (6:1) 182 0.34 0.108 7.8

“Specific surface area (SBET)
bTotal pore volume at p/p,~0, 99
“Micropore volume

YPore diameter
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The nature of the acidity of the samples determined by
pyridine adsorption and FTIR spectroscopy are shown in
Fig. 6. The FT-IR spectra of adsorbed pyridine base mol-
ecule were used to discriminate the Lewis and Bronsted acid
sites on the samples. The FT-IR spectra of all of samples
after pyridine adsorption exhibit IR bands at 1443, 1491,
1522, 1541, 1558 and 1635 cm™'. The IR bands at 1443
and 1541 cm™! are associated with Brénsted acid site (B)
[23, 57]. The IR band at 1558 cm™ corresponds to pyridine
adsorbed to both Lewis and Bronsted acid (L + B) sites of
the samples [23, 57, 62-64] while the IR bands at 1491,
1522 and 1635 cm™" are mainly attributed to Lewis acid site
(L) [23, 62-64]. The samples at room temperature showed
a stronger intensity of the IR bands corresponding to both
Bronsted and Lewis acid sites. The intensities correspond-
ing to the Bronsted acid sites remained nearly constant with
calcination of samples at 400 °C while those assigned to
Lewis acid sites increased in intensity with calcination at
400 °C. It implies that both the Brinsted and Lewis acid
sites of the PILCs catalysts are thermally stable at 400 °C.
This observation was also in agreement with the previous
work by Mnasri-Ghnimi et al. [23]. The characteristic acid
strength for the pillared bentonite clay catalysts in the study
was similar to the previous reports [23, 57, 64-66].

The thermal stability data of the clay catalysts determined
from TGA are shown in Fig. 7. The thermograms in Fig. 7a
show that the pillared clays are more thermally stable com-
pared with the natural bentonite clay. The mixed metal oxide
pillared clay show enhanced thermal stability over the single
metal oxides. This can be attributed to the fact that during
the heating of PILCs in the pillaring process, the introduced

Al or Zr polycations yield rigid and thermal stable oxide
species, which support the clay sheets apart and prevent their
collapse [67-69]. The derivative thermogravimetric analysis
(DTG) data presented in Fig. 7b was used to determine the
number of steps and maximum temperatures of the mass loss
for the samples. The data shows that both the natural and pil-
lared bentonite clays thermally decompose in a stepwise way
and two stages of weight loss at 36-150 °C and 576-721 °C
were observed. In the first step, the loosely bonded water
molecules were physical and chemical desorbed from
the pillared bentonite clays samples. In the second step,
the materials decomposed as a result of the desorption of
remaining water within the crystal lattice, dihydroxylation
of hydroxyl groups on the surface of the PILCs and degrada-
tion of formed oxides, therefore releasing a pillared metal
from the bentonite clay interlayer [15, 69, 70]. No peaks
were detected at temperatures higher than 750 °C, indicat-
ing that the structure of the materials sintered. As shown
in Fig. 7b, there is a slight but noticeable difference in the
DTG peak of each material. Raw bentonite clay and single
metal oxides materials (Al-PILCs and Zr-PILCs) peaks were
obtained at 58 °C, 61 °C and 63 °C, respectively. While on
the other hand, the DTG peaks for AVZr-PILCs (1:3), Al
Zr-PILCs (1:1), AI/Zr-PILCs (3:1) and Al/Zr-PILCs (6:1)
are observed approximately at 73 °C, 70 °C, 66 °C and
67 °C, respectively. This suggests that the pillaring of raw
bentonite clay and addition of the second metal oxide to the
single metal pillared bentonite clay may lead to a shift of the
dihydroxylation temperature to a higher temperature region,
which can be linked to the enhancement of the thermal sta-
bility observed with single and mixed bentonite pillared clay
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Fig.7 TG (a) and DTG (b) curves of natural and pillared bentonite clay samples with single and mixed pillars

materials. Consequently, the TG analyses are in agreement
with well-known thermal stability of the bentonite pillared

clays materials up to 650 °C [44].
3.2 Catalytic wet air oxidation of phenol

The performances of the natural and pillared bentonite clay
catalysts in the CWAO reaction for phenol and TOC con-
versions are shown in Fig. 8. Control experiments in the
absence of the catalyst showed the oxidation of phenol and
TOC to be negligible. The natural bentonite clay yields
about 9% and 2% removal of phenol and TOC conversion,
respectively, from solution after 120 min of reaction time
which can be attributed to adsorption by the clay. The mixed
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metal oxides pillared bentonite clay (Al/Zr-PILCs) attain
complete removal of phenol (100%) within 180 min com-
pared with the single metal oxides (Al-PILCs or Zr-PILCs);
Al-PILCs and Zr-PILCs as catalyst achieved 74% and 88%,
respectively within 120 min. However, single metal oxides
catalysts achieved 100% phenol removal when the reaction
was prolonged to 180 min. Whereas up to 88% and 61%
of TOC was converted after 180 min by mixed and single
metal oxides pillared bentonite clay, respectively. The TOC
conversion increased progressively till 120 min beyond
which no significant conversions were obtained. The cata-
lytic activities of the different pillared clay catalysts are in
the order: AlI-PILCs <Zr-PILCs < Al/Zr-PILCs (6:1) < Al/
Zr-PILCs (1:3) < Al/Zr-PILCs (1:1) < Al/Zr-PILCs (3:1).

(b)
N
80 L
£ -
c —
o 604 - ———a—1
,g A
A
z A
& ol
© & AIZ-PILCs (3:1)
Q —o— AIZr-PILCs (1:1)
E & AIZrPILCs (13)
—¥- AlZr-PILCs (6:1)
20 ~4- A-PILCs
——ZrPILCs
4Bt
—&—Without a catalyst
N A P

7 ‘ ' 7 ‘
80 100 120 140 160 180
Time (min)

=Y

Fig. 8 Phenol (a) and TOC (b) conversions in the CWAQO reaction of phenol over the natural and pillared bentonite clay samples (experimental
conditions: 200 mL of reaction solution, 1000 mg/L, 0.4 g of catalyst, pH 3.0, 10 bar and 100 °C)
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This trend can be attributed to an increase in the BET sur-
face areas (61-230 m*/g) with a corresponding increase in
the number of active sites in the catalysts; the increasing
positive charge (from zeta potential values) on the catalyst
which increases the attraction between the catalyst and the
negatively charged phenol in solution at acidic pH values,
therefore increasing the adsorption of phenol on its surface,
which consequently increases, the increasing stability of the
pillared clays towards it leaching played important role in
phenol oxidation process as well as the enhancement of the
surface acidity of the clay after pillaring, which is favour-
able for the phenol oxidation reaction. Therefore, the mixed
metal oxides pillared clays (Al/Zr-PILCs) catalysts are
highly effective for removal of phenol in aqueous solutions.

Table 3 summarizes a comparison of the results obtained
in this work with other reported in the literature with dif-
ferent catalysts for CWAO of phenol. Different heterogene-
ous catalysts have been developed in the CWAO of phenol,
such as transition metal (MnO,-CeQO,), carbon materials
(MWCNTs, GO, rGO) and noble metals catalysts (Ru,
Pt...), main works from these contributions are illustrated
in Table 3. These catalysts have proved their effectiveness
for the CWAO of phenol and high resistance to metal leach-
ing. Moreover, cerium-based heterogeneous catalysts have
been widely studied due to the well-known oxygen storage
capacity and high oxygen mobility of ceria, which improve
the efficiency of CWAO of phenol. As presented in Table 3,
Al/Zr-PILCs catalyst in our study compares favourably with
all the catalysts except for graphene oxide (GO) catalyst,

which shows poor performance. As indicated in Table 3,
complete oxidation of phenol for the referenced catalysts
can be obtained at relatively fast oxidation rates, however,
the reaction conditions are high temperatures (> 140 °C) and
high pressures (> 20 bar). Furthermore, the active phases
of these catalysts are commonly costly. Therefore, the chal-
lenges of the development of robust heterogeous catalysts
in CWAO under mild conditions can be overcome by the
use of pillared clay catalysts such as Al/Zr-PILCs catalysts.

The experiments on the evolution of the intermediates
in the CWAO of phenol over the Al/Zr-PILCs (3:1) catalyst
were conducted and the results are illustrated in Fig. 9. Quin-
tanilla et al. [75] proposed the hydroxylation of phenol takes
place in ortho-oxidation and para-oxidation pathways and
turning phenol into catechol and hydroquinone, which are
both converted to p-benzoquinone. The oxidation of p-ben-
zoquinone by hydroxyl radical results in ring opening with
the formation of maleic and oxalic acids which further oxi-
dize quickly to short-chain carboxylic acids such as formic,
acetic and malonic acids. The short-chain carboxylic acids
are then mineralized to CO, and H,O. While Zapico et al.
[76] suggested that phenol hydroxylation takes place involv-
ing a free radical mechanism through two routes; direct to
CO, and H,0 and via organic intermediates. In this study,
intermediates identified at the beginning of the reaction with
HPLC during the phenol hydroxylation were mainly the aro-
matic ring compound hydroquinone and short chain carbox-
ylic acids, such as formic, acetic, malonic, oxalic and maleic
acids were generated during the reaction. Catechol and

Table3 Comparison of the

S . Catalyst Reactor Conditions Results References
results of phenol oxidation with
CWAO using different catalysts — MWCNTS Batch T=160°C [Ph]=100% [71]

P=20 bar [TOC]=76%
[Phlin = 1000 mg/L
{eaction = 120 min

MnO,-CeO, Batch T=140°C [Ph]=100% [29]
P=20 bar [TOC]=98%
[Phin = 1000 mg/L
l[::a;;lior|=60 min

GO Batch T=155°C [Ph]=100% [72]
P=25 bar [TOC]=84%
[Ph]in = 1000 mg/L
Yeaction = 120 min

GO Batch T=160°C [Ph]=50% [73]
P=7 bar [TOC]=22%
[Ph]in =75 mg/L
beaction = 120 min

(Ru,Pt)-Ti0,-Ce0), Batch T=160°C [Ph] = 100% [74]
P =20 bar [TOC]=88%
[Phlin =2098 mg/L
{eaction = 180 min

Al/Zr-PILCs Batch T=100°C [Ph]=100% This work
P=10 bar [TOC]=88%
[Phlin = 1000 mg/L
t[raclion = 120 min
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Fig.9 Evolution of phenol and intermediates in the CWAO reac-
tion of phenol over the Al/Zr-PILCs (3:1) (inset shows comparison
between calculated and experimental TOC)

benzoquinone were not detected in the reaction as reported
in the literature [71, 77, 78]. This can be attributed to the
fact that these intermediates get rapidly oxidized, while the
short chain carboxylic acids are continuously generated and
accumulate in the oxidation reaction. As illustrated in Fig. 9,
after 60 min of reaction, the short chain carboxylic acids
almost completely disappear from the reaction mixture,
whilst formic and acetic acids decrease more slowly. This
suggests that the oxidation rate of both formic and acetic
acids is the key step for total mineralization of phenol to
CO, and H,0. After 120 min reaction, most of the short-
chain carboxylic acids were oxidized directly into CO, and
H,0. Similar results were reported by Yang et al. [72] and
Ma et al. [29]. The comparison between the actual measured
TOC and the TOC calculated from identified intermediates
reveals that two curves TOC conversions against reaction
time can be well fitted together.

3.3 Catalyst stability and reusability

The reusability of a catalyst is an important factor from the
economic and environmental points of view and has been
widely investigated in recent years. The stability and reus-
ability of the Al/Zr-PILCs catalyst were studied using the
catalyst with Al/Zr ratio of 3:1 under the optimum predeter-
mined reaction conditions and reused six consecutive times
after the first run, for the CWAO of phenol. The results pre-
sented in Table 4 show that the activity of the catalyst for the
conversion of phenol remained steady after three reaction
cycles and then declined very slightly from 100 to 95% in
the seventh run. From the first use to third cycle reaction,
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Table 4 Stability, leaching and basal spacing features of reused Al/
Zr-PILCs catalyst in the removal of phenol and TOC over optimum
conditions

No. of runs  Phenol TOC con- Leaching of  d,, (nm)
removal in version in Zr (Mg/
120min (%) 180 min (%) L™

First use 100 88 0.001 1.92

Run | 100 86 0.003 1.91

Run 2 100 86 0.005 1.91

Run 3 100 84 0.009 1.90

Run 4 98.8 80 0.010 1.88

Run 5 96.6 78 0.162 1.87

Run 6 95.3 75 0.283 1.87

almost the same TOC conversions are observed and then
decreases down to 75% in the seventh run after 180 min
reaction. These results indicate that the Al/Zr-PILCs were
sufficiently stable and exhibit high reusability without a sig-
nificant loss in its catalytic activity. Arena et al. [79] reported
that catalyst deactivation in a CWAO of phenol can be due to
fouling by carbonaceous deposits, active phase leaching and/
or poisoning by adsorption of organic intermediates. Some
authors have reported that leaching of the active phase is the
most remarkable drawback of PILCs catalysts [80, 81]. The
amount of Z** removed from the catalyst by leaching with
the wastewater solution was determined and the results are
presented in Table 4. Therefore, for the Al/Zr-PILCs catalyst
used in this work, the slight decrease of catalyst activity can
be attributed to a small amount of leaching of the active met-
als during the successive catalytic runs. However, it should
be noted that a very negligible amount of Z*" was removed
from the catalyst as a result to leaching, indicating a strong
interaction of the Z** with the pillared bentonite clay cata-
lyst surfaces. Moreover, the decrease in TOC conversion
caused the decrease of phenol removal, due to an increase
of the refractory aromatic compounds [79, 82].

To determine if the catalyst is affected by the reaction
conditions during its catalytic reuse XRD analysis was
performed after each reaction cycle and the results pre-
sented in Table 4 and Fig. 10. The XRD patterns reveal
that after six consecutive runs the structural stability of the
catalyst was retained with similar crystallinity as that of
the fresh catalyst. The intensity and positions of the peaks
were consistent with those of the fresh catalyst. However,
there was a slight decrease in the basal spacing of the used
catalyst as shown in Table 4. The basal spacing values
of the catalyst after six reuse cycles decreased slightly
from 1.92 to 1.87 nm whilst there was observable change
in BET surface arca. The results show excellent reusabil-
ity and stability of the catalyst for the CWAO of phenol
over several cycles contributing towards green chemistry
principles.
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Fig.10 XRD patterns of fresh and reused Al/Zr-pillared clay catalyst
(AVZr ratio 3:1) under optimal experimental conditions

4 Conclusions

A series of Al/Zr-mixed pillars have been successful syn-
thesized by direct addition of natural bentonite clay to the
pillaring solution using ultrasound treatment during the
formation of the pillaring solution and in the intercala-
tion process. This synthesis method drastically reduces the
synthesis time and volume of water used in the synthesis.
Therefore, this method can be extensively used for prepa-
ration of pillared clays in the laboratory scale and provides
possible economic benefits in the escalation of the prepa-
ration to an industrial production scale. The characteri-
zation of the synthesized PILCs malterials exhibited that
the basal spacing, BET surface area, pore volume, surface
acidity and thermal stability of mixed Al/Zr-PILCs were
greatly higher compared to single Al-PILCs, Zr-PILCs
and natural bentonite clay. The Al/Zr-PILCs materials
synthesized were microporous with outstanding structural
properties. The Al/Zr-PILCs catalyst showed remarkable
catalytic performance with 100% phenol and 88% TOC
removals after CWAO of phenol under mild conditions
(100 °C and 10 bars). The Al/Zr-PILCs composite with
Al/Zr ratio of 3:1 Al:Zr was found to show optimum cata-
lytic performance amongst the different ratios studied. In
the CWAO of phenol over Al/Zr-PILCs catalyst, phenol is
first oxidized into hydroquinone which is further oxidized
into short-chain carboxylic acids that oxidize directly into
carbon dioxide and water. Catalyst stability and its regen-
eration studies exhibited that the Al/Zr-PILCs composite
catalyst demonstrated excellent chemical and structural
stability with insignificant leaching of Zr**. Therefore, this
study suggested that Al/Zr-pillared bentonite clay com-
posite can be used as a potentially effective catalyst for

CWAO of phenol.
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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 (CWAQO) 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

252:3’;‘;?2;;":592”?{2018 the study show that Al/Fe-pillared clay catalysts are effective catalysts for the oxidation of phenol and
removal of TOC in agueous solutions. The main intermediate products in the CWAQO of phenol were
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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 (CWAOQ) 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 CO, and H,O.' 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.! CWAO is
a green process which can operate at mild temperatures and
pressures in the presence of a highly active catalyst, which
positively influences 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.>® Clay minerals
modified 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 modification 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.»*® The intercalation
of clays using polyoxocation solutions containing two cations
has been reported to improve thermal stability and catalytic
properties.”®

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.” Tim-
ofeeva et al. reported that the micropore volume and the overall
surface area of AI-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." 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 ef al'* observed the increase in total surface area,
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micropore area and pore volume with aging time ot tne Al,;-
solution because of the transformation of Al,;”* into Al,,05,
(Al;3 dimer) and other polyoxocation. Gil et al.** 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 in many studies as an effective catalyst in oxidation of
phenol and chlorophenol in water by catalytic wet oxidation
using hydrogen peroxide as oxidant.** Very limited studies
have investigated the use of PILCs in the CWAQ process using
oxygen as oxidant, taking into account the drawbacks of the
synthesis methods of the pillaring agents solutions.™* 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 significantly 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%.%'"*

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 purification or cation exchange, sieving or
refining. Analytical grade NaCl, Na,COj;, AI(NO;);-9H,0,
Fe(NO;);-9H,0, 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(NO;); (0.4 M, 250 mL)
under vigorous stirring. After 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(NO;); (0.4 M, 250 mL) solution under vigorous
stirring, followed by the same procedure as above. The mixed Al/
Fe pillaring solutions with different Al/Fe molar ratios were
prepared by slowly addition of NaOH (0.4 M) into a mixture of
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AIlNU3J; (0.4 M, 250 mL) and Fe(NO;); (0.4 M, 250 mL) solutions
under vigorous stirring until an [OH]/[AI*" + Fe**] 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.'** 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 modified method described previously.” 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,
1:1,3:1and 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/fFe-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 (pH,,). Cation exchange
capacity (CEC) was determined using the Kjeldahl method
described elsewhere.® 0.2 g of each material was saturated with
1 M ammonium acetate solution, followed by washing with
methanol and five 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 26 range by a high
resolution Bruker AXS D8 X-ray advanced powder diffractometer
with CoKe-radiation (40 kv, 40 mA, 1.78897 A) using a LynxEye
detector at scanning speed of 0.02° s, The basal spacing (dy,)
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 specific surface area (Sggr) of the
samples were obtained by the BET method and the total pore
volume (V;) was calculated at a relative N, pressure of P/P® ~
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
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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 reflectance) cell from PIKE Technologies. The
FTIR spectra of the samples were recorded at 25 °C between the
wavenumbers ranging from 400 to 4000 cm ™" with resolution of
4 em™"'. 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 N,
flowing at 20 mL min * at linear heating rate of 10 °C min *
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 HCI solutions prior to CWAQO experiments. All
experiments were performed at optimal values determined in
our preliminary investigations as indicated in ESI (Fig. $3-877).
The initial concentration of phenol solutions was prepared at
1000 mg L~ " and the amount of catalyst was 2 g L~ '. 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 filtered using
a micro filter of 0.45 pm 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). A methanol/water mixture (60/40 v/v) was used as mobile
phase. The flow rate of the mobile phase was 1 mL min . 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.
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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 ™" with 1000 mg L ™" initial phenol concentration
solution at initial pH of 3). After 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 CaCl, 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. $21). 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 confirmed 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 5i*" and AI**
with exchangeable interlayer cations such as Na*, Mg**, Ca®", K
and Fe™. The high content of Si/Al indicate the high amount of
quartz and muscovite in the starting natural bentonite clay.
However, after modification by pillaring, the Si/Al ratio
decreased as results of removal of the quartz. The high content
of Na' than Ca®' in the natural bentonite clay might be the
indication that the interlamellar cation is sodium, therefore
having a high swelling and cationic exchange capacities.* The
increase of AI*" and Fe*” cations and the decrease of Na*, Mg™*,
Ca®" and K’ exchangeable cations in the pillared bentonite clay

Table 1 Physicochemical characteristics of natural and pillared bentonite clay samples by EDX, CEC and XRD

AlfFe CEC
Sample ratio Na (%) Mg (%) Al (%) Si (%) K Ca Fe Si/Al (meq/100 g) oo
Bentonite — 3.73 2.29 15.31 65.09 2.39 2.09 9.10 4.25 78.6 1.24
Al-PILCs — 0.96 1.24 31.98 59.14 1.82 0.27 4.55 1.85 40 1.52
Fe-PILCs _ 0.93 1.22 13.73 52.42 1.42 0.16 30.12 3.82 27 1.56
Al/Fe-PILCs 1:3 0.96 2,08 19.98 56.80 56.80 0.13 18.61 2.84 23 1.59
Al/Fe-PILCs 1:1 0.97 1.35 21.88 57.19 57.19 0.15 17.01 2.61 20 1.61
Al/Fe-PILCs 3:1 0.91 1.25 20.55 57.70 57.70 0.14 17.97 2.81 21 1.69
Al/Fe-PILCs 6:1 0.86 1.79 21.78 56.75 56,75 0.15 16.99 2,61 31 1.64
This journal is © The Royal S RSC Adv, 2018, 8, 30115-30124 | 30117
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samples confirmed the insertion of the AI** and Fe®" Keggin ion
between the bentonite clay sheets.

The cation exchange capacity (CEC) is one of the most
significant 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.** 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 megq/100 g)
compared to natural bentonite clay, therefore, demonstrating
that the exchangeable cations were replaced by A1** and Fe**
pillars incorporated into the natural bentonite clay during pil-
laring process. Moreover, the decrease of CEC of the natural
bentonite clay after 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 confirm the successful
pillaring of the natural bentonite clay material in all cases.
Table 1 shows the results of basal spacing (doy;) values of
natural and pillared bentonite clay. The d,y, values of all pil-
lared bentonite clay samples increased after pillaring, which
further confirmed 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 AI-PILCs can be
attributed to the size of Al oligomers [AlO,Al;5(OH)24(H,0)12];
that was greater than the Fe oligomer Fe,(OH),*".* The XRD
patterns in Fig. 1 show well-defined reflections at 2 theta value
of 7.40° which correspond to dgg; 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.*** After modification by
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Fig. 1 X-ray diffraction spectra of natural and pillared bentonite
samples clays.
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pillaring with Al and Fe, the (001) reflections shifted to lower 2
theta values, which resulted in an increase in d,,, values from
1.24 nm to 1.69 nm. Meanwhile, no noticeable reflections of any
crystalline phase of Fe oxides in Fe pillared bentonite clay
samples are observed, as they would likely show a significantly
lesser degree of crystallization. It is noteworthy that the natural
bentonite clay structure was not negatively altered after pillar-
ing, since the peaks observed in natural bentonite clay were
retained, which is in agreement with the findings reported by
Chen et al* As reported by Jia et al. the ratio of Al/Fe influences
the size of pillaring, and the sample with Al/Fe ratio 3:1
displays the highest basal spacing of pillared bentonite clay.*®
These findings were similar to those reported in the literature
for single and mixed metal oxides of Al and Fe pillared
bentonite clay."***

The pH point of zero charge (pH,pc) 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.**”*' The pH,, values of AI-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 pH,p 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 Si** by AI*" 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,
after pillaring of natural bentonite clay with AI** and Fe®”, 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
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Fig. 2 Zeta potentials for different pH values of natural and pillared
bentonite clay.
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bentonite clay surface species. For example Fe(n,m)OH," and
Al(m)H," are predominant species at acidic pH whereas Fe(i,m)
0~ and Al(OH),” are predominant bentonite pillared clay
surface species at basic pH. The pH,p. 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
{[AlFe,(OH),(H,0),]"* 9"} 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 pH,p, values. The significance of these zeta potential values
is that conversion of phenol is expected to be flexible below the
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obtained pH,p, 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 significant 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 findings are in agreement with both the SEM
and XRD analysis results in this study. However, decreases of
the peaks at 3623 cm ' and in the range of 400 to 999 cm ’,
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.*** The absorp-
tion band located at 3623 cm™" is ascribed to O-H stretching
vibrations of non-hydrogen-bonded water region while the
relatively weak absorption bands at 3428 em ™ is also attributed
to O-H stretching vibrations but of hydrogen-bonded water
region.* The peak at 1635 cm ™" can be assigned to the H-O-H
bending vibration.*® The strong intense peak near 999 cm ™
corresponds to the in-plane Si-O-Si stretching vibrations.* The
absorption band at 917 cm ' is ascribed to Al-O(OH)-Al
deformation, and the peaks situated at 518 em ', 671 cm ',
693 cm ' and 748 cm ' corresponds to the deformation of Si-
O-Fe, Si-0-Al, coupled Al-O and Si-O out of plane stretching
vibration and Si-O-Mg, respectively.**** The absorption bands
corresponding to Fe-O-Fe vibration of Fe-bentonite were not
detected. Similar findings were reported by Chen and Zhu who
reported that this might be due to the characteristic stretching
vibrations of natural bentonite clay mineral.*®

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 modification of natural bentonite clay
by pillaring results in a significant 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

Table 2 Surface properties of prepared catalysts and raw bentonite clay

Sample Al/Fe ratio Sper” (m*g™") Voore” (em® g7') Vinie" (em® g1 dpore” (nm)
Bentonite — 61 0.11 0.089 15.31
Al-PILCs — 140 0.30 0.102 31.98
Fe-PILCs — 147 0.32 0.099 13.73
Al/Fe-PILCs 1:3 175 0.34 0.110 19.98
Al/Fe-PILCs 1:1 190 0.35 0.111 21.88
Al/Fe-PILCs 3:1 200 0.37 0.113 20.55
Al/Fe-PILCs 6:1 169 0.33 0.105 21.78

@ Specific surface area (Spgy)- b rotal pore volume at P/P" ~ 0.99. © Micropore volume. 4 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
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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

Paper

(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.***® 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.*
For example oxidation state of Fe are Fe**, Fe** and Fe®", which
resulted in three peaks. The first peak was due to the loss of
physical adsorbed water molecules from the interlayer space.*
The second small peak corresponds to the structural dehy-
droxylation of the clay mineral.” Finally the third step is
attributed to the thermal decomposition of the layered pattern
of the bentonite clay.**** This is consistent with the literature
where there are reports of the thermal stability of the bentonite
pillared clays up to 650 °C.*

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-
Iytic 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 AI-PILCs and Fe-PILCs giving 74 and 85% conversion
respectively over reaction time of 120 min and complete
conversion at 180 min. 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
significantly 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 pH,p,. 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
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Fig. 5 Phenol (a) and TOC (b) conversions in the CWAQ reaction of
phenol over the natural and pillared bentonite clay samples (experi-
mental conditions: 200 mL of reaction solution, 1000 mg L%, 0.4 g of
catalyst, pH 3.0, 10 bar and 100 °C).

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 CWAOQ,"* most of studies widely reported

RSC Advances

the use of Al/Fe-PILCs with costly hydrogen peroxide (H,0,)
oxidant.***%* 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 (MnO,, Fe,0;...)."""** 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
influenced by lack of robust catalysts which can be used under
mild conditions.* 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.*¥*¢
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
HO’ radical compared to unreactive O, " and HO," radicals.
The HO" radical could rapidly oxidize the phenol through
direct conversion to CO, and H,O and via formation of
aromatic intermediates such as hydroquinone and pyrocate-
chol.*”** 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.* The intermediates of phenol
oxidation were analyzed by HPLC and identified by compar-
ison with selected commercial standards in this study. Fig. 6
shows the evolution of the intermediates and concentration
profiles of phenol in the CWAO of phenol over Al/Fe-PILCs
(Al: Fe = 3 : 1) as catalyst. The analysis of HPLC data detec-
ted the generation of intermediates such as hydroquinone and

Table 3 Performance comparison of various CWAQ heterogeneous catalysts for phenol oxidation

Catalyst Reactor Conditions Results Ref.

MWCNTs Batch T =155 °C, P = 25 bar, [pH] = 100%, [TOC] = 80% 42
[pH] in = 1000 mg L™, treaction = 120 min

GO Batch T =155 °C, P = 25 bar, [pH] = 100%, [TOC] = 84% 41
[PH] in = 1000 mg L ", treaetion = 120 min

MnCeO, Batch T =150 °C, P = 9 bar, [pH] = 100%, [TOC] = 80% 14
[pH] in = 50 mg L™, freaction = 60 min

(Ru,Pt)-TiO;-CeO, Batch T =160 °C, P = 20 bar, [pH] = 100%, [TOC] = 88% 43
[pH] in = 2098 mg L ', treaction = 180 min

Al/Fe-PILCs Batch T =160 °C, P = 25 bar, [pH] = 100%, [TOC] = 80% 1
[PH] in = 2098 mg L™, treaction = 180 min

Al/Fe-PILCs Batch T =100 °C, P = 10 bar, [pH] = 100%, [TOC] = 80% Current study

ya
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Fig. 6 Evolution of phenol and intermediates in the CWAQ of phenol
over the Al/Fe-PILCs (3 : 1).

short chain carboxylic acids (acetic and maleic acids) after
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") increase as
phenol gets oxidized. However, after 120 min of the reaction
the concentration of the intermediates becomes insignificant.
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 CO,, H,0 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.**® 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 identified 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 fitted together, suggesting that the main intermediates
are detected by HPLC in the CWAO of phenol in aqueous
solution.

Paper

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 Fe' metal cations from pillared
clay catalyst, concentration of total Fe’" ions in the solution
after 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 Fe?* ions leached in the solution after the
reaction was =0.295 mg L' which is below the World Health
Organization (WHO) maximum permissible level (0.3 mg L")
in drinking water after seven consecutive catalytic runs.** The
results demonstrate that the pillared clay catalyst has good
stability towards leaching of Fe®" after the phenol oxidation
reaction, since the leaching of Fe®" 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.® This confirms that the pillaring cations
were well incorporated in the pillar structure of the catalyst.
After 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.> No signifi-
cant decrease in surface area as well as in the d,,, basal spacing
of the catalyst is observed with each reuse. However, the TOC
conversion decrease significantly 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."
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 after 180 min of reaction. Less than 0.7 mg L™ " of initial
Fe species was leached out during the consecutive re-use of the
catalyst, indicating that the Fe species were quite stable.

Table 4 Stability, leaching and basal spacing features of reused Al/Fe-PILCs catalyst in the removal of phenol and TOC over optimum conditions

Phenol removal TOC conversion in Leaching of
No. of runs in 120 min (%) 180 min (%) Fe*' (mg L) dyy (nm)
First use 100 80 0.175 1.69
Re-use 1 100 76 0.198 1.66
Re-use 2 100 71 0.214 1.65
Re-use 3 96 65 0.221 1.65
Re-use 4 91 57 0.263 1.64
Re-use 5 87 53 0.275 1.61
Re-use 6 85 50 0.295 1.68
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Fig. 7 PXRD patterns of the fresh and reused Al/Fe-pillared clay
samples.

3.4 Structural studies of the catalyst after 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
after each consecutive catalytic run. After 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 Fe®" 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 significant
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 confirms 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 significant 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.
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Abstract

Natural bentonite clay was pillared with Al and Cr polycations (Al-PILCs and Cr-PILCs) as well as with both Al and Cr
mixed polycations (AVCr-PILCs) at different AVCr molar ratios. The structural and textural properties of the pillared clay
catalysts were characterized by various technigues, such as high resolution scanning electron microscopy with energy dis-
persive system, powder X-ray diffraction, adsorption—desorption of N, at — 196 “C, Fourier transform infrared spectroscopy,
thermogravimetric analysis, cation exchange capacity and zeta potential. The obtained results showed that the intercalation
of polycations in the interlamellar space of clay led to changes in the clay properties, basal spacing and specific surface area
of a mixed PILCs were higher compared to single PILCs. Moreover, diffractograms of the Cr-PILCs confirmed the pres-
ence of a Cry04 phase. The catalytic wet air oxidation (CWAO) of the phenol was studied in a batchwise slurry reactor, at
the experimental conditions of 100 °C temperature, 10 bar oxygen (O,) partial pressure, at pH 3.0, 100 mg/L concentration
and 0.4 g of catalyst. All catalysts were analysed to determine the conversion of phenol and removal of total organic carbon
(TOC). The results showed that, Al-PILCs displayed higher removal of phenol and TOC conversion than Cr-PILCs. In the
case of mixed AVCr-PILCs, maximum removal values of phenol and TOC conversion were achieved with AL/Cr molar ratio
of 1:1. Moreover, aromatic intermediate products as catechol, hydroguinone and benzoquinones which are identified in the
beginning of the phenol oxidation oxidized into short-chain carboxylic acids such as oxalic acid, maleic acid, formic acid,
acetic acid and malonic acid. The obtained results demonstrate the potential of AVCr-PILCs catalyst as robust and cheap
catalyst for CWAO of phenol under mild reaction conditions.

Graphical Abstract
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1 Introduction

Electronic supplementary material The online version of this
article (https:/doi.org/10.1007/510562-018-2579-x) contains
supplementary material, which is available to authorized users.

In recent years, pillared clays (PILCs) have received consid-
erable attention for applications as catalysts and catalyst sup-
port due to their excellent catalytic properties such as high
=1 John Moma specific surface area, porous structure and high thermal sta-

john.moma@wits.ac.za bility [ 1-3]. The PILCs solids are obtained by separating the
Extended author information available on the last page of the article
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clay layers through pillaring with an agent such as hydroxyl
polvcations of polynuclear metals (Al, Fe, Ti, Cr and Zr).
These pillaring agents can be intercalated between adjacent
layers of clay. maintaining the spacing between adjacent
layers upon water removal and improving pore structure
[4-6]. The pillaring process involves exchanging the inter-
layer polycations with large inorganic hydroxyl polycations
of polynuclear cationic metals, which are converted into
oxides that are strongly bonded to clay the after calcina-
tion. The common traditional method of PILCs synthesis,
involves addition of metal ions, such as AP*, Zr*, Cr*t and
Fe™*, into a basic solution (NaCO; or NaOH) and stirred at a
certain temperature for hours (312 h), followed by 6-24 h
or 1-5 days of aging at 60-80 °C to obtain hydroxyl poly-
cations, which are pillaring agents solution. The precursor
pillaring agent solution is added into the diluted clay min-
eral suspension (typical 2% in weight), which is followed by
thermal treatment of intercalated clay mineral [7].
However, the preparation of PILCs as catalysts has not
been extended to commercial scale, due to the difficulties
involved in performing the laboratory synthesis procedure
at industrial scale due to prolonged synthesis times and
large amount of water involved [8, 9]. Numerous studies
have made efforts to simplify the synthesis of PILCs, in
order to lower the synthesis times and the volumes of water
required. The use of concentrated clay suspensions (50 wt%)
and direct addition of natural clay without purification into
pillaring agent solution has been proposed as strategies
used by various studies to decrease the volume of water
required, while the synthesis time has been decreased by
the use of microwave and ultrasound treatment method |6,
0-15]. These studies found that the volume of water required
can be reduced by T0-95%, whereas the synthesis time can
be decreased to 70-93%. In addition, PILCs composed of
mixed polycations are reported to increase specific surface
area, thermal stability and catalytic properties of the PILCs
compared to a single polycations. Baloyi et al. [16] reported
that in the mixed polycations PILCs, one of the polycations
might be responsible for structural and thermal stability with
the required pore structure, whereas the catalytically active
sites might be enhanced by the correct choice of a second
polycation. Gil et al. [17] found that Al-PILCs structural
and acidic properties can be enhanced by the addition of a
second polycation pillaring agent such as Fe, Cr, Ti and Zr,
etc. The preparation of Cr-PILCs have attracted attention in
the catalytic applications due to the different oxidation states
of chromium [4]. However, numerous studies reported that
Cr-PILCs are not stable at high temperatures. Mata et al.
[18] reported a collapse of Cr-PILCs after calcination in
air above 200 °C while Hopkins et al. [19] observed the
collapse of Cr-PILCs basal spacing of 1.54 nm after calcina-
tion at 300 °C. Several reports have found that the thermal
stability of Cr-PILCs was improved by the preparation of
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mixed chromium and aluminium pillars at different AVCr
ratios because of high thermal stability of AI-PILCs [20,
21]. In the literature, limited studies have been reported on
the synthesis of PILCs using methods such as ultrasound
and microwave irradiation with direct use of natural dry clay
without chemical treatment.

Phenol 1s an organic pollutant commonly found in indus-
trial wastewater emitted from refineries, paint, coking opera-
tions, petrochemicals, pulp and paper, pharmaceuticals, resin
manufacturing and plastics [ 1—2]. It was chosen as the model
compound in this study, because of its refractory nature.
Phenol is listed as priority water pollutants by the World
Health Organisation (WHO) and it is considered toxic above
2 mg/L [15]. Phenol and its derivatives are common pollut-
ants of ground water, because of its low biodegradability
and toxic for animals and human beings [22]. Therefore,
effective treatment of industrial wastewater contaminated
by refractory organic compounds such as phenol is crucial.
Catalytic wet air oxidation (CWAQ) has attracted much
attention for treatment of refractory organic compounds
such as phenol that cannot be completely removed by con-
ventional treatment methods. In CWAO, refractory organic
compounds and oxidizable inorganic compounds can be oxi-
dized with air or oxygen (0,) at high operation temperature
(150-325 °C) and pressure (0.5-20 MPa) in the presence of
a robust catalyst.

In the current study, ultrasound treatment method was
used both during the aging and the intercalation of pillaring
agents to synthesize PILCs containing chromium and alu-
minium pillars with different AVCr molar ratios. Moreover,
dry clay was directly added to the pillaring solutions without
purification. Structural and textural properties of PILCs were
characterized by PXRD, HRSEM-EDS, FTIR, TGA, Zeta-
sizer and BET surface area measurements. The efficiency
of these PILCs catalysts in the CWAO of phenol in aqueous
phase under mild reaction conditions was investigated. Phe-
nol oxidation intermediates generated by CWAQ of phenol
were identified and discussed.

2 Experimental
2.1 Materials and Reagents

All reagents used in this study were analytical grade and
used without further purification. Natural bentonite (Bt) clay
supplied by ECCA Holdings (Pty) Ltd from Cape Town,
South Africa, with cation exchange capacity (CEC) of
T8.6 meg/g. was used as starting material. Phenol (99.5%)
was purchased from Sigma Aldrich Chemical Co. Sodium
hydroxide (98.7%). hydrochloric acid (37%), aluminum
nitrate nonahydrate, chromium (I1T) nitrate nonahydrate, ace-
tic acid (99.0%) and HPLC-grade methanol were obtained
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from Merck. All solutions were prepared with high purity
water (resistivity 18.2 MQcm) purified by a Milli-Q water
system (Millipore).

2.2 Pillared Clay Catalysts Preparation

As previously described in the literature by Tumol et al.
[15]. the pillaring solutions were prepared by slowly add-
ing NaOH solution (0.4 M, 500 mL) into A1{NO,);-9H,0
(0.4 M, 250 mL) or Cr(NO4):-9H,0 (0.4 M., 250 mL) solu-
tion under vigorous stirring at room temperature [23-26].
The NaOH was added at constant rate of approximately
5 mL/min to reach the final molar ratio of 2:1. The pillar-
ing solutions were ultrasonicated for 10 min at room tem-
perature prior to use. The mixed AVCr pillaring solutions
with different molar ratios (AVCr mole ratios of 1:3, 1:1.
3:1 and 6:1) of AVCr were prepared by using the above pro-
cedure at room temperature. The intercalation was carried
out by direct addition of dry clay into the single or mixed
aluminium and zirconium pillaring solutions under vigor-
ous stirring at room temperature for 30 min, using a ratio of
25 mL pillaring solution/1 g of clay. The ion exchange reac-
tion was sped up by using ultrasonic treatment at 25 °C for
10 min. Finally, the solid fractions were separated by cen-
trifugation for 8 min, washed several times with high purity
water, oven-dried at 120 °C for 16 h. and then calcined in a
muffle furnace at 500 °C for 2 h. The obtained pillared clay
catalysts were denoted as Al-PILC, Cr-PILC, AVCr-PILC
(1:3), AVCr-PILC (1:1), AVCr-PILC (3:1) and AVCr-PILC
(1:1), respectively.

2.3 Characterization Techniques

The morphology and chemical composition of natural
and pillared bentonite samples were characterized by
high resolution scanning electron microscopy with an
energy dispersive X-ray spectrometer (HRSEM-EDS,
FEI Nova NanoSem). Powder X-ray diffraction (XRD)
analysis was performed in a high resolution Bruker AXS
D& diffractometer with CoKa-radiation (40 kV, 40 mA,
1.78897 A) in the 20 range from 37 to 80° at scanning
speed of 0.02%s. Nitrogen adsorption—desorption meas-
urements were performed at — 196 °C using Micromeritics
ASAP TrisStar 3000 instrument. Prior to the measurement
all samples were degassed under vacuum at 150 °C for 4 h.
The specific surface area (Sgpr) was determined using the
Brunaver—-Emmett—Teller (BET) method. The total pore
volumes (V,) were calculated at a relative N; pressure of P/
Py ~0.99. While the pore size distribution was calculated
using the Barrett—Joyner—Halenda (BIH) method based on
the desorption branch of the isotherms. Fourier transform
infrared (FTIR) spectrometer peaks were obtained from

4000 to 400 em™" over 200 scans using a Varian 640-1R

FTIR spectrometer with a Miracle single bounce dia-
mond attenuated total reflectance (ATR) cell from PIKE
Technologies. Thermogravimetric (TG) and differential
thermogravimetric (DTG) analyses were performed on
a Perkin—Elmer model 6000 thermal analyzer. Samples
were heated from 35 to 900 °C with nitrogen atmosphere,
at a heating rate of 10°C/min under nitrogen flow rate of
20 mL/min. The surface charge of the samples were deter-
mined using a Nano Zetasizer (Malvern Instruments, UK).
The cation exchange capacity (CEC) was determined by
the ammonium acetate method using Kjeldhal technique.

2.4 Catalytic Wet Air Oxidation Experiments

The experimental studies were carried out in a 350 mL
semi batch Teflon-lined autoclave reactor (Parr Instru-
ments Co., model 4531M) equipped with a stirrer, an
electric heating jacket. gas inlet and liquid sampling
port. The temperature inside the reactor was measured
by a thermocouple and a proportional-integral-derivative
{PID) controller was used to keep the temperature constant
inside the reactor. (A schematic of the experimental setup
is presented in Figure 51). Prior to CWAOQO experiments,
operational parameters were optimized from preliminary
experiments (results are shown in Figs. S2-57). The
stirring speed was maintained at 800 rpm. The reaction
temperature was set at 100 °C and the mixture inside the
reactor was pressurized with 10 bar oxygen. In a typical
run, the reactor was charged with aqueous suspension of
phenol (200 mL, 1000 mg/L) and 2 g/lL of catalyst at ini-
tial pH of 3. After air was purged in the reactor with pure
nitrogen, the reactor system was pressurized with 5 bar
of pure nitrogen pressure for 5 min. Once the desired
temperature was reached, oxygen was introduced into the
reactor immediately to get a 10 bar of total pressure. This
point was set as the initial reaction time known as “zero
time"”. Samples were withdrawn at regular intervals and
immediately filtered using 0.45 pm once-off syringe fil-
ters to analyze the phenol concentration. All experiments
were conducted in triplicates to check the reproducibility
of the results. The data reported in this study were the
average calculated from the repeat experiments. Experi-
mental errors are less than 5% between repeat experiments
throughout the study.

The stability and reusability of the best pillared clay cata-
lyst was evaluated by successive use of the same catalyst
sample in the phenol oxidation reaction. The experiments
carried out using the same conditions as the above CWAQ
experiments. After each experimental run, the catalyst
was recovered by centrifugation for the next use, added to
100 mL CaCl, solution (4%) and stirred for 120 min at room
temperature to remove all adsorbed organics.
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2.5 Analytical Methods

A high performance liquid chromatography (HPLC) (Shi-
madzu LC-10AD), equipped with an ODS-3 column and
UV—Vis detector was used to determine the phenol concen-
tration in solution. The mobile phase was composed of high
purity water and methanol in a ratio of 60:40 (v/v) at a flow
rate of 1 mL/min. The evolution of phenol intermediates
during the reaction was analysed by HPLC following the
procedure described by Ma et al. [5]. The total organic car-
bon (TOC) content was determined in filtered aliquots of the
reaction mixture by Shimadzu TOC analyzer. The pH values
of solutions were determined using a Mettler-Toledo FE 20
pH meter. The concentration of leachate Cr’t was measured
by inductively coupled plasma-atomic emission spectrom-
eter (ICP-AES) spectroscopy.

3 Results and Discussion
3.1 Characterization Studies

SEM micrographs of the raw natural bentonite and the pal-
lared bentonite clays synthesized using aluminium and chro-
mium metal oxides are shown in Fig. 1. The results clearly
indicate loosened and randomly distributed closely-packed
structure after pillaring. The structure of all the pillared clay
catalysts is similar to that of the natural bentonite clay indi-
cating that the structure of the natural clay was not destroyed
by pillaring with single or mixed metal oxide pillars. The
energy dispersive X-ray spectroscopy (EDS) analysis of
natural and pillared bentonites are presented in Table 1.
EDS analysis clearly shows the presence of elements like
Si, Al, Fe, Na, Mg, Ca, K and Cr in the samples. The Al
and/ or Cr oxides metal contents increase as result of cation
exchange with Na and Ca due to pillaring by Al, Cr and Al/
Cr pillars. Therefore, confirming that the intercalation of Al
or Cris produced by a cation exchange reaction between the
exchangeable small interlayer polycations in the interlayer
space of bentonite clay and Al, Cr and AlVCr pillars in solu-
tion. While the higher relative amount of Sif Al indicate the
presence of quartz and muscovite [27, 28].

The cation exchange capacity (CEC) of the natural
bentonite and pillared bentonite clay samples was meas-
ured by the ammonium acetate exchange according to the
Kjeldhal method. Normally the CEC of natural bentonite
clay is > 60 meq/100 g. The obtained CEC value of the
bentonite clay in Table 1 is within the reported values of
T5—80 meg/100 g for South African bentonite clay [29, 30].
As shown in Table 1, the CEC of the clay decrease with pil-
laring from 78.6 to 21 meqg/100 g: the decrease attributable
to the dissolution of octahedral cations of the 2:1 layers and
protonation of the Si0 groups. The low CEC values of the
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pillared bentonite clay indicate the irreversibility of cationic
exchange of the intercalated polycations.

The zeta potential analysis results for natural and pillared
bentonite clay in the variation of initial pH in the range 1 to
10 is indicated in Fig. 2. The surface charge of the natural
bentonite clay exhibits highly negative zeta potential values
over the entire pH range studied due to isomorphous substi-
tution of structural Si** by AI** and pH dependent charge
from the hydroxyl groups at the edges of the bentonite clay
particles [31]. At pH 10, the zeta potentials of pillared clay
catalysts have more negative charges than that of natural
bentonite clay due to the high amount of hydroxyl (<OH)
groups on pillared bentonite clay surface. However, the
zeta potentials of the pillared clay catalysts decrease and
convert to positive values with the decrease in initial pH
values towards acidic conditions. This may be attributed to
the increase in H' ions on the surface of pillared bentonite
clay catalysts, which can effectively increase the electropo-
sitivity of the catalysts, therefore aiding anionic contami-
nants removal in aqueous solution [32]. Single metal (Al
or Cr) polyoxycations pillared clays show a higher positive
charge compared to mixed AVCr polyoxycations pillared
clays, which may be attributed to the combination of more
hydroxide ions (<OH) in the mixed AVCr polyoxyeations ({ |
A1,Cr(OH) (H,0), |02+ ),

The XRD patterns of the natural and pillared bentonite
clay samples in the 5°-80° 20 angle range are compared
in Fig. 3. The corresponding basal spacing calculated by
Bragg's law (2d sin 8=nh, where d is the basal spacing, 0
is the angle of diffraction, X is the wavelength, and n is the
path differences between the reflected waves, which equals
an integral number of wavelength) at d;;, smectites reflec-
tion are shown in Table 1. The XRD patterns reveal that
natural bentonite clay is composed of Na-montmorillonite
as principal erystalline phase, accompanied by other impu-
rities such as quartz, muscovite and calcite. The detected
crystalline phases for natural bentonite clay are in accord-
ance with similar studies [30, 33]. After intercalation of Al,
Cr or AVCr metal oxides pillars into the natural bentonite
clay structure, the dy,, peaks shifted slightly towards small
20 values therefore increasing the basal spacing. Moreover,
the dy;, peak intensity decreases with pillaring compared
to that of the natural bentonite clay. The XRD spectra of
natural bentonite and pillared clay samples are very similar,
suggesting that the structure of natural bentonite clay was
not destroyed after pillaring process. In the case of Cr-PILC
sample, the dy,, diffraction peak collapses and the peaks
around 18%, 18.5° and 37" can be ascribed to the presence
of Cr,0; in the diffractograms. This is in agreement with
previous studies by De Leon et al. [20] and Chen et al. [34]
who observed the dgy,; peak collapsing at temperatures above
300 ®C. Therefore this can be attributed to the fact that the
dyg; plane in the Cr-PILC has tendency of losing the order
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Fig.1 HRSEM microphoto-
graphs of aBt. b AI-PILC, ¢
Cr-PILC.d AI/Cr-PILC (1:3). e
Al/Cr-PILC (1:1). f AI/Cr-PILC
(3:1) and g AVCr-PILC (6:1)
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in the stacking of the pillared clay layers after calcination at
400-500 °C. The calcination temperature at 500 °C leads to
appearance of the Cr,0; phase shown by the peaks identified
in Cr-PILCs, which are not detected in the corresponding
exchanged mixed pillared bentonite clay (AVCr-PILCs).
Figure 4 shows the FTIR spectra (400-4000 cm™)
recorded in transmission mode for natural bentonite clay and
pillared bentonite clay samples. The peaks at 3583, 3294,

1630, 978, 906 and 561 cm™" are typical of montmorillon-
ite, while the peaks at 771 and 661 cm™' corresponds to the
presence of quartz [20]. The peak at 1487 cm™! corresponds
to the occurrence of small amounts of calcite or dolomite
[35]. The peak at 3583 cm™! is assigned to the OH-stretching
vibration (Al-A1-OH) structural groups of montmorillonite.
After pillaring of clay the AI-PILCs, Al-PILC (3:1) and
AI-PILC (6:1) peaks at approximately 3583 cm™' increase
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Table 1 Physicochemical characteristics of natural and pillared bentonite clay samples by EDX, CEC and XRD
Sample AlfCrratic Na(%) Mg(%) Al(%) Si(%) K(%) Ca(%) Fei(%) Cri(%) SiAl CEC dygyy (mnm})
{meg/100 g)
Bentonite - 373 2.29 15.31 65.09 239 2.09 9.10 000 425  TEG6 1.24¢
Al-PILC - 0.96 1.24 Jloes 5904 182 0.27 4.55 0,00 1.85 40 1.52
Cr-PILC - 0.95 1.13 1142 5854 116 0.16 4.21 2213 513 30 0.90
AIVCePILC 13 0.96 1.19 1602 5898 171 0.26 401 16.87 368 27 1.36
AICRPILC 111 0.97 1.22 1902 59.01 1.61 0.21 4.38 13.58 310 21 1.50
AICRPILC 31 0.98 1.23 776 5814 163 0.24 4.40 561 200 24 1.41
AICrPILC 6 0.93 1.21 2919 5911 1.68 0.26 4.45 T 203 33 1.38
*Basal spacing of non-calcined bentonite
0 + - Na-Bt
—a— ALPILC
0 et OFPILC
= AlfCr-PILC [1:3)
«— AlfCr-PILC [1:1)
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= wee ALCPILC [3:1) ]
£ o ] &
= ]
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Fig.2 Zeta potential (mV) of the natural and pillared bentonite clays
as a function of pH
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Fig.3 X-ray diffractograms of the natural and pillared bentonite clay
samples
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Wavelength (cm™)
Fig.4 FTIR spectra of natural and pillared bentonite clay samples

in intensity which is indicative of an improvement in the
water retention capacity of the clay material due to pillar-
ing. The intensities of Cr-PILC, Al-PILC (1:3) and AI-PILC
(1:1) decrease and the peaks broaden. This decrease in the
intensity of the peaks is attributed to the dehydration and
dehydroxylation steps during pillaring [27]. The broadening
of the peaks could be due to the introduction of additional
—OH groups, as a result of the pillaring of the clay [35, 36].
The broad peak at 3204 em™! depicts the OH vibrational
stretching of intercalated water in montmorillonite. The
peak at 1630 cm™! can be assigned to OH vibration bend-
ing of H-O-H. After the clay was pillared the intensities
of the Al-PILC, Al-PILC (3:1) and Al-PILC (6:1) peaks at
approximately 1630 cm™' increased due to replacement of
hydrated larger interlayer cations which decreases the -OH
peaks. Moreover, the peaks at 1630 cm™! shifted to higher
wavelength (approximately between 1639 and 1660 cm™")
due to pillaring process. The 5i-0-8i stretching vibration
in the tetrahedral structure of the bentonite clay peak is
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observed at 978 cm™". The peaks at 906 and 771 cm™' can be
assigned to Al-Al-0OH and Mg-Al-OH groups. respectively.
After pillaring, intensities of these peaks at 978, 906 and
771 cm! decrease and the peaks shift to lower wavelengths.
This shift can be attributed to the sharing of hydroxyl (OH)
peaks between Al and Cr that are located in the octahedral
positions [20, 27]. The 5i—-0-Mg and Si-0-Al species are
donated by peaks at 361 and 661 cm™! respectively. The
FTIR spectral data provide evidence of the successtul pil-
laring of the bentonite clay.

The textural characterization of natural and pillared ben-
tonite clay, including the specific surface areas (Sgpr). total
pore volumes (V). mcro volume (V) and average diam-
eter of the pores (D) are presented in Table 2. The specific
surface area of Al, Cr and AVCr increase significantly after
pillaring process, which confirm that Al and Cr were effi-
ciently intercalated into the interlayer space of bentonite clay
sheets. Compared with the natural bentonite clay and single
metal oxides pillars (Al or Cr), the mixed metal oxides pil-
lars (AL/Cr) with different molar ratios exhibit higher specific
surface areas. This shows that the mixed metal oxides pillars
of ACr polycations that formed were larger than the Al or
Cr polycations, which is an indicative that bentonite clay
layers were more separated and resulted in a more porous
structures being formed. The specific surface area of Cr-
PILCs increased slightly compared to starting natural clay,
while the Al-PILCs increased significantly. This indicates
a higher thermal stability of the Al-PILCs compared with
the Cr-PILC which collapse with the loss of their interlami-
nar spacing at the calcination temperature of 500 °C. These
results tally with the XRD analysis results in this study as
well as with other studies in the literature [20, 21, 34]. The
mixed metal oxides pillared clay of AlVCr at the molar ratio
of 1:1, shows a high specific surface area of 180 m’ g_'.This
proves that the mixed metal oxides pillars (A1/Cr) was more
effective at increasing specific surface area than Al or Cr
metal oxides pillars alone and the significance of introduc-
ing Al metal oxides pillars during the intercalation process

to hinder the loss of specific surface area of Cr-PILC. Chen
et al. [34] obtain similar results in which the optimum ALCr
molar ratio in the pillaring proce ss was determined to be 2:2.
The micropore volumes, total pore volume and pore diam-
eters of pillared bentonite clay materials increased with an
increase in the specific surface area of pillared bentonite clay
samples. The higher values of pore diameters and total pore
volumes indicate that most of the total pores were formed
from mesoporous structure. In conclusion i1t was observed
that textural analyses of pillared bentonite clay confirm that
the pillaring process led to the significant increase in the
porosity, which is one of the most significant characteristics
of the catalyst.

The TGA and DTG curves of the natural and pillared
bentonite clays are shown in Fig. 3. The TGA curves of
the pillared clay samples are similar to that of natural ben-
tonite clay. The TGA and DTG curves recorded from 35
to 900 °C of the both natural and pillared bentonite clay
show three stages of mass loss. The first step in the range of
49-170 °C 1s attributed to the loss of physically adsorbed
water as well as the loosely bound water molecules present
in the interlayer space of the pillared bentonite clay. The
second step, at about 390-511 °C is related to the loss of
water molecules coordinated to the pillars. It s worth noting
that, at this stage, the removal of water is not associated with
destruction of bentonite clay mineral structure indicating
the high thermal stability of the clay which relates to their
crystalline structure. Whereas the third step in the range of
548-T704 °C can be ascribed to the breakdown of the clay
crystal structure. At this temperature range, the loss in mass
of the pillared bentonite clays peaks are lower compared to
that of the natural clay, confirming the addition of Al and Cr
amount during the pillaring and less volatiles. The observed
differences in the TGA and DTG curves can be explained
by the differences in the dehydration and dehydroxylation
process, which can be ascribed to the presence of different
species of Al and Cr in the interlayer and external surface.
and also hydration energies differences [15].

Table 2 The textural

characterization of prepared Sample AVCr ratio 8! (m¥g) V2 pore (em /) V2 e (emig) d* pope (n)
catalysts and raw bentonite clay — Benionite - 61 0.11 0.089 10.1
Cr-PILC - 67 0.13 0.091 9.6
ALPILC - 147 0.32 0.099 B.5
AVCr-PILC 1:3 150 0.29 0.1 8.1
AVCrFILC 1:1 180 0.36 0.116 72
AVCr-FILC 31 168 0.33 0.111 T8
AVCr-PILC 6:1 159 0.31 0.109 B4
!Specific surface area (Sppr)
*Total pore volume at pfpu'wl].%'
*Micropore volume
*Pore diameter
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Fig.5 TG (a) and DTG (b) curves of natural and pillared bentonite
clay samples

The textural properties of AVCr-PILCs prepared in
this study was compared with previously reported similar
catalysts prepared by different methods in Table 1. From
Table 1, with ultrasonic treatment, synthesis at room tem-
perature and 20 min reaction time, 180 m*g and 1.50 nm of

BET specific surface area and basal spacing, respectively,
were achieved, whereas in a conventional synthesis method,
low BET specific areas were reached in up to 7 days reac-
tion times. Ding et al. [9] synthesized AVCr-PILCs cata-
lysts using a one-step high-temperature and high-pressure
(HTHP) method. They have found that after 4 h of calcina-
tion at 530 °C, the specific surface area and maximum basal
spacing reached 266-362 m%g and 2.06 nm, respectively.
Compared to conventional methods, the method significantly
reduced the steps and material consumption. However, high
temperatures, high pressures and long synthesis periods are
required compared to ultrasonic treatment method. As in
the case of the compared textural properties in Table 3, the
beneficial effect of ultrasonic method on the AVCr-PILCs
was observed. The obtained results can be explained by sta-
bility of AVCr-PILCs catalyst, which can be attributed to
the uniform pillaring obtained by the use of ultrasonic treat-
ment. Moreover, the use of ultrasonic treatment plays a role
in accelerating the IAIHI?* diffusion within the clay layers
[14]. The use of ultrasonic treatment method present numer-
ous advantages such as reduction of the synthesis time from
days to less than 20 min. The method does not require any
heat for the process, therefore, saving in costs and less safety
risks. Finally, the addition of dry clay directly into pillar-
ing solution results in less consumption of water and space
required. Therefore, the textural properties of AVCr-PILCs
catalyst herein is comparable and even better compared to
other previous reported using conventional method.

3.2 Catalytic Wet Air Oxidation of Phenol

The catalytic activity of various pillared bentonite clay cata-
lysts were investigated using phenol as a model pollutant
and the results for phenol removal and total organic car-
bon (TOC) conversions are displayed in Fig. 6. [t was found
in the WAQ (in the absence of catalyst) of phenol that the
removal of phenol and TOC conversion were 9% and 2%,
respectively, indicating that the phenol was stable under our

Table 3 Comparison of AI/CrPILCs catalyst textural properties with previously reported similar AVCrPILCs catalysts prepared by different

methods
Catalysts ALCr ratio Method of sythensis Reaction conditions Sl (m¥g) dyyy (nm) CEC (meg/ Refs.
log)

AICrPILC 1:1 Ultrasonic T=25°C 18D 1.50 21 This work
bogeion =20 min
pH 5

AICrPILC 1:3 Convetional T=120°C 96 1.72 - [27]
Logoon =7 daays

AICrPILC 2:5 HTHP T=140°C 362 2.06 - [9]
bearson =26 h

AICrPILC 2:2 Conventional T=25°C 125 1.57 - [34]
trogoon =48 h
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Fig.& Phenol (a) and TOC (b) conversions in the CWAO reaction of phenol over the natural and pillared bentonite clay samples (200 mL of
reaction solution, 1000 mg/L. phenol concentration, (0.4 g of catalyst, pH 3.0, 10 bar O, pressure and 100°C)

operating conditions. The adsorption experiments was stud-
ied under the same operating conditions using nitrogen in
place of air. Under these conditions, 10% and 5% of phenol
removal and TOC conversion, respectively, were adsorbed
on the catalysts, which could be ascribed to the large specific
surface area of the catalysts which results in an increase
number of active sites in the catalysts. The phenol removal
and TOC conversion using natural bentonite clay were found
to be 8% and 2%, respectively, which was almost inactive
toward the CWAQO of phenol. In contrast, the use of the vari-
ous pillared clays as catalysts yielded good catalytic activi-
ties towards phenol removal and TOC conversion in the
CWAO reaction with the mixed metal oxides being the most
active catalysts. After 120) min reaction, the phenol removal
reached 92%., 95%. 97% and 100% over the AI/Cr-PILC
(6:1), AVCr-PILC (1:3), AVCr-PILC (3:1) and AVCr-PILC
(1:1) catalysts, respectively. High mineralization of the phe-
nol was obtained and approximately 84% TOC conversion
was achieved within 180 min of the reaction in using AVCr-
PILC (1:1) catalyst. The TOC conversion decreased trom 84
to 36%, with minimum in case of Cr-PILC. The TOC con-
version values decreased in the following order: ANVCrPILC
(1:1)> AVCr-PILC (3:1) > AVCr-PILC (1:3)> AVCr-PILC
(6:1)> AVCr-PILC > Cr-PILC. The performance of mixed
pillared clay catalysts specifically Al/Cr-PILC (1:1) cata-
lyst can be attributed to the highest surface area (180 m%g),
which contribute to more active sites in the CWAO process.
The high thermal stability of the AVCr-PILCs prevented the
collapse of the bentonite clay interlayer structure during the
calcination step of the pillaring process, the increasing sta-
bility of the pillared clay towards Cr'* leaching and possible

enhancement of surface acidity of the clay after pillaring,
that is significant for the oxidation of phenol as reported in
our previous studies [23]. Moreover, the increased positively
charged surface of the Al/Cr-PILCs favored electrostatic
attraction between the catalyst and negatively charged phe-
noxide ion in solution at acidic pH values, thus, enhancing
the adsorption of phenol on its surface.

The catalytic activities of the various catalysts in the
CWAO reaction of phenol are summarized in Table 4. In
the literature, there are no data available on the application
of Al/Cr-PILCs as catalysts in the CWAO processes. As
chromium being a good oxidant catalyst due to its different
oxidation states, in literature, there are limited studies where
AVCr-PILCs was used as a catalyst in oxidation reactions
[20, 21, 27, 34]. The use of noble metals (Pt, Ru...), tran-
sition metal oxides (Ti0,, CeO,...) and carbon materials
(GO, r-GO...) for CWAO of phenol has been carried out
by numerous researches and their works show that these
catalysts give high activity [37—41]. Rochaet al. [37] inves-
tigated the use of PUTi0,-Ceria as catalysts for the CWAO
of phenol and found that Pt/Ti0,-Ceria catalyst showed 96%
of phenol conversion and complete TOC conversion. It was
also reported that the presence of Ce in the catalysts pre-
vents deactivation of the catalysts due to carbon deposition
on the surface. Davies et al. [41] applied Pt/SiC catalyst for
CWAOD of phenol in aqueous solutions and the catalyst dis-
played good performance and was very durable for CWAOQO
of phenol, achieving 99.95% phenol removal and 95% TOC
conversion at a reaction temperature of 160 °C and total
pressure of 7 bar. Yang et al. [37] reported on a CWAO of
phenol in a batch reactor using Ce(,-TiO; catalysts and the
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Table 4 S_fummary of the Catalyst Operating conditions Pollutant Results Refs.
comparative study for phenol
oxidation with CWAQ using PYTiO/Ceria T=160C Phenol (1000 mg/L)  [Ph]=96% [37]
different catalysts P =10 bar [TOC] = 100%
Batch experiments
besction =2
PYSiC T=160"C Phenol (1000 mg/L) [Ph]=99.95% [41]
P=T bar [TOC]=95%
Batch experiments
brescion=2 h
CeO,TiO, T=150°C Phenol (1000 mgL) [Ph]=100% [39]
P =30 bar [TOC]=80%
Batch experiments
tresctson = 1 30 min
MnO,-CeO, T=100°C Phenol (1000 mgL) [Ph]=100% [38]
P=10 bar [TOCI=T7%
Batch experiments
Lrpsction = B0 min
GO T=155°C Phenol (1000 mgL) [Ph]=100% [40]
P =25 bar [TOC]=84%
Batch experiments
Lpesctzon = 40 min
=GO T=155°C Phenol (1000 mgL) [Ph]=100% [40]
P =25 bar [TOC]=80%
Batch experiments
tresction = 1 20 min
AVCr-PILCi1:1) T=100"C Phenol (1000 mg/L) [Ph]=100% [This work]
P =10 bar [TOC]=80%
Batch experiments
Lppsction = 1 20 min

Ce05-Ti0; mixed oxides catalysts display the higher activ-
ity. Phenol removal and TOC conversion were about 100%
and 77% after 120 min in the CWAOD of phenol at reaction
temperature of 150 °C and the total pressure of 30 bar. Low
cost metal oxides, such as MnO_-Ce0, have been reported
by Arena et al. [38] as more active catalysts in the CWAQO
of phenol at low temperature as 100 °C and total pressure
of 10 bar. It was found that the complete phenol removal
was achieved within 40 min reaction time, while 80% of
TOC conversion was achieved after 60 min. This high cata-
Iytic activity of the MnO,-CeQ, catalysts was attributed to
the rapid adsorption of phenol and its intermediates. How-
ever, MnO -CeO, catalysts were reported to suffer from
deactivation because of deposition of carbon on the cata-
lyst surface. Yang et al. [40)] used graphene oxide (GO) and
chemically reduced graphene oxides in the absence of any
metals, in the catalytic wet air oxidation (CWAO) of phenol
in a batch reactor. The GO was reported to have the highest
catalytic activity, with complete removal of phenol achieved
after 40 min, and 84% TOC conversion was obtained after
120 min at reaction temperature of 155 °C and total pressure
of 25 bar. While complete phenol oxidation and 80% TOC
conversion was achieved over -GO.

As shown in Table 3 noble metal catalysts containing Ru
and Pt catalysts, have shown the best catalytic activities in

@ Springer

terms of phenol removal and TOC conversion in the CWAO
of phenol. Whereas, the metal oxides such as CeO, have
been reported to attract a lot attention, due to their good
chemical and thermal stability and resistance to both acidic
and basic media [37]. However, these best catalytic activities
are obtained at high operation conditions of CWAQ reaction
and using expensive metals. Therefore, considering the low
cost of Al, Cr and natural clays, the use of AVCrPILC (1:1)
catalyst synthesized in this study appeared to be the most
promising for CWAQ of phenol.

Since AVCr-PILC (1:1) catalyst exhibited the highest
catalytic performance in the reaction, it was further con-
sidered for the study of the evolution of reaction intermedi-
ates. The vield of intermediates in the course of the phenol
CWAO reaction was monitored and the evolution profiles
of the identified intermediates are indicated in Fig. 7. The
identification of intermediates during phencl oxidation
was performed by HPLC analyses by direct comparison of
retention times with the corresponding standards. The main
intermediates identified were pyrocatechol, benzogquinone,
hydroquinone, oxalic acid, maleic acid, formic acid, ace-
tic acid and malonic acid. These intermediates have been
identified by several other studies for phenol oxidation
conducted using CWAO process [42, 43]. Refractory aro-
matic ring compounds such as hydroquinone are formed at
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Fig.7 Evolution of phenol and intermediates in the CWAQ reaction
of phenol over the AVCr-PILC (1:1)

the beginning of the CWAQO reaction. Then some aromatic
intermediates such as pyrocatechol and benzoguinone were
detected in the middle of the phenol oxidation reaction. The
aromatic intermediates need to be oxidized since they are
more toxic than phenol itself [44]. In this study the col-
our of the phenol solution was observed to change during
the reaction; the colourless phenol solution at the begin-
ning turned light brown to dark brown then light brown.
The dark brown colour can be attributed to the formation of
benzogquinone. The light brown solution turned colourless
due to oxidation of benzoguinone to short chain carboxylic
acids [45, 46]. With the increase in phenol oxidation reac-
tion time, short chain carboxylic acids such as oxalic acid,
maleic acid, formic acid, acetic acid and malonic acid are
formed in the reaction. Hydroquinone showed its highest
concentration after about 15 min of the reaction whilst all
the other intermediated were highest in concentration at
about 60 min all of which are further oxidized. Acetic and
oxalic acids concentrations decrease more slowly, suggesting
that these short chain acids are more difficult to oxidize at
these operation conditions. These results are in agreement
with the work of Guo [44]. and Ma et al. [18]. The forma-
tion of polymeric compounds during the CWAO of phenol
as reported Zapico et al. [43], was quantified by means of
the TOC measurements. The detailed radical nature of phe-
nol CWAQ mechanism has been already well documented
in the Iiterature [47-50] and the discussion of our reaction
mechanism experimental results were limited to our findings
in this study. The proposed reaction mechanism is based
on the work of Santos et al. [48] for phenol CWAQO mecha-
nism. Through the identified intermediates in our study it
can be suggested that phenol oxidation proceeds through

Table 5 Stability, leaching and basal spacing features of reused Alf
CrPILC catalyst in the removal of phenol and TOC over optimum
conditions

MNo. of runs  Phenol TOC con- Leaching dyy,, (nm)
removal in version in of Cr
120 min (%) 180 min (%) (MgL™"
First use 100 84 0.065 1.50
Re-use 1 100 &1 0.096 1.48
Re-use 2 100 &0 0.110 1.47
Re-use 3 o8 77 0.118 1.44
Re-use 4 a5 74 0.124 1.44
Re-use 5 a1l 71 0.160 1.40
Re-use 6 87 67 0.297 1.38

the ortho-oxidation pathway and para-oxidation pathway to
catechol and hydroquinone as the first step. Hydroquinone 1s
converted to p-benzogquinone, while the conversion of hyd-
rogquinone to o-benzoguinone is considered negligible, since
o-benzoquinone was not detected by HPLC in our study.
The aromatic intermediates break down into open cleavage
products such as maleic acid, which oxidize into short chain
carboxylic acids such as formic, malonic, acetic and oxalic
acids. At the end of the reaction acetic, formic and oxalic
acids break down into and CO; and H,0O. Figure 7 (inset)
compares calculated and measured TOC for the measured
concentrations of phenol and the quantified intermediates
identified in the reaction solution with time. The difference
between the TOC calculated and TOC measured is consid-
ered to correspond to the unidentified intermediates, mostly
the solid polymer formed in the reaction [43]. Based on
the results obtained there are no differences between the
measured and calculated throughout the reaction, suggesting
that all the reaction intermediates were identified or possible
contribution of unidentified soluble compounds is consid-
ered negligible.

3.3 Catalyst stability and reusability

The AVCr-PILC catalyst with ratio of 1:1 was used six con-
secutive times for the CWAO of phenol solution to evaluate
its stability and reusability, and the results are presented in
Table 5. After four runs the phenol removal efficiency was
still above 98%, suggesting that no significant loss of the
catalytic activity occurred. However, the TOC conversion
noticeably decreased from 84 to 67%., indicating that more
hydroxylation instead of phenol mineralization occurred
with the catalyst reuse. Therefore, it is recommended that
four runs for the catalyst was feasible in order to achieve
almost complete phenol removal and 74% TOC conversion
under studied conditions. There was a negligible decrease in
the catalyst BET surface area from 180 to 172 m%g after the
successive reuse indicating negligible change in the surface
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Fig.8 XRD patterns of fresh and reused AVCr-pillared clay catalyst
(AlVCrratio 1:1) under optimal experimental conditions

composition of the catalyst during use. This result suggests
that the noticeable decrease in AVCr-PILCs catalytic activ-
ity for the consecutive oxidation reaction runs was unlikely
caused by surface area pore site blockage. The Cr't leaching
concentration was less than 1 mg/L after six times catalyst
reuse, which exhibited high stability of the AVCr-PILCs
catalyst. The results of the catalytic activities and stability
of the AVCr- PILCs catalyst revealed that they are good cata-
lyst and have the sufficient stability in the CWAO of phenol
reaction. Therefore, making AVCr-PILCs catalyst promising
materials for treatment of refractory organic pollutants.

The structure of the catalyst after each catalytic run was
evaluated by XRD analysis and the results are indicated in
Table 5 and Fig. 8. No evident decline of basal spacing was
observed after the consecutive reaction runs. The excel-
lent stability of the basal spacing might be due to the stable
structure of the catalyst. The XRD patterns before and after
the consecutive use showed no obvious change in the posi-
tion of the dy,, basal spacing of the AVCr-PILC catalyst.
These results showed that the AL/Cr-PILC catalyst had great
stability and good reusability.

4 Conclusions

The method of hydrolysis and ion exchange were success-
fully achieved by direct addition of the clay into the pillaring
solution using ultrasound both during the formation of the
pillaring solution and in the intercalation process, respec-
tively. The preparation method used in this study signifi-
cantly reduced the synthesis time and the water consumption
required compared to traditional method discussed in the
literature, indicating advantages of potential scale-up of the
pillared clay preparation.

@ Springer

The results of the CWAO experiments showed that all
tested pillared clay catalysts were active in both removal of
phenol and TOC conversion. The highest conversion was
obtained with AVCr ratio of 1:1 AVCr, since 100% phe-
nol removal was achieved after 120 min, and 84% TOC
conversion was obtained after 180 min under the low tem-
perature and oxygen partial pressure conditions of 100 °C
and 10 bar in the oxidation of phenol by CWAQ. Aromatic
intermediates such as catechol, hydroguinone and benzoqui-
nones were obtained and it was found that these intermedi-
ate compounds oxidized into short-chain carboxylic acids
such as oxalic acid, maleic acid, formic acid. acetic acid and
malonic acid. And these short-chain carboxylic acids were
then oxidized directly into carbon dioxide and water. The
reusability of the catalyst showed superior catalytic activity
and stability under our operating conditions. Moreover, in all
experimental runs, chromium leaching was found to be less
than | mg/L, which was lower than the maximum allowed
by legislation.
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ABSTRACT: Single and mixed oxide Al/Zr-pillared clay (Al/Zr-PILC) catalysts were
synthesized and tested for catalytic wet air oxidation (CWAQ) of aqueous phenol solution
under milder conditions, in a semi-batch reactor. The catalysts were synthesized from natural
bentonite clay using ultrasonic treatment during the aging and intercalation steps and were
characterized by means of high resolution scanning electron microscopy-energy dispersive
angle X-ray spectrometry (HRSEM-EDX), powder X-ray diffraction (p-XRD), nitrogen
adsorption/desorption, Fourier Transforms Infrared Spectroscopy (FTIR) and zeta potential.
Successful pillaring of aluminium and zirconium oxides into the clay was confirmed by p-
XRD with increased basal spacing (1.92 nm) and higher specific surface area (230 m?/g).
The influence of stirrer speed (200-1000 rpm), catalyst dosage (1-3 g/L), initial pH (1-3),
initial phenol concentration (500-1500 mg/L), effect of temperature (80-150 °C) and oxygen
pressure (5-15 bar) was evaluated on phenol conversion and their reaction kinetics. At the
optimum conditions of initial pH of 3, catalyst dosage of 2 g/L, initial phenol concentration
of 1000 mg/L, reaction temperature of 100 °C and oxygen pressure of 10 bar , the complete
removal of phenol was achieved by Al/Zr-PILC within 120 min. The CWAO process was well
described by first-order power rate law kinetics model. The apparent activation energy of the
reaction calculated by Arrhenius equation was 21.306 kJ mol~’.

KEYWORDS: Kinetic modelling; Al/Zr pillared clay; phenol removal; catalytic wet air

oxidation.
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INTRODUCTION

Wastewater containing phenol represent a threat to human beings and aquatic life, being
regenerated by industrial processes such as petrochemicals, pharmaceuticals, resin
manufacturing and refineries in the range of 200-1500 mg/L [1, 2]. Since phenol is stable,
refractory, non-biodegradable, toxic to living organism at very low concentration and
poisonous to soil microbes, their discharge into the environment without treatment poses
severe environmental and health problems. Given these reasons, the treatment of phenol
wastewater is important before being released into the environment. Advanced oxidation
processes (AOPs) specifically catalytic wet air oxidation (CWAOQO), appears as one of the
preferred feasible and effective methods for the removal of non-biodegradable refractory
organic compounds such as phenol [3]. In general, CWAO is a liquid phase oxidation process
in which oxygen or air is used to oxidize refractory organic compounds into carbon dioxide
and water in the presence of suitable solid catalyst, without any toxic gaseous emission.
CWAO process can be operated at mild temperature and pressure conditions, which are very
attractive process economics. Unfortunately, the lack of stable and active catalysts, which
results in high capital investment and high operating costs limits the large scale application
of CWAD.

Noble metal supported catalysts have been reported to be active for the CWAO treatment of
refractory organic contaminants, however, the main disadvantage for these catalysts are costs,
deactivation, sintering, leaching and deposition of carbonaceous material on the catalysts
surface [4, 5]. The use of pillared interlayered clays (PILC) as heterogeneous catalysts in
CWAO has been proposed due to their excellent physiochemical, abundant, low cost,
simplicity of the pillaring process and catalytic properties. However, traditional process for
synthesis of PILC involves prolonged times (1-5 days) and large amount of water (2 wt. %
suspension), and such requirements significantly hinder the scale-up of the pillaring process
to industrial scale [6, 7]. Many strategies such as use of concentrated clay suspension, dry
clay, addition of dry clay to pillaring solutions have been proposed as ways of overcoming
the above mentioned problems. Microwave irradiation and ultrasonic treatment during the
synthesis of PILC, in which the aging and ion exchange processes occur within minutes (5-
30 minutes) has also been reported. The use of mixed metal oxides for the pillaring of the
clay has been found to improve properties of PILC compared to single metal oxide [7, 8].

74



However, CWAO process using PILC heterogeneous catalysts is not only influenced by
origin and features of the catalysts but also the operational parameters used. Therefore, in
order to determine the feasibility of CWAO for practical use, it is crucial to investigate
influence of operational parameters on the efficiency of CWAO on the removal of refractory

organic pollutants.

In this context, the objective of this study is to synthesize single and mixed Al/Zr-PILC
catalysts from South African natural bentonite clay using ultrasonic treatment during the
pillaring and intercalation steps and test them as heterogeneous catalysts for CWAO of
phenol. The influence of several significant operation parameters such as stirrer speed,
catalyst dosage, initial pH, initial phenol concentration, reaction temperature and oxygen

pressure on the CWAO of phenol have also been studied in detail.

EXPERIMENTAL SECTION

Catalyst synthesis
The starting material was natural clay from deposit of Cape Town bentonite mine (Western
Cape Province, South Africa). The cation exchange capacity (CEC) of natural clay was 78.6
meqg/g. The natural clay was used as received without further purification. The pillaring agent
solution was prepared by the slow addition of a NaOH solution (0.4 M, 500 mL) into a 250
mL of 0.4 M AI(NOz)3-9H20 or Zr(NOsz)4.5H20 at room temperature under vigorous stirring
for 120 min until an [OH]/[AI* or Zr** or AP* + Zr**] molar ratio of 2:1 was achieved. The
solution was then ultrasonicated for 10 min at 25 °C. The resulting pillaring agent solution
was then added directly into dry bentonite clay, at ratio of 3.33 mmol of (Al + Zr)/g sodium
bentonite (25 mL pillaring solution/1 g) and stirred at 25 °C for 30 min. The resulting
dispersion was ultrasonicated for 10 min at room temperature to perform ion exchange,
followed by filtering, washing with high purity water (5 times with 200 mL portions) and
centrifuged at 4000 rpm for 8 min. The obtained solids were oven-dried overnight at 120 °C

and calcined at 500 °C for 120 min in a muffle furnace.

Characterization of the catalysts
High resolution scanning electron microscopy (HRTEM) was performed on a FEI Nova

NanoSem 200 from FEI Company. The elemental analysis was performed by EDX which
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was equipped to HRSEM. Powder X-ray diffractograms (p-XRD) were recorded on a high
resolution Bruker AXS D8 X-ray advanced powder diffractometer using CoKa-radiation (40
kV, 40 mA, 1.78897 A) and scanning in the range of 20 over 5 to 80" at scanning speed of
0.02°/s. Brunauer—Emmett—Teller (BET) specific surface areas, average pore diameters, pore
volumes and Barrett-Joiner-Halenda (BJH) pore size distribution of the catalyst samples were
determined by N2 adsorption/desorption at —196 °C using a Micrometrics ASAP Tristar 3000
unit. The samples were place in the sample holder and degassed in a vacuum at 150 °C for 4
h before analysis. FTIR spectroscopic measurements were performed on a Varian 640-IR
FTIR spectrometer with a Miracle single bounce diamond ATR cell from PIKE
Technologies. Zeta potential was determined by Zetasizer Nano ZS (Malvern Instruments,

UK) and the Cation exchange capacity (CEC) was obtained using Kjeldhal technique.

Catalytic oxidation of phenol solutions
The CWAOQO experiments were carried out in a 350 mL high-pressure autoclave “semi-batch
type” reactor (Parr model 453 1M) equipped with a magnetic stirrer to eliminate mass transfer
limitations of oxygen from the gas to liquid phase. The reactor was fitted with a removable
glass lining and loaded with 250 mL of aqueous phenol solution (500-1500 mg/L) at desired
initial pH over the range of 3-4 and a desired amount of a catalyst (1-3 g/L). After reaching
the adsorption/ desorption equilibrium, the reaction mixture inside the reactor was purged
with N2 and then heated to the desired temperature between 80 to 150 °C. Once the desired
temperature was reached, pure oxygen pressure (5-15 bar) was introduced into the reactor
and a first sample was withdrawn for analysis in which it was set as “zero time”. Thereafter,
liquid samples were withdrawn at regular time intervals by a syringe and immediately filtered
by 0.45 pum pore size nylon micro filter into a HPLC vial. All experiments were conducted in
triplicate and the average data used. The concentrations of phenol were analyzed with an
HPLC system (LC-10AD, Shimadzu, Kyoto, Japan) using an ODS-3 column and UV detector
at a detection wavelength of 254 nm. The mobile phase was a mixture of methanol and water
(60:40, v/v) slightly acidified with 0.1% acetic acid at a flow rate of 1 mL/min and 20 pL
injection volume. The evolution of phenol intermediates during the reaction were analysed
by HPLC following the method described by Ma et al. [9]. Total organic carbon (TOC) was

measured to determine the mineralization degree of phenol by a Shimadzu TOC analyzer.
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Kinetic study
The CWAO reaction kinetics for the phenol oxidation reaction is required to provide
complete interpretation of the data obtained in the semi-batch reactor. Many researchers [2,
3, 10, 11] in the literature have described the oxidation rates of phenol oxidation using a
simple power law expression. All experimental data were fitted to a power rate law and

represented by the following equation:

p= = 2Con _ e ca (D
a — dt - "1 0, “ph

where ra is the rate of phenol oxidation reaction; a is the reaction order with respect to phenol,
Co2 is the oxygen concentration; k, is the intrinsic reaction rate constant. Assuming a

constant concentration of oxygen, the power rate law becomes

_ %Cpn _

ac kap' gh (2)

The majority of authors previously reported that the CWAO of pure phenol oxidation reaction
follows first-order kinetics with respect to the phenol concentration [2, 3, 12-16]. Assuming

a first order reaction with respect to phenol concentration, Equation 2 can be integrated for a

=1 to become:
—InCyp = kgp.t +X 3)
C
_in (CO’;’; ) = kgpt 4)

where kg, (mint) is the apparent first-order kinetic rate constant, which can be determined

from the slope of — ln(CCLh) versust, C,pand Cg,p, represent both the final and
oph

initial concentration of phenol, respectively.

Activation energy
Assuming an Arrhenius dependence of temperature, apparent activation energy of
phenol conversion can be expressed as follows
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Eq
Kap = koexp |~ o (5)
Eqg. (5) can be written in the logarithmic form:

E,
Ink,, =Ink, — RT (6)

where E, is apparent activation energy (kJ mol™); ko is pre-exponential factor (min); kap is
apparent reaction rate constant (min); T is the reaction temperature (K); R is the universal
gas constant (8.314 J mol? K1),

RESULTS AND DISCUSSION

Catalysts characterization

The chemical composition of natural clay and pillared clay catalysts, as determined by EDS,
are reported in Table 1S in the supplementary materials. The chemical weight composition
of natural clay confirms SiO2 and Al,Oz as the major constituents of the natural clay with
other mineral oxides impurities such as Na2O, CaO, MgO, K20 and Fe2Os. The high content
of Si and Al oxides revealed the existence of quartz and muscovite, whereas the high content
oxides of Na compared to Ca confirmed that the natural bentonite is in the sodium form (Na*)
[17, 18]. After the pillaring process the aluminium and zirconium oxides content in the
pillared clay catalysts increased from 15.31 to 31.98 wt% and from 0 to 38.19 wit%
respectively. The SEM micrographs of natural clay and pillared clay are presented in Fig. 1.
The morphology of natural and pillared bentonite clay have tightly packed patterns with
porous and rough surface. There are no observable differences in the morphology of the
surface of natural and pillared bentonite clays. It is noteworthy that the natural bentonite clay
structure was still intact after pillaring process, thus, indicating that the mechanical structure

of natural bentonite clay was not affected by the pillaring process.
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Fig. 1: HRSEM micrographs of (a) Na-Bt, (b) AI-PILC, (c) Zr-PILC and (d) Al/Zr-PILC
(3:2).

The surface area, total pore volume, micropore volume and pore diameter of natural and
pillared bentonite clays are shown in Table 2S. The expansion of natural bentonite clay
structure and desegregation of the bentonite clay particles during the pillaring process leads
to a significant increase of the specific surface area and porosity in the pillared bentonite clay
catalysts. The increase in the specific surface area and porosity for the single metal oxides
(Al or Zr) pillared bentonite clay samples were lower compared to mixed metal oxides (Al/Zr)
pillared catalysts. The specific surface area and the micropore volume of natural bentonite
clay increased from 61 to 230 m?/g and 0.089 to 0.115 cm®/g respectively with the high
increase in the surface area for pillared bentonite clay indicating successful pillaring of Al
and Zr metal oxides species into the silicate layers of the bentonite clay. These results are in
agreement with previous reports by different researchers [8,19-23].

To study the nature of the change of charge on the surface of materials, their zeta potentials
were measured. The zeta potential values of natural clay and pillared bentonite clay at
different pH values are shown in Fig. 2. The point of zero charge for different samples was
determined by plotting the zeta potential values of the suspension as function of pH values
[24]. As can be seen, the natural bentonite clay has negative zeta potential values in the pH
range of 1 to 10. The high permanent negative charge on the basal surface of Na-Bt clay
particles might arise from high degree of isomorphous substitution of structural Si** in the
tetrahedral layer by Fe3* or AI®* while AP in the octahedral layer is substituted by Fe?* or

Mg?* [25] as well as the pH independent charge arising from the hydroxyl groups at the edges
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of the natural bentonite clay particles. The decrease in negative zeta potential from 27 to 17.5
mV with increasing pH values (H* ions) in the solution can be attributed to this pH
independent charge. In contrast, the pillared bentonite clays have higher zeta potentials than
natural bentonite clay, which reflect that positive charges have been introduced into natural
bentonite clay during the intercalation process resulting in less negatively charged pillared
bentonite clays. This might be attributed to the formed oxide pillars between Na-Bt layers
due to the hydration of zirconium or aluminium polycations intercalated into the interlamellar

space upon calcination.
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Fig. 2: Zeta potential (mV) values as a function of pH for natural and pillared bentonite
clay.

XRD patterns of both the natural and pillared bentonite clays are shown in Fig. 3. The XRD
data confirms that the natural bentonite clay contains Na-montmorillonite with other
impurities such as quartz, muscovite and calcite. A shift of the signal related to (001) sodium
montmorillonite planes at 20 = 8.8" to 20 = 7.3 — 6.88" was observed. The basal d-spacing
(doo1) and 2 theta angle values for materials are listed in Table 3S in the supplementary
material. The basal d-spacing (doo1) increased from 1.56 nm in the natural bentonite to 1.72-
1.92 nm in the pillared bentonite clay due to pillaring process. This shift is expected due to
expansion of the interlayer space of the natural bentonite clay after pillaring process, thus,
indicating a successful intercalation of active metal oxides clusters (Al, Zr or Al/Zr) into

silicate layers.
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Fig. 3: XRD spectra of natural bentonite clay and pillared bentonite clay samples.

FTIR spectroscopy further confirmed the effectiveness of the pillaring process. The FTIR
spectra (400 — 4000 cm™) of both the natural and pillared bentonite clay materials are shown
in Fig. 4. The FTIR spectrum of the natural bentonite clay exhibits two peaks at 3583 and
3294 cm™ in the —OH stretching region. These two peaks correspond to —OH stretching
vibrations of structural hydroxyl groups in the bentonite clay and water molecules (H-bonded
water) present in the interlayer [26-28]. After pillaring, these peaks at 3583 and 3294 cm
appeared broadened and their intensity decreased due to the existence of Keggin-OH and
Keggin-H-O stretches and hydration of interlayer water molecules, respectively [29, 30]. The
peak near 1630 cm™ corresponds to H-O-H bending vibration of water, while the peak at
approximately 978 cm™ corresponds to the siloxane (Si-O-Si) group stretching vibration in
the tetrahedral structure of the bentonite clay [27, 31], but the peak shifted to higher
wavelength (978 to 1088 cmt) due to pillaring in all the pillared materials. The peaks at 906
and 771 cm™ can be assigned to Al-OH and MgO-H stretching vibrations, respectively [27].
The peaks resulting from Si-O bending and Al-O stretching vibration are observed at 561 and

611 cm respectively [6].
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Fig. 4: FTIR spectra of natural bentonite clay and different pillared bentonite clay samples.

Pyridine has been used as a probe molecule to study the chemical nature of acidic sites in the
natural and pillared bentonite clay samples [8, 21,]. As shown in Fig. 5 the FT-IR spectra of
adsorbed pyridine base molecule in the region of 1650 -1400 cm™ were utilized to
discriminate the Lewis and Bronsted acid sites on the samples. Following the pyridine
adsorption on natural and pillared bentonite samples, the peaks at 1443, 1491, 1522, 1541,
1558 and 1635 cm™ were observed. The peaks at 1443 and 1541 cm™ represent the pyridine
molecules interacted with Bronsted (B) acid sites [8, 21] whereas the peaks at 1491, 1522
and 1635 cm™ represent the pyridine molecules interacted with the Lewis acid site (L) [8,
32-34]. Moreover, the peak at 1558 cm™ mainly corresponds to the pyridine species held by
both the Bronsted and Lewis sites [8, 21, 32-34]. The presence of the Bronsted acid sites on
the surface acidity of the pillared bentonite clay, is reported to be favorable for the phenol

oxidation reaction [8, 31,].
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Fig. 5: FTIR spectra of the pyridine adsorbed of the bentonite samples (a) Bt, (b) AlI-PILC,
(c) Zr-PILC and (d) Al/Zr-PILC (3:1).

CWADO of phenol and the evolution of intermediates

Figure 6(a) shows the phenol conversion with reaction time over natural bentonite clay and
pillared bentonite clay. A control experiment (without any catalysts) was carried and 9% of
phenol removal was achieved after 120 min, while more than 74% of phenol removal was
achieved in the presence of pillared clay catalysts. It can be concluded that the non-catalytic
wet air oxidation (WAQ) of phenol was not active under these operating conditions. The
adsorption experiment was also carried out to test the phenol removal due to adsorption over
pillared clay catalysts and only 3% of phenol was removed. However, when using pillared
bentonite clay as catalysts in the CWAOQO, removal of phenol increased significantly with
increasing reaction time and the phenol removal were 74%, 88% and 100% after 120 min
reaction for AI-PILC, Zr-PILC and Al/Zr-PILC (3:1), respectively. It can thus be concluded
that the pillared clays are efficient catalysts in the CWAO of phenol. Figure 6(b) indicates
the TOC removal in the CWAO of phenol. The TOC removal in the phenol oxidation by
adsorption and in the absence of a catalyst was negligible. In contrast, the removal of TOC
was significantly increased, 49%, 61% and 88% being achieved in less than 180 min with
Al-PILC, Zr-PILC and Al/Zr-PILC (3:1), respectively, under pillared bentonite clay.
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Fig. 6: CWAO of phenol over different catalysts (a) and TOC removal (b) under optimized
experimental conditions (200 mL phenol solution, 1000 mg/L phenol concentration, 0.4 g of
catalyst, 10 bar oxygen pressure, pH 3.0 and 100 °C reaction temperature).

The experiments on the evolution of the intermediates in the CWAO of phenol over the Al/Zr-
PILCs (3:1) catalyst were conducted and the results are shown in Fig. 7. The analysis of the
reaction products revealed the presence of the following main intermediates; hydroguinone,
acetic acid, formic acid, malonic acid, oxalic acid and maleic acid. The refractory aromatic
intermediates such as hydroquinone was identified by HPLC analysis at the beginning of the
experiments, and all of them show maximum concentrations within 90 min reaction time.
Therefore, the results suggest that these compounds are intermediates, which are further
oxidized into short chain carboxylic acids. Moreover, catechol and benzoquinone were not
detected in the reaction as reported in the literature [39-41]. This can be due to the fact that
these aromatic intermediates get rapidly oxidized, while the short chain carboxylic acids are
continuously generated and accumulate in the oxidation reaction. As shown in Fig. 7, after
60 min, the short chain carboxylic acids almost completely disappear from the reaction
mixture, whereas formic and acetic acids decline more slowly. Therefore, suggesting that the
oxidation rate of both formic and acetic acids is the key step for total mineralization of phenol
to CO2 and H>O. After 120 min reaction, short-chain carboxylic acids were oxidized directly
into CO2 and H2O. These results are in agreement with the findings reported by Guo and Al-
Dahhan [42].
The effectiveness of the oxidation of phenol has also been analysed in terms of TOC removal
measured and calculated from intermediates. Fig. 7 (insert) shows the evolution of TOC
actual measured and calculated with reaction time; the difference between these two values
corresponds to the unidentified intermediates. The measured TOC removal has been depicted
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together with the calculated TOC corresponding to phenol and the analyzed intermediates;

the two curves TOC removal against reaction time can be fitted together.

1000

—— Phenol
o] —@— Hydroquinone
800 - 5~ ToC messires —A— Formic acid
7004 —w— Acetic acid
60 —<— Oxalic acid
. sl —»— Malonic acid
F"_I o —&— Maleic acid
o 600+ £ 4001
£ 8 w0
£ 400 s T
)
E 2 o 6 & 10 10 w0 160 1
o Time (min)
O
200
v
X I GEE—
0 T = — - — T ——
0 20 40 60 80 100 120 140 160 180

Time (min)

Fig. 7: Evolution of phenol and intermediates in the CWAO reaction of phenol over the Al/Zr-
PILC (3:1) (insert shows comparison between calculated and experimental TOC).

Influence of the operational parameters and kinetic study for the CWAO of phenol
In order to obtain efficient CWAO of phenol and their kinetic analysis, the influence of the
crucial operational parameters such as mass transfer, initial pH, catalyst dosage, initial phenol
concentration, reaction temperature and oxygen partial pressure were evaluated. In studying
the kinetics of a chemical reaction that is surface-catalysed, it is important to evaluate the
relative contributions of mass transfer and true surface reaction. A diffusion-controlled
reaction rate will be greatly affected by changes in the degree of agitation. In order to study
the dependence of the reaction on the stirring rate on the conversion of phenol, the stirring
rate was varied between 200 — 1000 rpm) at 100 °C using 2 g/L catalyst and 1000 mg/L as
initial phenol concentration for 150 min reaction time. As shown in Fig. 8, the increase in
phenol conversion rate shows a mass transfer regime from 200 to 600 rpm. However, further
increase in stirring speed beyond 600 rpm did not increase the phenol conversion rate, which
suggests that mass transfer limitation has no effect on the phenol conversion rate over that
range. Consequently, all other kinetic study experiments were carried out at 600 rpm to ensure

a kinetically controlled regime.
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Fig. 8: Effect of mass transfer on the conversion of phenol in aqueous solution. Experimental
conditions: phenol, 1000 mg/L; volume, 200 mL; catalyst loading, 2 g/L; reaction time, 150
min; partial oxygen pressure, 10 bar; temperature, 100 °C.

The initial pH of the phenol solution is an important parameter influencing the oxidation of
phenol on the CWAO process [35, 89]. The effect of initial solution pH was studied at pH
values of 3, 3.5 and 4 as shown in Fig. 9. The conversion of phenol decreases with increasing
initial solution pH; the results obtained indicate that optimum pH for maximum phenol
conversion in the pH range studied, is pH 3. All reactions for studying the kinetics of the
reaction were therefore carried out at pH 3. In view of the fact that CWAO of phenol occurs
on the catalyst surface, the process is primarily driven by electrostatic forces. Zeta potential
measurements at different pH values provide key information to understanding the interaction
and affinity between the catalyst and the phenol solution. As shown in Fig. 2, the point of
zero charge for optimum Al/Zr-PILC (3:1) was at pH 3.8. Therefore, the catalyst surface will
be positively charged for pH < 3.8, negatively charged for pH > 3.8 and neutral for pH = 3.8,
while phenol with pKa of 9.95 is reported to be charged negatively under acidic conditions
(studied pH range). Then the conversion of phenol is dependent on the distribution of the
species of phenol and the surface charge of Al/Zr-PILC and the existence of cations or anions
in the solution. In the studied pH range, phenol is in its non-ionic form; the adsorption onto
the catalyst surface is maximized, while there is a minimization of water solubility. The
charge attraction between the positively charged Al/Zr-PILC particles and negatively charged

phenol molecules increases the affinity of phenol molecules with Al/Zr-PILC particles.
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The results of the effect of pH on conversion rate constant were investigated and the results
are indicated in the inset of Fig. 9. The experimental data presents good first-order Kinetic
behaviour. As shown in Fig. 9 (insert), the highest reaction rate constant is obtained at pH 3
where the phenol conversion rate reached 94% within 60 min. However, increase in pH
beyond 3 resulted in the decrease of the reaction rate constant values; consequently decrease
in the conversion of phenol efficiency (79%). Therefore, the optimal pH of 3 was chosen in

this work.
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Fig.9: Effect of initial pH on conversion of phenol in aqueous solution (a) and the
corresponding effect on rate constant (b). Experimental conditions: phenol, 1000 mg/L;
volume, 200 mL; catalyst loading, 2 g/L; reaction time, 150 min; partial oxygen pressure, 10
bar; temperature, 100 °C.

To investigate the effect of the phenol solution concentration on the reaction, it was varied
from 500 to 1500 mg/L. As shown in Fig. 10, the phenol conversion decreases with
increasing initial concentration of phenol. The decrease in phenol conversion at higher initial
phenol concentrations can be as a result of competition for the catalyst active sites by the
phenol reactant in solution as well as an increase in mass transfer limitation of phenol and
consequently a decrease in the rate at which phenol molecules adsorb on the catalyst surface
from solution. The results are in consistent with those obtained by other researchers [4, 42-
44], indicating that the catalytic activity of phenol decreases with increasing initial phenol
concentration. The effect of initial phenol concentration on apparent kinetic rate constant is
shown in the inset of Fig. 10. The results display a good linear relationship of apparent rate
constant as a function of initial phenol concentration. The phenol conversion was fitted using

first-order kinetic, as confirmed by the observed straight line. The inset of Fig. 10 shows that
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the apparent kinetic rate constant decreased with increase of initial phenol concentration.
Accordingly, there is a slight increase in apparent kinetic rate constant from 0.0803 min* to
0.1098 min* over the initial phenol concentration from 1000 to 500 mg/L. As a result, 1000
mg/L was chosen as the optimal initial phenol concentration in this study.
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Fig. 10: Effect of initial concentration of phenol in aqueous solution (a) and the
corresponding effect on rate constant (b). Experimental conditions: volume, 200 mL; catalyst
loading, 2 g/L; pH, 3.0; reaction time, 150 min; partial oxygen pressure, 10 bar; temperature
100 °C.

The optimum catalyst dosage in the reactor was investigated by varying the catalyst mass for
the reaction between 1 — 3 g/L of phenol solution maintaining the other parameters constant.
Figure 11 show the dependence of the phenol conversion as a function of catalyst amount.
An increase in phenol conversion is observed with an increasing catalyst amount from 1 to 2
g/L. However, a further increase to 3 g/L results in a decrease in the phenol conversion. The
decrease in conversion with an increase in catalyst amount can be attributed to a decrease in
catalyst active sites as a result of agglomeration of the excess catalyst particles in the slurry.
A free-radical chain reaction for CWAO of phenol has been proposed by some researchers
[45-47]. In this mechanism the competition between free radical formation and free radical
termination is expected to take place and both rates increase with an increase in catalyst
amount. The results indicate that the free radical formation rate is higher at a lower catalyst
loading, while at excessive higher catalyst loading, free radical termination rate dominates
the reaction. Therefore, 2 g/L catalyst dosage can be considered optimum for obtaining
maximum phenol conversion in the studied range and subsequent experiments were
performed at 2 g/L. The effect of catalyst dosage on the apparent Kkinetic rate constant of

phenol is shown in the inset of Fig. 12. The linear trend of apparent Kinetic rate constant as
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function of catalyst loading shown in Fig. 12 (inset) indicates that the reaction obeys first-
order kinetics. The apparent kinetic rate constant increased from 0.0127 min* to 0.0432 min-
Lwith the increase in catalyst mass from 1 to 2 g/L and then decreased to 0.0297 mint with
a catalyst mass of 3 g/L. Therefore, the highest apparent kinetic rate constant was observed

at catalyst loading of 2 g/L with phenol conversion rate of 94% within 120 min.

100
90

80 A - —

701 =

g > 0045
? 60 > oos
@ /
£ 50 /
5 / .
g 404 %;uuzﬁ
i 30 4 —a—2g/L
—o—1g/lL
04 )/ —a-3gL

0 12 14 15
104 Catalyst dosage (gL)

T T T T
0 30 60 90 120 150
Time (min)

Fig. 12: Effect of catalyst dosage on conversion of phenol in aqueous solution (a) and the
corresponding effect on rate constant (b). Experimental conditions: phenol, 1000 mg/L;
volume, 200 mL; pH, 3.0; reaction time, 150 min; partial oxygen pressure, 10 bar;
temperature, 100 °C.

In order to investigate the effect of temperature on the CWAO of phenol in aqueous solution
catalysed by the Al/Zr pillared clay catalyst, the experiments with different temperatures (80
°C, 100 °C and 120 °C) were set up. Fig. 12 shows that the phenol conversion increases with
temperature. It is observed that at lower temperatures, the required reaction time was longer
than at high temperature. However, at longer reaction times, the difference in phenol
conversions at 100 °C and 120 °C are not significantly different. The reaction temperature of
100 °C was considered the optimal reaction temperature in the study. This trend suggests that
the reaction temperature strongly affects the CWAO of phenol and can be ascribed to
intermediate compounds such as aromatics and organic acids which are reported by other
researches to be produced during the reaction [4, 46, 47]. When all these organic compounds
are removed, the remaining aliphatic compounds (mainly carboxylic acids) become resistant
to oxidation or occur at low rate, even at high temperatures, and the overall oxidation process
decreases. In comparison with actual industrial CWAO operation temperature between 200
to 325 °C, the lower reaction temperature required by Al/Zr-pillared clay catalyst would

possibly result in high energy cost savings. The influence of reaction temperature on the
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apparent Kinetic reaction rate constant was investigated as shown in the inset of Fig. 12. A
linear relation between the apparent rate constant and the reaction temperature is observed
and it is evident that the apparent rate constant of phenol conversion increases with reaction
temperature.
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Fig. 12: Effect of reaction temperature on conversion of phenol in aqueous solution (a) and
the corresponding effect on rate constant (b). Experimental conditions: phenol, 1000 mg/L;
volume, 200 mL; pH, 3.0; reaction time, 180 min; partial oxygen pressure, 10 bar; catalyst
loading, 2 g/L.

The effect of oxygen partial pressure on the phenol conversion rate was studied by varying
different pressures from 5 to 15 bar and the results are presented in Fig. 13. There is an
increase in the phenol conversion with increasing oxygen partial pressure. The phenol
conversion reached 74% at 5 bar of oxygen partial pressure while complete removal of phenol
was reached at 10 and 15 bar after 120 min reaction time. This is as a result of the fact that
the concentration and solubility of the oxygen gas increase with increasing pressure resulting
in a faster phenol oxidation rate. This effect might be correlated to the availability of liquid
oxygen to the active site of the pillared clay catalysts. According to the Henry’s law, the
partial pressure of oxygen in the gas phase is directly proportional to the oxygen dissolved in
the liquid phase. However, an increase in the oxygen partial pressure from 10 to 15 bar does
not result in a significant increase in the phenol conversion. And consequently, the oxygen
partial pressure of 10 bar was considered as the optimum value in this study. The effect of
oxygen partial pressure on the Kinetic reaction rate constant of phenol oxidation was
investigated and the results are shown in the inset of Fig. 13. There is a linear relationship of

apparent rate constant as function of oxygen partial pressure confirming that the experimental

90



100

reaction rate constant with the oxygen partial pressure was observed.

data obtained can be described by the first-order kinetic model. An increase in the Kkinetic
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Fig. 13: Effect of oxygen partial pressure on conversion of phenol in aqueous solution (a)
and the corresponding effect on rate constant (b). Experimental conditions: phenol, 1000
mg/L; volume, 200 mL; pH, 3.0; reaction time, 180 min; temperature, 100 °C; catalyst
loading, 2 g/L.

Activation Energy
In order to determine the apparent activation energy, the experiments were carried out under
the predetermined optimal experimental conditions at the three different temperatures. The
Arrhenius plot obtained is shown in Fig. 14. The plot presents a good linear relationship (R?
= 0.9875) between In kap and 1/T indicating that the experimental data follow the Arrhenius-
type behaviour. The slope and intercept of the straight line were used to determine apparent
activation energy (Ea) and pre-exponential factor (ko), respectively. To the best of our
knowledge, there is no study published in the open literature in which these kinetic
parameters are reported on the CWAO of phenol using Al/Zr-pillared clay catalysts.
However, the kinetics of phenol oxidation using Al/Fe-pillared extrudates has been reported
with an apparent activation energy of 53.306 kJ mol™! [4]. It should be noted that such kinetic
approach does not correspond to actual intrinsic kinetics since extrudates were used and not
powder catalysts as in our study. The observed apparent activation energy and pre-
exponential factor of phenol oxidation were found to be 21.306 kJ mol™' and 0.512 min™!,
which were lower than 24.62 to 176 kJ mol ! values obtained in other studies using different

catalyst systems [2, 12, 14, 48-51]. These results indicate that the CWAO of phenol using
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Al/Zr pillared clay catalyst requires a relatively low activation energy compared to other

systems studied; and can be easily achieved.
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Fig. 14: Arrhenius plot for determining Ea (apparent activation energy) and ko (pre-
exponential factor) for the CWAO of phenol in aqueous solution. (1000 mg/L phenol; 200
mL volume; pH 3; 100 °C reaction temperature; catalyst loading, 2 g/L).

CONCLUSIONS

The natural bentonite clay was successfully pillared with single and mixed metal oxides of
Al and Zr using ultrasonic treatment. Its catalytic performance was evaluated in the CWAO
of phenol in an aqueous solution by semi-batch reactor. XRD analysis confirmed the
successful pillaring of bentonite clay. The incorporation of AI** and Zr** species into
pillared bentonite clay was confirmed by EDX. The results of characterization of
synthesized catalysts indicated that the basal spacing, BET surface area, pore volume,
surface acidity and thermal stability of mixed Al/Zr-PILC was significantly higher than
single AI-PILC, Zr-PILC and natural bentonite clay.

Furthermore, the study indicates the potential of pillared bentonite clay catalysts for the
removal of phenol from aqueous solutions under mild reaction conditions of the CWAO
process. And the Al/Zr-PILC composite with metal Al:Zr ratio of 3:1 was found to be very
active among different pillared catalysts and the complete removal of phenol from solution
was achieved within 120 min. The CWAO process was affected by reaction parameters,
such as initial pH, catalyst loading, initial phenol concentration reaction temperature and

oxygen partial pressure. The optimal reaction parameters were achieved at initial pH 3,
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catalyst loading of 2 g/L, phenol concentration of 1000 mg/L at reaction temperature of 100
°C and 10 bar oxygen partial pressure. The experimental results indicate that the phenol
oxidation can be described by first-order kinetics, with apparent activation energy of 21.306
kJ mol™!. The Al/Zr-PILC composite catalyst exhibited good results for removal of phenol
in aqueous solution at mild condition by CWAO and has the potential to substitute the

expensive noble metal catalysts.
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Catalytic wet air oxidation of phenol by cordierite honeycomb washcoated with Al/Zr
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The use of monolithic catalysts to the oxidation of phenol in wastewaters is a crucial issue for
practical applications in order to minimize the pressure drop in the flow reactor. Herein,
cordierite monoliths coated with Al/Zr pillared bentonite clay powder were synthesized,
characterized and tested in phenol oxidation. The pillared clay powder and the washcoat layers
were characterized by techniques such as HRSEM, N adsorption—desorption and XRD.
Ultrasound experiments used to estimate the coating adherence show that the washcoated Al/Zr
pillared bentonite powder is well anchored on the cordierite. Kinetics of catalytic wet air
oxidation (CWAOQ) of phenol was studied over monolithic catalyst using a flow reactor. The
complete removal of phenol and 91% TOC conversion were observed in the presence of
monolithic catalyst at optimal conditions. After 140 h long reaction the catalyst exhibited a
negligible changes in removal of phenol and TOC conversion, showing that the catalyst was
very stable and highly reactive. The high specific surface area, good dispersion and reducibility
of the pillared clay mixed oxides coated as a thin layer over the cordierite monolith led to the
higher catalytic activity observed in phenol oxidation. During the CWAO of phenol reaction,
aromatic ring intermediates (p-benzoquinone, catechol acid and hydroquinone) and short chain
carboxylic acids (oxalic acid, maleic acid, formic acid, acetic acid and malonic acid) were
identified. Kinetic parameters of the model that describes the formation and oxidation of
intermediate aromatic compounds and short chain carboxylic acids were determined. The
obtained experimental data results were described sufficiently with respect to phenol
conversion. The proposed CWAO of phenol kinetic model account for internal and external
diffusion limitations, assuming the pseudo-first order reaction. Therefore, synthesized
monolithic catalysts have great potential for application in CWAO of phenol, since the
materials used in the process are inexpensive, abundant and require minimal modifications.

Keywords: Pillared clay washcoating; flow reactor; reaction pathway and kinetics; phenol,
catalytic wet air oxidation (CWAO).

99



1. Introduction

The development of inexpensive and stable catalytic materials for treatment of wastewater is
increasingly becoming a priority in environmental catalysis research. The current demands
involves the use of inexpensive catalytic materials, robust, economic and environmental
friendly wastewater treatment processes. In this context, catalytic wet air oxidation (CWAO)
have emerged as one of the most promising processes to remove highly refractory organic
compounds that are non-biodegradable in wastewater. CWAOQ operates under mild reaction
conditions such as reaction temperature in the range of 100 - 200 °C and pressure of 5 - 30 bar
using oxygen as environmental friendly oxidant [1]. CWAO generate strongly oxidative
hydroxyl radical from oxygen decomposition to easily degrade refractory organic pollutant
molecules. However, the development of low-costly active, selective and stable catalytic
materials still remains the main disadvantage for a wide application and commercialisation of
CWAOQ processes [2].

Wastewater originating from petroleum refinery, pharmaceutical, agricultural, pulp and paper
mills, petrochemical and ceramic plants, coal conversion activities, dyes, pesticides and
phenolic resins are one of the major water intensive industries which generate high amount of
very hazardous wastewater [3]. Phenol and its derivatives are difficult to degrade by
conventional biological treatment due to their poor biodegradability, high toxicity and
ecological aspects, hence the phenol effluent wastewater should be treated by advance
oxidation processes (AOPs) such as CWAO [4]. The presence of discharged phenol in water
bodies represents a serious health hazard to humans, animals, plants and microorganisms.
Moreover, phenol presents carcinogenic and mutagenic potential for humans. Phenol is very
harmful to organisms even at low concentrations and great attention has been paid to removal

of phenol in aqueous effluents.

Many studies on the CWAO of phenol involve the use of costly noble metals deposited on
various supports [5], transition metal oxides [6] and pillared interlayered clays (PILCs)
catalysts [7]. In the past decade PILCs appear to be promising catalytic materials in wastewater
treatment application due to their low cost, high catalytic activity, highly stable to leaching and
environmental safety [8,9]. However, industrial scale development of the CWAQ pillared clay
catalysts depends on the ability to conform the powder PILCs catalysts from laboratory scale

to commercial shapes scale such as pellets, spheres, trefoils and monoliths. Therefore, there is
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a great necessity for creative strategies which should enable PILCs to be engineered to
“designer catalysts” for applications in sustainable wastewater treatment processes. For
practical purposes, PILCs catalytic powders must be fixed on a shaped substrate. At present,
many studies in the literature found the monolithic supported catalysts very attractive due to
high mechanical strength, enhanced heat transfer performance, higher catalytic activity with
less active components and a faster response to changing conditions [10]. Honeycomb
cordierite (2Al203-2Mg0-5Si0,) ceramics is the most common and popular monolithic
structure because of its superior hydrothermal stability, economic reasons and plasticity. It is
therefore selected as the monolith substrate in this study. For practical purpose washcoating of
honeycomb cordierite with PILCs powder catalysts deems to be necessary. And the PILCs
powder as active component of the monolithic catalyst greatly influences the final catalytic
activity. The monolithic catalyst as a novel kind of catalyst presents excellent operational
properties such as, high mechanical strength, convenient to install or uninstall the monolithic
catalyst into or out of the reactor, a low thermal expansion coefficient and low pressure drop

when used in a fixed bed reactor.

In the current study, cordierite monolith substrate was used due to their beneficial properties in
order to support a low cost active PILCs catalyst for the CWAO of phenol in aqueous solution.
For the preparation of structured monolithic catalyst, Al/Zr-PILCs as the active phase taking
into account our previous studies by Baloyi et al. [11], in which Al/Zr-PILCs catalyst was
found to be highly active and stable catalyst for CWAO of phenol in aqueous solution.
Therefore Al/Zr-PILCs/cordierite monolith have been synthesized and characterized by high
resolution scanning electron microscopy (HRSEM), Energy-dispersive X-ray spectroscopy
(EDX), N2 adsorption-desorption, X-ray diffraction (XRD) and ultrasound test to investigate
morphologies, chemical composition, BET surface areas, structure phase identification and
mechanical stability of coating, respectively. The synthesized monolithic catalyst was used in
CWAO using phenol as selected model pollutant in flow reactor at mild temperature (120 —
160 °C) and oxygen pressure (5 — 15 bar). The aim of selecting mild reaction conditions was
to reduce the severity of CWAO conditions which may decrease capital and operating cost of
the overall wastewater treatment. The phenol oxidation reaction intermediates were identified
and a reaction pathway and kinetic model were proposed. To best of our knowledge, the
application of Al/Zr-PILCs/cordierite monolith catalysts for this reaction has not been

previously reported.
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2. Experimental
2.1 Materials

Natural South African sodium bentonite clay from deposit of Cape bentonite mine (Cape Town,
Western Cape province, South Africa) was used as starting material to prepare powder pillared
clay catalyst. The natural bentonite clay was used as received without any further purification
or cation exchange. The main physicochemical characteristics of the bentonite clay were
specific surface area (Sger), 61 m?/g, total pore volume (Viotar), 0.11 cm?®/g, basal spacing (doo1),
1.24 nm and cation exchange capacity (CEC), 78.6 meqg/100 g. Other physiochemical
characteristics are described in details elsewhere [11]. The cordierite honeycomb monoliths
used in this study were obtained from Mintek. The supplied cordierite honeycomb monoliths
with a square cell density of 400 cells per square inch (cpsi). A photographic image of a
monolith section before and after washcoating is shown in Fig.1. All chemicals reagents which
were used in this study, e.g., NaCl, Na.COs, AlI(NOz3)3- 9H20, Fe(NO3)3- 9H20, Zr(NO3)s-
5H20, Cr(NOz3)3- 9H20, CsHsOH, HCI and NaOH were of analytical grade, purchased from

Merck Chemicals (Pty) Ltd. High purity water (resistivity 18.2 MQcm) purified by a Milli-Q
water system (millipore) in the Mintek laboratory was used throughout this study.

Bare Monolith ‘Washcoated Monolith

Fig. 1. Photographic images of monolith section used for SEM-EDX before and after

washcoating in this study.
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2.2 Powder catalyst preparation

The powder pillared clay catalyst samples used in the washcoating of cordierite honeycomb
monoliths was prepared by ion exchange method. The pillaring and intercalation procedures
have been described in more details in previous works using AI¥*/Zr** intercalating pillaring
agents [11]. The molar ratio of 3:1 mixed metal oxides of AI¥*:Zr** was used, as optimised in
our previous studies [11]. In an attempt to further improve the specific surface area of the
pillared powder catalyst, the powder catalyst was acid activated using 25 v/v% sulphuric acid
at 100 °C for 4 h [12]. The obtained suspension was thoroughly washed with high purity water
(until pH > 4) and then oven-dried overnight at 120 °C. The prepared pillared clay catalyst

sample was referred as Al/Zr-PILCs.

2.3 Optimization of the slurry and monolith washcoating

The cordierite honeycomb monoliths were washcoated in accordance to the modified dip-
coating method that was used by other researches for washcoating of cordierite monolith
[12,13]. The cordierite honeycomb monoliths were cut to the dimensions of the plug flow
reactor column test attains cylindrical samples with 5.5 cm diameter and 5 cm length. The
slurry was prepared according to the modified ball-milling procedure reported by Cristiani et
al. [14]. The washcoated cordierite honeycomb monoliths catalysts were prepared from the
Al/Zr-PILCs slurry which was accomplished using the Netzsch-Feinmahltechnik GmbH
LMEZ1 wet grinding ball mill and ceria stabilized zirconia beads. The mixture containing Al/Zr-
PILCs powder, high purity water and 30 wt. % silica solution (molar ratio of 1:2:1.5 of Al/Zr-
PILCs powder, high purity water and 30 wt. % silica sol, respectively was used) was milled.
The silica solution was used in order to improve the binding strength. Milling was done in order
to attain required particle size (2 — 5 um). The Al/Zr-PILCs was separated from the grinding
beads by fluidisation method and oven-dried overnight at 120 °C. Then the milled Al/Zr-PILCs
slurry was stabilised by mixing with high purity water in a jacketed reaction flask and kept
under vigorous stirring for 180 min at room temperature. In order to obtain active Al/Zr-PILCs

catalyst slurry the pH was controlled between 3 and 4 using concentrated nitric acid.

Prior to washcoating the cordierite honeycomb monoliths were pre-treated with 20 v/v% oxalic

acid. The cordierite honeycomb monoliths samples were then immersed in oxalic acid solution
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for 8 h at room temperature to remove impurities and also roughening the surface. Then the
cordierite honeycomb monoliths samples were thoroughly washed with high purity water, air-
dried in an oven overnight at 120 °C and calcined in muffle furnace at 500 °C for 2 h under air.
The cordierite honeycomb monoliths were dipped into the slurry prepared above for different
immersion times (1, 5 and 10 min) and excess slurry was blown out with compressed air. The
monoliths were immersed in the slurry for up to 3 times to attain the expected Al/Zr-PILCs
loading of 15 to 35 wt. %. Then monoliths catalysts were oven-dried in air at 120 °C for 30
min and finally calcined at 500 °C for 2 h. The catalyst obtained was named Al/Zr-PILC-M.

2.4 Mechanical stability test of washcoat

The mechanical stability test of monolith catalysts was done in order to evaluate the adherence
of the pillared clay coating into cordierite honeycomb monolith. The adherence of the Al/Zr
pillared clay coated onto the cordierite honeycomb monolith was evaluated by an ultrasonic
method [14,15] using digital ultrasonic cleaner (Model UD200 SH-6L). The washcoated
monolith catalysts of different Al/Zr pillared clay loadings were put in a beaker containing
acetone and submitted to ultrasonic treatment (160 W, 25 kHz). After 60 min, the samples
were taken out from ultrasonic cleaner, oven-dried at 120 °C for 30 min and then the weight

loss was measured by the following equation:
Aw(%) = &) 1009 (1)

Where, Aw is the percentage weight loss of the coating obtained by measuring the weight (w)

of the monolith before (wy) and after (w,) ultrasonic treatment.

2.5 Characterization techniques
2.5.1 X-ray diffraction

X-ray diffraction (XRD) analysis of all samples was performed on Bruker AXS D8 X-ray
advanced powder diffractometer. Diffraction patterns were recorded by using a LinxEye
detector with CoKa-radiation (1.78897 A) over a 26 range from 5 to 80" at 40 kV and 40 mA
with step angle increment of 0.02°/s. The crystal phases of the samples were confirmed

according to JCPDS reference.
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2.5.2 Scanning electron microscopy (SEM) and energy dispersive spectrometer (EDS)

The surface morphology of the starting pillared clay powder as well as of the cordierite
honeycomb monoliths catalysts were carried out in a FEI Nova NanoSem 200 high-resolution
scanning electron microscope (HRSEM) coupled with energy dispersive spectrometer (EDS)
analysis. The elemental chemical analysis was performed using an OXFORD INCA (Oxford

instruments, UK) apparatus.

2.5.3 Textural properties

The textural properties was assessed by N> adsorption—desorption isotherms experiments
conducted at —196 °C using a Micromeritics Tristar 3000 instrument. Prior to the measurement,
the samples were degassed at 150 °C for 4 h under vacuum. The specific surface area (Sget) of
the samples were calculated by the BET equation while the pore volume and pore size
distribution were calculated using the Barrett—Joyner—Halenda (BJH) method based on the

desorption branch of the isotherms.

2.6 Experimental set-up

Fig. 2 illustrates a schematic of experimental rig design of high pressure monolith reactor setup.
The lab-scale rig was made up of stainless steel reactor column and designed to operate at
pressure up to 30 bar. The experimental rig consists of a 6 cm inside diameter and 3 mm wall
thickness, liquid and gas delivery system, gas-liquid separator and effluent measurement
system. A cylindrical furnace covered the length of the reactor to maintain uniform temperature
inside the reactor and the heating tape was arranged along the length of liquid and gas lines.
The high pressure monolith reactor is operated in co-current down-flow mode, where pure
oxygen is introduced co-currently with phenol into the reactor. The liquid flow rates were
controlled by a peristaltic pump, which insured the delivery of a liquid solutions from the feed
tank to the top of the reactor at the desired flow rate. The gas flow rates were controlled by a

mass flow controller (MFC) linked to a control box and the pure oxygen/air required was
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delivered from a pressurised gas cylinder. The pure oxygen is mixed with phenol solution at
the top of the rector and subsequently down-flow co-currently through the pre-packing
materials to the catalyst bed. Two monolith blocks were packed in between post and pre
packing sections supported by a stainless steel screen with mesh openings large enough to
hinder particles crossing. For uniform radial liquid distribution over the reactor cross-section
of silica sand from the top layer was placed before the monolith catalyst bed. The post packing
materials at the bottom of the reactor was also a silica sand with a stainless steel screen placed
at the outlet of the reactor column. The reactor effluent passed through the pneumatic actuator
before flowing into a liquid/gas separator, which allowed liquid to be collected at the bottom

and the gas to be sent to GC analysis connected online.
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Fig. 2. Process and instrumentation diagram of the monolith reactor experimental rig.
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2.7 Catalytic activity measurements procedure and operating conditions

The catalytic activity of Al/Zr-PILCs monolith for the CWAO of phenol in aqueous solution
was investigated in a continuous high pressure monolith reactor operated in down flow mode.
The long stainless steel reactor column was loaded with two monolith pieces and charged with
phenol solution, as well as pure oxygen. The pure oxygen gas is supplied from an oxygen
cylinder, while the liquid is delivered to the reactor through peristaltic pump from feed tank
and both lines were preheated with electrical tape heater (Heraeus-Witrmann GmbH
Heidelberg, type MS6) which was connected to a temperature controller (Yang Ming CX TA
3000) prior entering the reactor. The liquid and gas reactants enters the reactor in different inlet
and mixed immediately at the top section of the reactor then contact the reactor bed as
combined liquid-gas stream flow. The combined stream was heated in the pre-packing
materials to a desired temperature and the heterogeous CWAO reaction is expected to take
place after the combined stream contacted the catalyst bed. The reaction temperature was
measured by two thermocouples inserted inside the heating furnace and into the packed bed
through top reactor inlet evenly spaced along the reactor column length. After passing through
the reactor column, the hot effluent was cooled in a condenser, which is operated with water
as the coolant, then flow through the gas-liquid high-pressure separator. The stainless steel
mesh demister was place in the top flange of the separator to trap the liquid mist from the
effluent gas stream. The pressure build up in the gas and liquid inlet and outlet streams was
prevented by pressure indicator and safety valve. The liquid outlet at the bottom of the separator
was controlled by a micrometric valve, which allowed for sampling of a liquid collected in the
separator. Samples were withdrawn during the reaction and taken for analysis. The gas stream
from the separator will be discharged through a back-pressure controller which maintained
constant pressure in the reactor. Control experiments in absence of Al/Zr-PILCs monolith
catalyst, with the bare monolith and packing materials were performed at the same operating
conditions as the main experiments. The operating conditions and the operational range are
listed in Table 1. In order to have a good comparison with what has been found in the literature,
operational conditions used in this study were kept in consistent with what was used by Davies
et al. [14].
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Table 1
Kinetics experiments operational conditions and monolith reactor dimensions.

Reactor variable Value
Temperature (°C) 120 - 160
Pressure (bar) 5-15

Flow rate of liquid (mL/min) 5-20

Flow rate of gas (%) 20 -100
Initial phenol concentration (mg/L) 1000 — 2000
Reactor diameter (i.d/o.d, m) (0.056/0.065)
Length of reactor (cm) 43

Length of the bed catalyst (cm) 10

Bed porosity 77.2
Construction materials Stainless steel

2.8 Analytical methods

The catalytic activity of the pillared clay materials in CWAO was evaluated by the removal of
phenol. Phenol and by-products concentration were determined by means HPLC method with
an ODS-3 column and a UV detector (LC-10AD, Shimadzu, Kyoto, Japan). A mixture of 60/40
(V/V) of methanol to water (slightly acidified/0.1% acetic acid was added) was used as a
mobile phase. For all compounds, the flow rate of the mobile phase was 1 ml/min. The column
was operated at a constant temperature of 30 °C. Prior to injection into the analytical HPLC
column, the samples were filtered in order to remove fines. Detection of the compounds was
performed using UV absorbance at a wavelength of 254 nm. Detection of low molecular weight
carboxylic acids was performed with the UV absorbance method at a wavelength of 210 nm.
In the end, sample measurement of wavelength was switched to 254 nm to detect phenol
correctly, to obtain the concentration profiles of phenol and intermediates. To properly separate
phenol from the partial oxidation products, single compounds were quantitatively identified by
injecting pure samples of the expected partial oxidation products. The established phenol
calibration curve was regularly checked with standard phenol solutions to correct deviations in
column performance. The intermediates in the reaction products were identified by comparison

with their corresponding pure commercial samples. Then, the calibration curves for each
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intermediate detected were established in the concentration ranges that they were found in the

reaction products. Phenol conversion Xph was calculated by the following expression:

Cphin — C
Xph _ ph,ll’;: ph,out (2)
ph,in

where Cppin is the inlet phenol concentration and Cpp, 04¢ the outlet phenol concentration

measured during CWAO or adsorption experiments.

The amount of total organic carbon (TOC) in liquid samples was measured using a TOC
analyser (O-1 Analytical, 1010 model) equipped with a reactor and non-dispersive infrared
detector (NDIR). TOC was determined as the difference between total carbon (TC) and total
inorganic carbon (TIC) measured. The instrument was set up for analysis of samples with
organic carbon concentrations up to 100 ppm. Hence, all samples were diluted as required. The
instrument was calibrated using standards (five standards with concentration up to 100 ppm of
organic carbon concentration) prepared using potassium hydrogen phthalate. The samples were
then injected automatically using an auto sampler into the instrument reaction chamber. In the
reaction chamber, the samples were reacted with acid (5% wi/v ortho phosphoric acid) to
convert any remaining inorganic carbon (CO3?) to CO2, which was then removed by nitrogen
(instrument grade). The remaining organic carbon was then oxidised to CO> using sodium
persulphate (200 g/L) and UV light. The CO: liberated was then detected using IR detector,
and was used to evaluate the amount of organic carbon in the sample. As phenol, TOC

conversion was calculated as:

Crocin — Croc,out

(3)

X =
To¢ CTOC,in

where Croc in IS the inlet total organic content and Croc oyt OUtlet total organic content.

3 Results and discussion

3.1 Washcoat mechanical stability testing

In order to study the mechanical stability of the monolithic catalysts, the adhesion strength of
Al/Zr-PILCs coated onto the honeycomb cordierite monolith pieces was evaluated by an
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ultrasonic test method. For this purpose, cordierite monoliths were dip-coated up to 5 times
and between 13 and 39 wt. % catalyst loading were washcoated into the cordierite monolith
pieces. Table 2 indicate the different mass loadings, mass loss and thickness of the coating and
coating times required to achieve desired mass loading under ultrasonic vibration with a power
of 160 W of 25 kHz exerted for 60 min. As shown in Table 2 the adhesion tests provided
excellent results with the weight loss of less than 1 wt. % for all different dip-coating times,
therefore illustrating strong adhesion between the coating and cordierite honeycomb monolith
substrate. The obtained results are in agreement with other studies in the literature on clays
coated on a cordierite monoliths [12,16], with an insignificant weight loss after a long
ultrasonic treatment. The evaluation of the Al/Zr-PILCs load on monolith pieces is one of the
key factors in the preparation process of the monolithic catalysts. The characteristic dimensions
of the coating showing the minimum and maximum thickness are shown by a cross-section cut
of an Al/Zr-PILCs coated monolith, seen with a metallurgical microscope (shown in Fig. S1
supplementary materials). Table 2 shows the thickness of coating at different loadings, as
expected the thickness of coating was found increasing with the loading of Al/Zr-PILCs slurry.
It can be concluded that the thickness of coating during the monolith washcoating is strongly
influenced by Al/Zr-PILCs slurry concentration and the coating times. These findings display

how good the mechanical properties of the monolithic catalysts.

Table 2

Mechanical stability test of monolithic catalyst and loading of Al/Zr-PILCs into monolith.
Coating times Mass loaded (wt. %) Thickness of coating (um) Weight loss (%)
1 13 61.89 0.01
2 20 62.61 0.08
3 26 63.25 0.10
4 33 64.75 0.20
5 39 64.96 0.80
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3.2 Characterization of the Al/Zr-PILCs monolith catalyst

3.2.1 X-ray diffraction (XRD)

The XRD patterns of the monolithic (Al/Zr-PILCs-M) catalyst as well as for the reference
samples used in this study at wide angle XRD and low angle XRD patterns are shown in Fig.
3, respectively. As it can be seen from Fig. 3, bare cordierite has characteristic diffraction peaks
at 12°, 21°, 25°, 30°, 33°, 35°, 40°, 41°, 50°, 64° and 68°; accordance with previous results
[10,17]. The XRD patterns of natural clay and powder pillared clay catalysts used as reference
samples are in good agreement with our previous studies [11] and their detailed discussions
can be found in our previous work. In comparing the XRD patterns of pure and oxalic acid
pre-treated cordierite monoliths in Fig. 3, it can be seen that the intensity of oxalic acid pre-
treated monolith was relatively higher than pure monolith. On the other hand weak diffraction
peaks were observed for oxalic acid pre-treated Al/Zr-PILCs compared to pure Al/Zr-PILCs.
Moreover, it can be observed that after acidification of powder Al/Zr-PILCs catalyst the Na-
montmorillonite peak at 33° was destroyed. These results shows that oxalic acid is less
destructive in attacking the cordierite monolith than powder Al/Zr-PILCs. This findings is also
in good agreement with results obtained by other authors [18] who studied the preparation of
high surface area cordierite monolith by oxalic acid treatment. In order to clearly check the
possible presence of the Al/Zr-PILCs coated on the cordierite monolith more clearly, Fig. 3b
compiles the XRD patterns of coated cordierite monolith as well as the acid pre-treated bare
cordierite monolith and acid pre-treated powder pillared clay samples at low angle. It was
observed that, Al/Zr-PILCs crystalline phases can be detected with corresponding peaks to
cordierite monolith however with decreased peak intensity. This can be attributed to mixed
Al/Zr polyoxocations, which is likely to be present as {[AlxZry(OH)(H20)n]®*2*}  this
polyoxocation solution may penetrate the cordierite monolith pores after acid solution and form
very thin layers of amorphous [11,17]. Moreover, the decreased peak intensity can be ascribed
to the amorphous phase of a pure silica used as binder during washcoating of cordierite
monoliths [18].
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Fig. 3. XRD patterns for the reference natural clay, bare cordierite monolith and Al/Zr-PILCs
powder and washcoated monolith (Al/Zr-PILCs-M).

3.2.2. Surface morphology and EDS characterization

Fig. 4 display the surface morphology of the bare cordierite monolith and wash-coated
cordierite monolith that was treated by dilute oxalic acid as examined by SEM. The surface
morphology of the natural bentonite clay and Al/Zr-PILCs catalysts samples used in this study
are shown in Fig. S2 (supplementary materials) SEM micrographs. The surface morphology of
these materials are explained details in our previous studies [11]. As can be seen from the
images (Fig. 4a-b), the bare cordierite monolith presented a coarse and rough surface, which is
favorable for wash-coating process. Fig. 4c-d shows the SEM images of Al/Zr-PILCs-M
catalyst, the micrographs of the channel walls show that the Al/Zr-PILCs powder catalysts was
well deposited on the channel walls and the washcoat is observed in all the corners of the cross
section of washcoated cordierite monolith. Nevertheless, a thin catalytic layer of the Al/Zr-
PILCs with interconnected surface cracks was also observed. The cracks in the corners of the
monolith channels can be due to the differences in thermal expansion between the cordierite
monolith and the Al/Zr-PILCs powder, whereas the cracks in the coat layer can be formed

during a too fast drying step [19]. It was reported in the literature that the drying step requires
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a careful control of temperature and moisture and the steps must be slow enough to prevent
ruptures and cracks [20]. However, it noteworthy that the observed cracks did not significantly
affect the stability of the monolithic catalysts, since the stable active component sheets were
formed on the cordierite monolith surface, as shown by the results of mechanical stability test
in Table 2. In Table 3 energy dispersive spectrometer (EDS) results for different samples are
presented. As shown in Table 3, the cordierite monolith elements such as Al, Mg and Si were
detected. The EDS analysis confirmed the presence of the Zr and Fe elements in the cordierite
monolithic catalyst walls. It noteworthy that the Zr and Fe that was detected in the cordierite

monolithic catalyst are most likely from the Al/Zr-PILCs powder used.

i

Fig. 4. Comparison between HRSEM images of (a) uncoated cordierite monolith, (b) cross

section of uncoated monolith, (c) wash-coated cordierite monolith and (d) cross section of
washcoated monolith.
Table 3

Elemental composition estimated by SEM—EDS analysis.

Al (%) :
Sample Na (%) Mg (%) Si (%) K (%) Ca (%) Fe (%) Zr (%)
Natural Clay 3.73 3.29 15.31 65.09 2.39 1.09 9.10 0.00
Bare monolith 15.37 24.93 59.70
0.00 0.00 0.00 0.00 0.00
Al/Zr-PILCs 0.26 1.29 36.65 54. 47 1.41 0.04 1.61
17.31
Al/Zr-PILCs-M  0.12 15.83 27.98 57.24 0.02 0.16
0.01 15.58
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3.2.3. Textural characterization

The N2 adsorption and desorption isotherms analyses of the bare cordierite monolith support
and monolithic catalyst (33 wt. % Al/Zr-PILCs-M) were carried out and the results are shown
in Fig. 4. The pore size distribution curve of the monolithic catalyst is presented in the inset as
well as the cordierite monolith is also shown for comparison. It was observed that the shape of
this isotherm exhibited typical 1V type N2 sorption isotherms (IUPAC classification), which
suggests the existence of mesopores [23]. The mesoporous texture was also exhibited from
average pore size which is approximately 23 nm. According to classification of hysteresis loops
from IUPAC [23], the typical H2-type hysteresis loops between the adsorption-desorption

isotherms are observed, indicating the existence mesoporous of ink bottle shaped pores.
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Fig. 4. N adsorption—desorption isotherms of bare monolith and washcoated cordierite monolith. The

inset shows the pore size distribution of the monolithic catalyst calculated from the adsorption isotherm.

The BET specific surface areas data was obtained from Brunauer—-Emmett—Teller (BET)
method and the pore volume and pore size distribution were derived from the adsorption
isotherms using the Barret-Joyner—Halanda (BJH) method. The results of the BET specific
surface area, pore volume and pore diameter data are listed in Table 4. The BET specific surface
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area and pore volume of the powder catalyst and bare cordierite monolith was found increasing
after oxalic acid treatment. Shigapov et al. [18] reported that increased pore volume and high
specific surface area of cordierite monolith can be obtained by oxalic acid treatment of bare
cordierite monolith. It was also found that acid treatment with oxalic acid does not significantly
reduce the mechanical stability of the cordierite monolith, which can have a negative effect
towards the practical application of the monolithic catalyst. Other studies in the literature also
reported that oxalic acid treatment increase the specific surface area and pore volume of the
cordierite and also promoted the dispersion of active phase and the activity of the catalysts
[12,18]. Han et al. [12] claimed that the layered structure of montmorillonite clay was
destroyed, after acid treatment and structural aluminium was dissolved and removed, resulting
in reforming porous structure and increasing specific surface area, pore volume and pore size.
The specific surface area of Al/Zr-P1LCs powder before acid treatment was 230 m?/g, whereas
the bare cordierite monolith support showed negligible BET specific surface area (< 1 m?/g).
The reported BET specific surface area (0.16 m?/g) in our studies is in accordance with typical
BET specific surface area reported in literature for bare cordierite monolith [21]. The BET
specific surface area, pore volume and pore size of the Al/Zr-PILCs-M (33 wt. %) increased
significantly compared with bare cordierite monolith from 26 m?/g, 0.033 cm®/g and 4.9 nm to
160 m?/g, 0.32 cm®/g and 5.9 nm, respectively. The obtained results can be ascribed to acidic
Al/Zr-PILCs catalyst and SiO> in silica solution. The acidic Al/Zr-PILCs catalyst helped
increasing the specific surface area due to higher specific surface area of acidic Al/Zr-PILCs,
whereas silica solution acted as binder, therefore favouring the loading of acidic Al/Zr-PILCs
powder and the formation of new mesopores structure [12]. The high BET specific surface area
for monolithic catalysts prepared in this study is significant for practical use of these materials
in heterogeneous catalysis.
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Table 4

Textural parameters of the catalysts measured by N2 adsorption and desorption isotherms.

Sample S'eer (M?g)  VZore (cM3/g)  dpore (M)
Bare cordierite 0.16 0.0002 4.82
Bare cordierite (acid pre-treated) 26 0.033 4.9
Al/Zr-PILCs (3:1) 230 0.38 7.1
Al/Zr-PILCs 242 0.41 7.9
Al/Zr-PILCs-M (33 wt. %) 160 0.32 5.9

ISpecific surface area (SBET); 2Total pore volume at p/p0 ~ 0, 99; “Pore diameter.

3.3 Catalytic stability and preliminary test

Before performing the reaction studies, preliminary test was conducted in the plug flow reactor,
aimed to study the catalyst stability, influence of non-catalytic wet oxidation of phenol,
influence of a pressure drop and influence of phenol solution feed flow rate on the performance
of this continuous flow monolithic reactor for the CWAO of phenol. The experiments were
carried out at 140 °C reaction temperature and 10 bar of oxygen partial pressure, 1500 mg/L of
initial phenol concentration and catalyst bed of 10 cm at pH = 4. At optimal operating
conditions, pressure drop in the continuous plug flow reactor was found negligible. An
experiment without monolithic catalyst was carried out to investigate the non-catalytic wet
oxidation process. In this experiment, no phenol removal and TOC conversion was achieved,
after 5 h of reaction time. Therefore, it can be claimed that the effect of the non-catalytic wet
oxidation of phenol can be neglected in this study. An adsorption experiment, using nitrogen
instead of oxygen, was also investigated. The phenol conversion and TOC removal was
approximately 3% and 1%, respectively. The effect of gas flow rate was studied by varying the
gas flow rate (20, 40, 60, 80 and 100%). The obtained results are presented in Fig. 5(a), as it
can be seen both phenol removal and TOC conversion increased as the gas flow rate was
increased gradually from 20 to 80%. A maximum phenol removal and TOC conversion were
noticed at gas flow rate of 80%, beyond which the gas flow rate slightly decreased. Therefore,
80% gas flow rate was selected for further studies in this work. The effects of residence time
on phenol removal and TOC conversion over different phenol flow rate was investigated (5
mL/min to 20 mL/min) under optimal operating parameters, the results are presented in Fig.

5(a). As it can be seen in Fig. 5(a), the phenol removal and TOC conversions were noticeably
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decreased from 100% to 70% and 91% to 60%, respectively, with the phenol feed flow rate
increasing from 5 mL/min to 20 mL/min. The obtained results can be ascribed to the less
hydroxyl radicals being generated at high feed flow rate due to shorter residence time of phenol
solution within the reactor. Moreover, with increasing phenol feed flow rate, the colour of the
phenol solution slowly changed from colourless to light brown, and then to dark brown. The
observed change in colour can be attributed to the oxidation of phenol solution (colourless) to
by-products such as benzoquinone which is dark brown in colour, therefore, confirming
incomplete removal of phenol at high flow rate.
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Fig. 5. Effect of phenol feed flow rates on the monolithic catalytic performance, (a) gas flow
rate and (b) liquid feed flow rate.

The catalysts used in CWAO of organic pollutants may suffer severe deactivation during the
reaction, therefore, prior to the reaction rate studies the special attention was paid to study the
stability of the monolithic catalyst. In order to evaluate the monolithic catalyst stability, the
long term (140 h) experiment was carried out in a monolithic plug flow reactor operated in a
continuous flow mode at optimum reaction conditions. The profiles of removal of phenol and
TOC conversions in the liquid effluent during experimental run is shown in Fig. 6. As can be
seen in Fig. 6, approximately 97% and 85% removal of phenol and TOC conversion,
respectively was achieved after 140 h reaction. The phenol removal and TOC conversion
slightly decreased from 100% to 97% and 91% to 85%, respectively during 140 h, which
showed high catalyst stability. The obtained results can be ascribed to beneficial effect from
chemical interactions between the cordierite monolith support and the Al/Zr-PILCs catalytic
layer. The insignificant leaching (< 0.283) of Zr metal in Al/Zr-PILCs catalyst after six cycles
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was reported in our previous studies [11]. Since the negligible changes in removal of phenol
and TOC conversion were observed during 140 h of reaction, consequently, it can be concluded

that the monolithic catalyst revealed a high stability in the reaction conditions in this study.
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Fig. 6. Stability of monolithic catalyst in the removal of phenol and TOC conversion in long
term experiment over optimum conditions.

3.4. Influence of operation conditions
3.3.1. Effect of temperature

In order to study the effect of reaction temperature on CWAO of phenol, experiments were
conducted at 120 °C, 140 °C and 160 °C, respectively, while keeping other operational
conditions constant. Fig. 7 (a) and (b) shows the relationship between reaction temperature and
phenol removal and TOC conversion in 300 min. As can be seen in Fig. 7 (a), the removal of
phenol increased gradually with increased in reaction temperature and shows complete removal
of phenol at 160 °C. As the reaction temperature increases from 120 °C to 140 °C, phenol
removal increased from 82% to 98.5% and complete removal was obtained at 160 °C. The
effect of different reaction temperature on TOC conversion was studied and the obtained results
are shown in Fig. 7 (b). As it can be seen in Fig. 7 (b), TOC conversion increased from 67% to
91% with increase in reaction temperature from 120 °C to 160 °C after 4 h reaction time.
However, insignificant difference of phenol removal and TOC conversion at 140 °C and 160
°C was observed, therefore in this study reaction temperature of 140 °C was considered the
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optimal reaction temperature. The obtained results showed that the increase in temperature had
increased the rate hydroxylation at monolithic catalyst active sites and generated more
hydroxyl radicals, resulting in higher collision frequency between phenol molecules and
hydroxyl radicals. The observed slightly increase in phenol removal and TOC conversion at
higher temperature can be attributed to self-scavenging of hydroxyl radicals. Mohite et al. [22]

also observed an increase in the phenol removal and TOC conversion with the increase in

temperature.
100 - 100
a) _ }

: . o b

X ///n/ - .
& 70 o g T -

/ v |

c |
2 o0 / 5 6 -
] 50 / —a—-160°C g “ /’
e 7] / —o140°C : /
Q C /
0 4 / A 120C e /
2 / | / 0
0 [ 6] " _a160°C
§ wl // o u{ / o 140°C
i / = / —A—120°C

L 20

/ /
oy 10
l/
0 T T T T T T T T 0 | | I I
0 3 60 % 120 150 180 210 240 0 50 100 150 200
Time (min) Time (min)

Fig. 7. Effect of temperature on (a) phenol (%) and (b) TOC conversion (%) as function of time
over monolithic catalyst. (Reaction conditions: 1500 mg/L of phenol concentration, 10 bar

oxygen partial pressure and feed flow rate of 5 mL/min).

3.3.2. Effect of oxygen partial pressure

The effect of oxygen partial pressure on phenol removal and TOC conversion was studied in
the range of 5, 10 and 15 bar and the results are shown in Fig. 8. As can be seen from Fig. 8
(a), increasing oxygen partial pressure from 5 to 15 bar the removal of phenol increased from
76 to 100% and the results showed a good agreement with what have been reported in literature
[23]. The observed significant increase on phenol removal with increasing oxygen partial
pressure can be attributed to increasing density and solubility of the gas. This effect might be
correlated to the availability of liquid oxygen to the active site of the monolithic catalyst.
According to the Henry’s law, the partial pressure of oxygen in the gas phase is directly

proportional to the oxygen dissolved in the liquid phase. When the oxygen partial pressure was
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increased from 10 to 15 bar, the phenol removal was insignificantly enhanced by approximately
2%. Therefore, the oxygen partial pressure of 10 bar was considered as the optimum value in
this study. Fig. 8 (b) shows the TOC conversion for CWAO reactions at the same operating
oxygen partial pressure as above. As shown in Fig. 8 (b), the TOC conversion increased with
an increase in oxygen partial pressure was observed, when the oxygen partial pressure was less
than 10 bar, it had a relatively significant effect on TOC conversion. The TOC conversion
enhanced from 70 to 86% when the oxygen partial pressure increased from 5 to 10 bar. This
was due to the rising of oxygen concentration in the solution which generate more hydroxyl
free radical, thereby increasing TOC conversion. However, when oxygen partial pressure was
increased more than 10 bar, an increase in the reaction pressure has no significant influence in
TOC conversion (4% increase). Therefore, further increase in oxygen partial pressure above
10 bar tends to affect the phenol removal only by a slight margin. This can be ascribed to
saturation of oxygen on the surface of monolithic catalyst while the concentration of the
hydroxyl free radical was kept constant. Though it was observed that the CWAO reaction was
favoured at higher oxygen partial pressure (15 bar), in order to reduce the severity of the
CWAQO reaction, the 10 bar oxygen partial pressure was used throughout the investigation. A

similar behavior was observed by other researches in literature [40, 41].

100 4 100

90 3 resl 0| b

80 804 //.
704 74 /'

60 60

z <
] c
D 9
o / ——15bar -
2 9 / —e—10 bar 9 ¥
Q / A c /
591 |/ Soar § 01 ¥/ —— 15 bar
0 /
6§ 0l [/ 8 ul /9 —o— 10 bar
£ / = —A— 5 bar
201 // 2
104/ 10 /
L e s o e e I o e e
0 30 60 % 120 150 180 210 240 0 3 60 9 120 150 180 210 240
Time (min) Time (min)

Fig. 8. Effect of oxygen partial pressure on the CWAO of (a) phenol (%) and (b) TOC
conversion (%) as function of time over monolithic catalyst. (Reaction conditions: 1500 mg/L

of phenol concentration, 140 °C reaction temperature and 5 mL/min feed flow rate).
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3.3.3. Effect of the initial phenol concentration

The effect of the initial phenol concentration on the phenol removal and TOC conversion was
studied in the range (1000, 1500 and 2000 mg/L), with keeping other operational parameters
constant and the results are shown in Fig. 9. Fig. 9(a) shows only a slight difference, up to 5%
in initial phenol conversion between the experiments carried out different initial phenol
concentration. Therefore, the initial phenol concentration had very little impact on the phenol
removal. With increasing the initial phenol concentration from 1000 mg/L to 2000 mg/L, the
phenol removal increased from 95 to 100%, respectively, after 240 min reaction. The obtained
results shows that the efficiency of the hydroxyl radical oxidation could be enhanced at higher
initial phenol concentration. The results reported in our studies are in good agreement with
what have been reported in a continuous mode operation, in the literature [24—30]. Eftaxias et
al. [31] reported the CWAO of phenol over activated carbon in a trickle bed reactor, where
almost complete phenol removal at 5000 mg/L was attained at 160 °C. Suarez-Ojeda et al. [24]
investigated the influence of temperature and oxygen partial pressure on the continuous CWO
of phenol, o-cresol and 2-chlorophenol, also employing activated carbon as catalyst. Stiber et
al. [29] studied the CWAO of phenol in a trickle bed reactor and complete phenol removal was
achieved at initial phenol concentration of 2500 mg/L. The obtained results are of great
contribution towards industrial scale, since the studied concentrations simulated industrial
applications. For example phenols are reported to be present in various wastewater industries,
such as refineries (6-500 mg/L), coking operations (28—3,900 mg/L), coal processing (96,800
mg/L), pharmaceuticals (0.1-1600 mg/L)and petrochemical plants (2.8-1,220 mg/L) from low
to high concentrations [1,8]. Fig. 9(b) shows the influence of initial phenol concentration in
solution over the TOC conversion. As presented in Fig. 9(b), TOC conversion increased as the
initial phenol concentration increased. Insignificant differences between the initial phenol
concentration of 1000 mg/L to 2000 mg/L was observed, the TOC conversion increased from
84 to 90%, respectively. Similar results were reported by Guo et al. [28], who investigated
TOC conversion over initial phenol concentration of 1000 mg/L to 2000 mg/L and found 90%
TOC conversion at 170 °C. They further reported that the differences in TOC conversion
between the studied concentrations were insignificant. Lin et al. [32] reported a maximum TOC

conversion in the range of 400 to 2500 mg/L initial phenol concentration after 3 h reaction time
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at 15 bar. Moreover, it was reported that only 2 h reaction time was needed to achieve
maximum TOC conversion at initial phenol concentration of 400 to 1000 mg/L, 3 h for

2500 mg/L and longer reaction time for 5000 mg/L.
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Fig. 9. Effect of initial phenol concentration on the CWAO of (a) phenol (%) and (b) TOC
conversion (%) as function of time over monolithic catalyst. (Reaction conditions: 10 bar

oxygen partial pressure, 140 °C reaction temperature and 5 mL/min feed flow rate).

3.4. Intermediates evolution and reaction pathway for the CWAO of phenol

The assessment of the reaction intermediates evolution and reaction pathway involved in the
oxidation of phenol by CWAQO is significant. Fig. 10 shows the evolution of the intermediates
upon CWAO of phenol over the monolithic catalyst at 140 °C and 10 bar oxygen partial
pressure after 240 min reaction time. As shown in Fig. 10, the reaction main intermediates
detected by HPLC at the beginning of the reaction in this study were hydroquinone, formic,
acetic, malonic, oxalic and maleic acids. Some known possible aromatic ring compounds such
as catechol and benzoquinone were not detected at the beginning of the experiments in this
study, which can be attributed to the fact that these phenol reaction intermediates shows high
oxidation rate, whereas the short chain carboxylic acids are continuously generated and
accumulated in the oxidation reaction. These phenol reaction intermediates were reported in
various studies in literature and also detected in our previous studies [11,33]. Devlin et al. [1]

also identified the intermediates compounds such as hydroquinone, catechol, formic, acetic,
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malonic, oxalic and maleic acids during CWAO of phenol at 200 °C. Quintanilla et al. [3]
studied the phenol reaction intermediates and identified aromatic ring intermediates such as p-
benzoquinone, p-hydroxybenzoic acid and very low amounts of hydroquinone as primary
oxidation intermediates that are further oxidized to short chain carboxylic acids (mainly maleic,
malonic, acetic and formic acids). In their studies short chain carboxylic acids showed to be
highly resistance to further oxidation to CO> and H.O after complete oxidation of phenol, it
was further suggested that these acids were being responsible of the TOC remaining after
complete removal of phenol. As shown in Fig. 10, when the phenol oxidation reaction time
was increased, aromatic compounds such as catechol and benzoquinone were identified in very
low amounts (< 10 mg/L) and short chain carboxylic acids such as oxalic acid, maleic acid,
formic acid, acetic acid and malonic acid were also detected at very low concentration. This
suggesting that these short chain carboxylic acids are reaction intermediates that are further
oxidized to CO2 and H2O. However, it was noticed that short chain carboxylic acids such as
acetic acid concentration decreases slowly, therefore, it can be assumed that oxidation rate of

both acetic acids is the key step for total mineralization of phenol to CO, and HO.

Moreover, the TOC conversion was calculated from the concentration of the different reaction
intermediates identified by HPLC, in which 91% TOC conversion was attained. Fig. 10 (inset)
compare the TOC conversion values measured directly with the TOC analyser and the TOC
conversion values calculated from the concentrations of the different reaction intermediates
identified by HPLC. The two curves of TOC conversion with reaction time can be well fitted
together, indicating that all reaction intermediates had been accurately detected and quantified
in the CWAO of phenol.
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Fig. 10. Evolution of phenol and intermediates upon CWAOQO of phenol at 140 °C under 10 bar.

Possible catalytic reaction pathway for CWAO process of phenol in the continuous plug flow
reactor was proposed based on the reaction intermediates products identified by HPLC analysis
above. Fig. 11 shows a proposed reaction pathway in this study using monolithic catalyst at
140 °C under 10 bar. The discussion of our reaction pathway experimental results were limited
to our findings in this study, since the detailed radical nature of phenol CWAO mechanism has
been already well documented in the literature [34-37]. As can be seen in Fig. 11,
hydroxylation of phenol takes place in ortho-oxidation pathway and para-oxidation pathway to
catechol and hydroquinone as first step. Hydroquinone was converted to p-benzoquinone,
while o-benzoquinone was not identified in our studies. Zazo et al. [36] reported that the
presence of p-benzoquinone can be explained by the dihydroxybenzenes and benzoquinones
which are in redox equilibrium in acid media. They further reported that the formation of o-
benzoquinone was not possible to be identified in the phenol CWAO reaction since this
compound is unstable in aqueous solution and there are no commercial standards available.
After first step, both catechol and hydroquinone follow the same oxidation route, ring-opening
of these aromatic intermediates compounds by oxidation of hydroxyl radical leads to the
formation of maleic acid which further oxidized quickly to short-chain carboxylic acids such
as oxalic acid and malonic acid. Acetic acid was generated from malonic acid while formic
acid was generated from oxalic acid, which were final oxidized to H,O and CO> [36,38,39].
According to the formed CWAO of phenol intermediates, the reaction pathway of phenol was
in good agreement with the result in the literature [3].
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3.5. Kinetic modelling of phenol CWAO in a plug flow reactor

The development of the experimental based kinetic model will be a step forth from lab-scale

studies to industrial scale CWAO wastewater treatment process. The kinetic model that can

describe both the phenol oxidation and formation and consumption of intermediate oxidation

products has been used in order to optimize the description of oxidative destruction of phenol.

The respective kinetic model for phenol oxidation in a continuous plug flow reactor using

monolithic catalyst was based on that proposed by Oxana et al. [40]. The reaction kinetic

equations describing overall phenol oxidation reaction consisting of phenol oxidation into

intermediates and further oxidation of formed intermediates into simply chain carboxylic acids

to CO2and H>O were proposed based on reaction pathway shown in Fig. 11. The CWAO of

phenol kinetic model involved 9 equations and 11 rate constants, the kinetic constants are

apparent since the effect of oxygen was not included:

dC
phenol
———— = — (kg + k2) " Cphenol

dt
dCcatechol

= Kkq - Cphenol — K3 * Ceatechol

dt

dChydroquinone
dt = ky- Cphenol — Ky Chydroquinone

de—benzoquinone -k K
- B4 ydroquinone 5 p—benzoquinone
It . Ch d . — - C b .

dcmaleic _
at K3 * Ceatechol + Ks - Cp—benzoquinone — K¢ * Caleic acid — K7 * Cmaleic acid

dCmalonic acid __ k. - C ke - C
dt - Be maleic acid = &8 malonic acid

dCoxalic acid

dt = K¢ * Cmaleic acid — Ko * Coxalic acid
dCformic acid - Kk Kk

dt = Ko * Coxalicacid — K10 * Crormic acid
dCacetic acid _ Kk Kk

dt = Rg* Cmalonic acid — B11° Cacetic acid

(1

(2)

(3)

(4)

(5)
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(7)

(8)

€)
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The above kinetic equations confirmed (results not shown here) that the best description of the
experimental results was provided by two oxidation routes via oxidation of phenol into
aromatic intermediates and further oxidation of aromatic intermediates to short-chain

carboxylic acids through the following kinetic equations:

E, CphCeatCo
Wpp = klexp(—ﬁ> LR > (10)
1 + kyCo, + ka(Cpn + Ci)
E CphCeatCo
W; = k,exp (R_’;‘) P (11)

1+ ksCo, + ke(Cpn + Cp)°

Taking into account the external and internal diffusion limitations, the above kinetic equations
were used to calculate apparent oxidation rate of phenol.

A continuous flow plug reactor used in the experimental runs can be described by the following

equation:
dc;
d; ViWapp (12)

where Ci is the concentration of reactants, t is the residence time, v; is the stoichiometric
coefficient, i is the index of reactants and W, is the apparent rate of phenol oxidation
(calculated using equations (10) and (11) taking into account both the external and internal

diffusion limitations).

The apparent reaction rate was reduced to the pseudo-first-order equation with respect to

concentration of phenol:

Wapp = KappCpn (13)

1

Kapp = —1/BSeX+1/k*

(14)
where 3 is the coefficient of external mass transfer, S, is the external specific surface area and
k* is the reaction rate constant. The Sherwood number was used to calculate 3:

_ ShD
deq

B (15)

where D is the diffusion coefficient of phenol in water and d.q is the equivalent hydraulic

diameter in a catalyst bed [40]:
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deq 0.45
Sh = 3.66 (1 + 0.095ReSc ~21) (16)

d
Re = UCeqP (17)
u
-
Sc = oD (18)

where L is the monolith length, Re is the Reynolds number, Sc is the Schmidt number, p is the

linear rate of the reaction flow, p is the flow density and p is the flow viscosity.

The rate constant for the oxidation of phenol taking into account the internal diffusion

inhibition was calculated by the following equations:

w
K = v (19)
Cph
1
vV=— (20)
)
d w
gr
_ Ger 21
P2 CpnDefr (21

where v is the efficiency factor, ¢ is the Thiele modulus, D¢ is the effectiveness coefficient
of phenol diffusion in catalyst pores, w is the phenol reaction intrinsic rate calculated by Eq.
(10).

Fig. 12 shows the results of the numerical calculations. As shown in Fig. 12 the experimental
dependencies of phenol conversion against flow rates are correctly described. There is a good
agreement between experimental and calculated data. This can be ascribed to the accuracy of
the Eq. 16, used for external mass transfer coefficient estimation (insignificant coefficient
description error) and accuracy of efficiency factor calculations because of easy shape of
honeycomb catalyst. Therefore, the proposed kinetic model provides an adequate description
of the monolithic honeycomb efficiency and support the obtained experimental evidence of the

effectiveness of used monolithic catalyst in this study.
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Conclusions

In this work, cordierite honeycomb monolithic supports were coated successfully with
inexpensive pillared clay catalyst by slurry wet coating using silica solution as the binder and
used for the catalytic wet air oxidation of phenol in aqueous solution. The synthesized novel
composite catalysts were characterized by XRD, N2 adsorption-desorption isotherms and
HRSEM-EDX techniques. The BET specific surface area and mean pore size of the monolithic
catalysts obtained by N adsorption—desorption isotherm studies shows that the catalyst are
mesoporous by showing type IV adsorption isotherms. The HRSEM characterization results
confirmed the active components were well deposited on the channel walls and the washcoat
is observed in all the corners of the washcoated monolith cross section, while the EDX revealed
the presence of the Zr and Fe elements in the cordierite monolithic catalyst walls. The novel
composite catalysts exhibited good mechanical stability after ultrasound treatment, however,
cracks were formed on the coat layer and in the corners of the channels due to a difference in
thermal expansion and during a too fast drying step. Future studies we will concentrate on
overcoming this problem by optimizing the temperature and moisture control during drying
step. The XRD patterns confirmed the different diffraction peaks for the monolithic catalysts

and all reference materials.
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Monolithic catalysts exhibited good catalytic performance with 100% phenol removal and 91%
TOC conversion after the CWAO of phenol at optimal conditions. The optimal operating
conditions were 1500 mg/L of initial phenol concentration, 10 bar of partial oxygen pressure.
Moreover, it is noteworthy that the monolithic catalyst showed perfect stability in the CWAO
of phenol over the prolonged activity test. The reaction pathway in CWAO of phenol over
monolithic catalysts in a plug flow reactor was proposed based on hydroxyl radical reacting
with phenol and then converting it to aromatics intermediates compounds such as catechol,
hydroquinone and p-benzoquinone. The aromatics intermediates further oxidised into short
chain carboxylic acids such as maleic acid, malonic, oxalic and formic acids. Finally, these
short chain carboxylic acids are decomposed to carbon dioxide and water. Kinetics of CWAO
of phenol was studied in a plug flow reactor over monolith catalysts based on the phenol
reaction pathway proposed in this study. Kinetic parameters of the model that describes the
formation and oxidation of intermediate aromatic compounds and short chain carboxylic acids
were determined. The obtained experimental data results were described sufficiently with
respect to phenol conversion. The proposed CWAO of phenol kinetic model account for
internal and external diffusion limitations, assuming the pseudo-first order reaction. Therefore,
the proposed approach can be used for scaling-up the CWAO of phenol in plug flow reactor.
This study provides an efficient approach for the treatment of phenol containing wastewater by

CWAO process over monolithic catalysts.
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R Gas constant J.moltK?
T Temperature K

Chph Phenol concentration mol.L*
Ceat Catalyst concentration mol.L*
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Chapter 8 J

General conclusions and recommendations

In this study numerous pillared clay catalysts were synthesized, tested and screened for their
catalytic activity in CWAO of phenol in a batch and plug-flow reactor. It was revealed from an
intensive literature review of the CWAO and pillared clay catalysts that there was room for
development in terms of synthesizing an active and robust catalyst. Moreover, the reduction of
prolonged synthesis times (1-5 days) and large amount of water (2 wt. % suspension) used in
a process as such requirements significantly hinder the scale-up of the pillaring process to
industrial scale. The desired catalysts must reduce the severity of the reaction conditions of the
CWADO process.

The main objective, therefore, was to apply a novel pillared clay catalysts prepared from natural
bentonite clay for treatment of phenol in aqueous solution by CWAQO at mild reaction
conditions. Three pillared clay-based heterogeneous catalysts, Al/Zr-PILCs, Al/Fe-PILCs and
Al/Cr-PILCs were synthesized from natural bentonite and screened for their efficiency in
removal of phenol in aqueous medium. The method of hydrolysis and ion exchange were
successfully achieved by direct addition of the clay into the pillaring solution using ultrasound
both during the formation of the pillaring solution and in the intercalation process, respectively.
The synthesize method used in this study significantly reduced the synthesis time and the water
consumption required compared to traditional method discussed in the literature, indicating
advantages of potential scale-up of the pillared clay. Therefore, this method can be extensively
used for synthesis of pillared clays in the laboratory scale and provides possible economic
benefits in the escalation of the preparation to an industrial production scale. The
characterization of the synthesized PILCs materials exhibited that the basal spacing, BET
surface area, pore volume and thermal stability of mixed metal polycations were greatly higher
compared to single metal polycations and natural bentonite clay. The PXRD demonstrated an
increase in the basal spacing up to 1.92 nm with a high thermal stability. The textual properties

show an increase in BET surface area indicating that mixed metal polycations inserted into the
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bentonite clay plays a crucial role in increasing surface area. HRSEM confirms that this
methodology allows interaction of mixed metal polycations with the tetrahedral sheets of the

bentonite clay, without destroying the structure of the clay.

The PILCs catalysts screening process in a batch reactor was aimed to attain the best catalyst
for phenol CWAO reaction. It was discovered that all mixed metal PILCs catalysts strongly
oxidized phenol and provided much activity in terms of phenol removal and TOC conversion.
The Al/Zr-PILCs, Al/Fe-PILCs and AIl/Cr-PILCs composites with metal ratios of 3:1 (Al:Zr), 3:1
(Al:Fe) and 1:1 (Al:Cr), respectively, were found to be very active among different pillared catalysts
and a complete phenol removal and more than 80% of TOC conversion was achieved within 120 min.
However, Al/Zr-PILCs catalyst with ratio of 3:1 promoted phenol removal and TOC
conversion to a much higher catalytic activity and stability. A significant effect of the studied
variables such as reaction temperature, oxygen partial pressure, initial phenol concentration,
catalyst loading, initial solution pH and reaction time was observed and has a direct influence
on the CWAO of phenol. The analysis of intermediate products revealed the presence of
hydroquinone, pyrocatechol, benzoquinone and oxalic, formic, malonic, oxalic, malonic and
maleic acids. All synthesized PILCs catalyst could be used in four consecutive reaction runs
without significant loss of phenol catalytic activity and above 65% TOC conversion. The kinetic
study of the best catalyst was carried out and experimental results indicate that the phenol oxidation can
be described by first-order kinetics, with apparent activation energy of 21.306 kJ mol. For practical
purpose, this led to a more comprehensive study being carried out on a plug-flow reactor using

cordierite honeycomb monolithic supports coated with Al/Zr-PILCs with ratio of 3:1.

The cordierite honeycomb monolithic supports were coated successfully with inexpensive
pillared clay catalyst by slurry wet coating using silica solution as the binder and used for the
CWAOQO of phenol in aqueous solution. The synthesized novel composite catalysts were
characterized by XRD, N2 adsorption-desorption isotherms and HRSEM-EDX techniques. The
BET specific surface area and mean pore size of the monolithic catalysts obtained by N>
adsorption—desorption isotherm studies shows that the catalyst are mesoporous by showing
type IV adsorption isotherms. The HRSEM characterization results confirmed the active
components were well deposited on the channel walls and the washcoat is observed in all the
corners of the washcoated monolith cross section, while the EDX revealed the presence of the

Zr and Fe elements in the cordierite monolithic catalyst walls. The novel composite catalysts
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exhibited good mechanical stability after ultrasound treatment, however, cracks were formed
on the coat layer and in the corners of the channels due to a difference in thermal expansion
and during a too fast drying step. The XRD patterns confirmed the different diffraction peaks
for the monolithic catalysts and all reference materials.

The monolithic catalyst showed excellent catalytic activity with complete phenol removal and
91% TOC conversion after the CWAO of phenol at optimal conditions (140 °C and10 bar).
Moreover, it is noteworthy that the monolithic catalyst showed perfect stability in the CWAO
of phenol over the prolonged activity test. The reaction pathway in CWAOQO of phenol over
monolithic catalysts in a plug flow reactor was proposed based on hydroxyl radical reacting
with phenol and then converting it to aromatics intermediates compounds such as catechol,
hydroquinone and p-benzoquinone. The aromatics intermediates further oxidised into short
chain carboxylic acids such as maleic acid, malonic, oxalic and formic acids. Finally, these
short chain carboxylic acids are decomposed to carbon dioxide and water. Kinetics of CWAOQO
of phenol was studied in a plug flow reactor over monolith catalysts based on the phenol
reaction pathway proposed in this study. Kinetic parameters of the model that describes the
formation and oxidation of intermediate aromatic compounds and short chain carboxylic acids
were determined. The obtained experimental data results were described sufficiently with
respect to phenol conversion. The proposed CWAO of phenol kinetic model account for
internal and external diffusion limitations, assuming the pseudo-first order reaction. Therefore,

the proposed approach can be used for scaling-up the CWAO of phenol in plug flow reactor.

To conclude, novel pillared clay catalysts were successful prepared from natural bentonite clay
for treatment of phenol in aqueous solution by CWAOQO at mild reaction conditions. Moreover,
on developing a successful novel pillared clays-based catalysts, the commissioning of a plug-
floe reactor was carried out successful. The novel PILCs catalysts attained complete removal
of phenol and more than 80% TOC conversion in a mild reaction conditions. Future study is
recommended to concentrate on overcoming the problem associated with the cracks that were
formed on the coat layer and in the corners of the channels of monolithic catalysts due to a
difference in thermal expansion and during a too fast drying step. This can be achieved by
optimizing the temperature and moisture control during drying step. Although, the objectives
of the current study have been achieved, it is recommended to study different flow conditions

in order to understand flow dynamics of different flow regimes. Also using the advanced
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analysis tool such as computational fluid dynamics (CFD) to stimulate the behaviour of the

reactor system.
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APPENDICES

The following is a list of abbreviations that were used in the thesis:

AOPs Advance oxidation processes

CWAO Catalytic wet air oxidation

HRSEM High resolution scanning electron microscopy

EDX Energy-dispersive X-ray spectroscopy

CEC Cation exchange capacity

MFC Mass flow controller

TOC Total organic carbon

TC Total carbon

TIC Total inorganic carbon

BJH Barret-Joyner—Halanda

BET Brunauer—Emmett-Teller

FTIR Fourier transform infrared spectroscopy

PXRD Powder X-ray diffraction

TCD Thermal conductivity detector

TGA-DTA Thermogravimetric analysis with differential thermal
gravimetry

wt. % Weight percentage
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Fig. S17. Cross-section cut of a Al/Zr-PILCs-coated monolith seen with a metallurgical

microscope.

Fig. S18. HRSEM micrographs of (a) Na-Bt, (b) Al-PILC, (c) Zr-PILC and (d) Al/Zr-PILC
(3:1)
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