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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 

m2/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 aqueous 

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 N2 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 

Abstract 



 

iii 

 

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 

CWAO 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 CWAO 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). 
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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 21st 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, 
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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 (WAO), catalytic wet air oxidation (CWAO), H2O2-promoted catalytic wet air 

oxidation (H2O2-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 (E0 = 

+2.8V), which attack the majority of organic molecules causing their oxidation to other 

products and ultimately to CO2 and H2O [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 CO2 and H2O, without emissions of toxic gases such as 

NOx, SO2, HCl, 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 
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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. Al3+, Zr4+, Cr3+, Ti4+ 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 

CWAO 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 CWAO 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. 
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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. To design 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. 

doi:10.1039/C7RA12924F. 

 



 

9 

 

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 CWAO 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 CWAO 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 c and e.  

Chapter 7 presents wash coating of cordierite honeycomb with Al/Zr pillared bentonite for 

CWAO 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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ABSTRACT:  Single and mixed oxide Al/Zr-pillared clay (Al/Zr-PILC) catalysts were 

synthesized and tested for catalytic wet air oxidation (CWAO) 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 m2/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−1.  

 

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 (CWAO), 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 CWAO.  

 

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]. 
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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 

meq/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 Al(NO3)3·9H2O  or  Zr(NO3)4.5H2O at room temperature under vigorous stirring 

for 120 min until an [OH-]/[Al3+ or Zr4+ or Al3+ + Zr4+] 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 CoKα-radiation (40 

kV, 40 mA, 1.78897 Å) and scanning in the range of 2θ over 5 to 80ᵒ 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 CWAO experiments were carried out in a 350 mL high-pressure autoclave “semi-batch 

type” reactor (Parr model 4531M) 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 μm 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 µL 

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:  

 

𝑟𝑎 = −
𝑑𝐶𝑝ℎ

𝑑𝑡
= 𝑘1 ∙ 𝐶𝑂2

.  𝐶𝑝ℎ
𝑎                                                                                                      (1) 

 

where ra is the rate of phenol oxidation reaction; α is the reaction order with respect to phenol; 

Co2 is the oxygen concentration; 𝑘1  is the intrinsic reaction rate constant. Assuming a 

constant concentration of oxygen, the power rate law becomes  

 

−
𝑑𝐶𝑝ℎ

𝑑𝑡
= 𝑘𝑎𝑝 ∙  𝐶 𝑝ℎ

𝑎                                                                                                                           (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 α 

= 1 to become: 

 

    −𝑙𝑛 𝐶𝑝ℎ =  𝑘𝑎𝑝. 𝑡 +×                                                                                                               (3)                       

 

−𝑙𝑛 (
𝐶 𝑝ℎ

𝐶0 𝑝ℎ
) = 𝑘𝑎𝑝 𝑡                                                                                                                        (4)  

 

where 𝑘𝑎𝑝 (min-1) is the apparent first-order kinetic rate constant, which can be determined 

from the slope of   − 𝑙𝑛(
𝐶𝑝ℎ

𝐶𝑜 𝑝ℎ
)  versus t,   𝐶 𝑝ℎ and   𝐶 0 𝑝ℎ represent both the final and 

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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 𝑘𝑎𝑝  = 𝑘0exp [−
𝐸𝑎

𝑅𝑇
]                                                                                                      (5) 

 

Eq. (5) can be written in the logarithmic form:  

 

   ln 𝑘𝑎𝑝 = ln 𝑘0 −  
𝐸𝑎

𝑅𝑇
                                                                                                     (6) 

 

where Ea  is apparent activation energy (kJ mol-1); ko is pre-exponential factor (min-1); kap is 

apparent reaction rate constant (min-1); T is the reaction temperature (K); R is the universal 

gas constant (8.314 J mol-1 K-1). 

 

 

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 Al2O3 as the major constituents of the natural clay with 

other mineral oxides impurities such as Na2O, CaO, MgO, K2O and Fe2O3. 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 wt% 

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) Al-PILC, (c) Zr-PILC and (d) Al/Zr-PILC 

(3:1). 

 

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 m2/g and 0.089 to 0.115 cm3/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 Si4+ in the 

tetrahedral layer by Fe3+ or Al3+ while Al3+ in the octahedral layer is substituted by Fe2+ or 

Mg2+ [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.  

 

 

 

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 2 = 8.8ᵒ to 2 = 7.3 – 6.88ᵒ was observed. The basal d-spacing 

(d001) and 2 theta angle values for materials are listed in Table 3S in the supplementary 

material. The basal d-spacing (d001) 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-1) 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-1 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-1 

appeared broadened and their intensity decreased due to the existence of Keggin-OH and 

Keggin-H2O stretches and hydration of interlayer water molecules, respectively [29, 30]. The 

peak near 1630 cm-1 corresponds to H-O-H bending vibration of water, while the peak at 

approximately 978 cm-1 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 cm-1) due to pillaring in all the pillared materials. The peaks at 906 

and 771 cm-1 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-1 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-1 were utilized to 

discriminate the Lewis and Brönsted 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-1 were observed. The peaks at 1443 and 1541 cm-1  represent the pyridine 

molecules interacted with Brönsted (B) acid sites [8, 21] whereas the peaks at 1491, 1522 

and 1635 cm-1 represent the pyridine molecules interacted with the Lewis acid site (L)  [8, 

32-34]. Moreover, the peak at 1558 cm-1 mainly corresponds to the pyridine species held by 

both the Brönsted and Lewis sites [8, 21, 32-34]. The presence of the Brönsted 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) Al-PILC, 

(c) Zr-PILC and (d) Al/Zr-PILC (3:1).  

 

CWAO 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 (WAO) 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 CWAO, removal of phenol increased significantly with 

increasing reaction time and the phenol removal were 74%, 88% and 100% after 120 min 

reaction for Al-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; hydroquinone, 

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 H2O. 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.  

 

 

 

 

 

 

 

 

 

 

 

 

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. 

 

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-1 to 

0.1098 min-1 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. 

 

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 kinetic 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-1 to 0.0432 min-

1 with the increase in catalyst mass from 1 to 2 g/L and then decreased to 0.0297 min-1 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. 

 

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 
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data obtained can be described by the first-order kinetic model. An increase in the kinetic 

reaction rate constant with the oxygen partial pressure was observed. 

 

 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 (R2 

= 0.9875) between ln 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 (k0), 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−1 [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−1 and 0.512 min−1, 

which were lower than 24.62 to 176 kJ mol−1 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. 

 

 

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 Al3+ and Zr4+ 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 Al-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−1.  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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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, N2 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 (CWAO) 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). 
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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. CWAO 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 

CWAO 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 CWAO 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 (2Al2O3·2MgO·5SiO2) 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 (SBET), 61 m2/g, total pore volume (Vtotal), 0.11 cm3/g, basal spacing (d001), 

1.24 nm and cation exchange capacity (CEC), 78.6 meq/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, Na2CO3, Al(NO3)3·9H2O, Fe(NO3)3·9H2O, Zr(NO3)4·

5H2O, Cr(NO3)3·9H2O, C6H5OH, HCl and NaOH were of analytical grade, purchased from 

Merck Chemicals (Pty) Ltd. High purity water (resistivity 18.2 MΩcm) purified by a Milli-Q 

water system (millipore) in the Mintek laboratory was used throughout this study. 

 

 

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 Al3+/Zr4+ intercalating pillaring 

agents [11]. The molar ratio of 3:1 mixed metal oxides of Al3+:Zr4+ 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 

LME1 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 μm). 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: 

 

∆w(%) =
(wb− wa)

wa
 × 100%                                                                                                      (1) 

 

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

of the monolith before (wb) and after (wa) 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 CoKα-radiation (1.78897 Å) over a 2θ 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 N2 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 (SBET) 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: 

 

Xph =
Cph,in − Cph,out

Cph,in
                                                                                                                         (2) 

 

where Cph,in  is the inlet phenol concentration and Cph,out  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-I 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% w/v ortho phosphoric acid) to 

convert any remaining inorganic carbon (CO3
2-) to CO2, which was then removed by nitrogen 

(instrument grade). The remaining organic carbon was then oxidised to CO2 using sodium 

persulphate (200 g/L) and UV light. The CO2 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: 

 

XTOC =
CTOC,in − CTOC,out

CTOC,in
                                                                                                                 (3) 

 

where CTOC,in is the inlet total organic content and CTOC,out 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 (µm) 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)z(H2O)n]
(3x+4y-z)+, 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.  

 

 

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. 

Sample Na (%) Mg (%) 
Al (%) 

 
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 

 
0.00 

15.37 

 

24.93 

 

59.70 

 
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 

 
0.01 

0.16 

 
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 IV 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. N2 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-PILCs powder before acid treatment was 230 m2/g, whereas 

the bare cordierite monolith support showed negligible BET specific surface area (< 1 m2/g). 

The reported BET specific surface area (0.16 m2/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 m2/g, 0.033 cm3/g and 4.9 nm to 

160 m2/g, 0.32 cm3/g and 5.9 nm, respectively. The obtained results can be ascribed to acidic 

Al/Zr-PILCs catalyst and SiO2 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 S1
BET (m

2/g) V2
pore (cm3/g) d4

pore (nm) 

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 

                 1Specific surface area (SBET); 2Total pore volume at p/p0 ~ 0, 99; 4Pore 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 



 

119 

 

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. 
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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 

CWAO reaction, the 10 bar oxygen partial pressure was used throughout the investigation. A 

similar behavior was observed by other researches in literature [40, 41]. 
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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. Suárez-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. Stüber 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 (9–6,800 

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 CWAO 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 CO2 and H2O 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 CO2 and H2O.  

 

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 CWAO 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 H2O and CO2 [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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Fig. 11. Proposed reaction pathway for the CWAO of phenol. 
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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 CO2 and H2O 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:  

dCphenol

dt
=  −(k1 + k2) ∙ Cphenol                                                                                                 (1) 

dCcatechol

dt
=  k1 ∙ Cphenol − k3 ∙ Ccatechol                                                                                   (2) 

dChydroquinone

dt
=  k2 ∙ Cphenol − k4 ∙ Chydroquinone                                                                 (3) 

dCp−benzoquinone

dt
=  k4 ∙ Chydroquinone − k5 ∙ Cp−benzoquinone                                              (4) 

dCmaleic

dt
=  k3 ∙ Ccatechol + k5 ∙ Cp−benzoquinone − k6 ∙ Cmaleic acid − k7 ∙ Cmaleic acid          (5) 

dCmalonic acid

dt
=  k6 ∙ Cmaleic acid − k8 ∙ Cmalonic acid                                                                 (6) 

dCoxalic acid

dt
=  k6 ∙ Cmaleic acid − k9 ∙ Coxalic acid                                                                         (7) 

dCformic acid

dt
=  k9 ∙ Coxalic acid − k10 ∙ Cformic acid                                                                     (8) 

dCacetic acid

dt
=  k8 ∙ Cmalonic acid − k11 ∙ Cacetic acid                                                                     (9) 
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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: 

Wph =  k1exp (−
E1

RT
)

CphCcatCO2

1 +  k2CO2
+  k3(Cph  +  Ci)

2                                                             (10) 

Wi =  k4exp (
E2

RT
)

CphCcatCO2

1 +  k5CO2
 +  k6(Cph  +  Ci)

2                                                                     (11) 

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: 

dCi

dτ
= viWapp                                                                                                                                      (12) 

where Ci is the concentration of reactants, τ is the residence time, vi  is the stoichiometric 

coefficient, i  is the index of reactants and Wapp  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 =  kappCph                                                                                                                           (13) 

     kapp =
1

1 βSex+1
k∗⁄⁄

                                                                                                                      (14)                                                                                          

where β is the coefficient of external mass transfer, Sex is the external specific surface area and 

k∗ is the reaction rate constant. The Sherwood number was used to calculate β: 

β =
ShD

deq
                                                                                                                                         (15) 

where D is the diffusion coefficient of phenol in water and deq is the equivalent hydraulic 

diameter in a catalyst bed [40]: 
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  Sh = 3.66 (1 + 0.095ReSc
deq

L
)

0.45

                                                                                 (16) 

Re =
udeqρ

μ
                                                                                                                                     (17) 

Sc =
μ

ρD
                                                                                                                                            (18) 

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

linear rate of the reaction flow, ρ is the flow density and μ 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: 

k∗ = υ
w

Cph
                                                                                                                                     (19) 

ν =
1

φ
                                                                                                                                             (20) 

φ =
dgr

2
√

w

CphDeff
                                                                                                                      (21) 

where υ is the efficiency factor, φ is the Thiele modulus, Deff 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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Fig. 12. Experimental and calculated phenol conversion at different flow rate. 

 

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 N2 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.  

 

List of acronyms 

Wph                   Phenol reaction rate                                             mol.L-1s-1   

Wi                     Intermediate reaction rate                                    mol.L-1s-1   

E2 &E1              Activation energy                                                 K.J.mol-1 

R                       Gas constant                                                         J.mol-1K-1 

T                       Temperature                                                         K 

Cph                     Phenol concentration                                           mol.L-1 

Ccat                    Catalyst concentration                                         mol.L-1 

CO2                    Oxygen concentration                                          mol.L-1 

Ci                       Intermediates concentration                                mol.L-1 
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k1 to k11              Rate constant                                                       mol.L-1s-1   

k2i, k3i, k5i & k6i  Adsorption constant                                             L.mol-1                             

τ                         Residence time                                                     s 

WAPP                  Phenol oxidation rate                                           mol.L-1s-1   

KAPP                   Pseudo first order rate constant                           mol.L-1s-1   

β                         Coefficient external mass transfer                      mol/(s. · m2)/(mol/m3) 

Sex                       External specific surface area of the catalyst     m-1 

k٭                        Reaction rate constant                                        mol.L-1s-1   

D                         Diffusion coefficient                                           m2/s 

deq                       Equivalent hydraulic diameter                            m 

L                         Monolith length                                                  mm 

Re                       Reynolds number 

Sc                         Schmidt number 

u                           Linear rate of reaction flow                               m/s 

ρ                           Flow density                                                      kg/m3 

μ                          Flow viscosity                                                    kg/m.s 

Sh                       Sherwood number 

υ                         Efficiency factor 

φ                        Thiele modulus  

Deff                    Effective coefficient of diffusion                         mm2/s 

w                       Intrinsic rate of reaction                                       mol.L-1s-1   

 

 

 



 

132 

 

Acknowledgement 

The authors wish to acknowledge financial support from the National Research Foundation 

(NRF)/ Department of Science and Technology (DST) of South Africa under Professional 

Development Programme (PDP) Project No. 96719 and Mineral Science Council of South 

Africa (Mintek) under CWO of Wastewater Project No. ADE 164. 

 

 

References 

[1] L. Zhou, H. Cao, C. Descorme, Y. Xie, Phenolic compounds removal by wet air 

oxidation based processes, Front. Environ. Sci. Eng. 12 (2017) 1. doi:10.1007/s11783-017-

0970-2. 

[2] F. Arena, C. Italiano, A. Raneri, C. Saja, Mechanistic and kinetic insights into the wet 

air oxidation of phenol with oxygen (CWAO) by homogeneous and heterogeneous transition-

metal catalysts, Appl. Catal. B Environ. 99 (2010) 321–328. 

doi:https://doi.org/10.1016/j.apcatb.2010.06.039. 

[3] A. Quintanilla, J.A. Casas, A.F. Mohedano, J.J. Rodríguez, Reaction pathway of the 

catalytic wet air oxidation of phenol with a Fe/activated carbon catalyst, Appl. Catal. B 

Environ. 67 (2006) 206–216. doi:https://doi.org/10.1016/j.apcatb.2006.05.003. 

[4] R.R. Zapico, P. Marín, F. V Díez, S. Ordóñez, Assessment of phenol wet oxidation on 

CuO/γ-Al2O3 catalysts: Competition between heterogeneous and leached-copper 

homogeneous reaction paths, J. Environ. Chem. Eng. 5 (2017) 2570–2578. 

doi:https://doi.org/10.1016/j.jece.2017.04.050. 

[5] A.E. de los Monteros, G. Lafaye, A. Cervantes, G. Del Angel, J.B. Jr., G. Torres, 

Catalytic wet air oxidation of phenol over metal catalyst (Ru,Pt) supported on TiO2–CeO2 

oxides, Catal. Today. 258 (2015) 564–569. doi:https://doi.org/10.1016/j.cattod.2015.01.009. 

[6] S. Yang, W. Zhu, J. Wang, Z. Chen, Catalytic wet air oxidation of phenol over CeO2-

TiO2 catalyst in the batch reactor and the packed-bed reactor, J. Hazard. Mater. 153 (2008) 

1248–1253. doi:https://doi.org/10.1016/j.jhazmat.2007.09.084. 

[7] 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. 

[8] J. Baloyi, T. Ntho, J. Moma, Synthesis and application of pillared clay heterogeneous 



 

133 

 

catalysts for wastewater treatment: a review, RSC Adv. 8 (2018) 5197–5211. 

doi:10.1039/C7RA12924F. 

[9] F. Tomul, Adsorption and catalytic properties of Fe/Cr-pillared bentonites, Chem. Eng. 

J. 185–186 (2012) 380–390. doi:https://doi.org/10.1016/j.cej.2012.01.094. 

[10] B. Liu, J. Du, X. Lv, Y. Qiu, C. Tao, Washcoating of cordierite honeycomb with 

vanadia-tungsta-titania mixed oxides for selective catalytic reduction of NO with NH3, Catal. 

Sci. Technol. 5 (2015) 1241–1250. doi:10.1039/c4cy01179a. 

[11] 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. 

[12] L. Han, Y. Wang, J. Zhang, Z. Lei, C. Huang, B. Chen, Acidic 

Montmorillonite/Cordierite Monolithic Catalysts for Cleavage of Cumene Hydroperoxide, 

Chinese J. Chem. Eng. 22 (2014) 854–860. doi:https://doi.org/10.1016/j.cjche.2014.06.006. 

[13] L. Tang, Z. Zhao, Y. Wei, J. Liu, Y. Peng, K. Li, Study on the coating of nano-particle 

and 3DOM LaCoO3 perovskite-type complex oxide on cordierite monolith and the catalytic 

performances for soot oxidation: The effect of washcoat materials of alumina, silica and titania, 

Catal. Today. 297 (2017) 131–142. doi:https://doi.org/10.1016/j.cattod.2017.06.016. 

[14] D.M. Gómez, J.M. Gatica, J.C. Hernández-Garrido, G.A. Cifredo, M. Montes, O. Sanz, 

J.M. Rebled, H. Vidal, A novel CoOx/La-modified-CeO2 formulation for powdered and 

washcoated onto cordierite honeycomb catalysts with application in VOCs oxidation, Appl. 

Catal. B Environ. 144 (2014) 425–434. doi:https://doi.org/10.1016/j.apcatb.2013.07.045. 

[15] J. Hwang, H.-J. Ha, J. Ryu, J.-J. Choi, C.-W. Ahn, J.-W. Kim, B.-D. Hahn, W.-H. Yoon, 

H. Lee, J.-H. Choi, Enhancement of washcoat adhesion for SCR catalysts to convert nitrogen 

oxide using powder spray coating of TiO2 on metallic honeycomb substrate, Catal. Commun. 

94 (2017) 1–4. doi:https://doi.org/10.1016/j.catcom.2017.02.002. 

[16] M. Tahir, Photocatalytic carbon dioxide reduction to fuels in continuous flow monolith 

photoreactor using montmorillonite dispersed Fe/TiO2 nanocatalyst, J. Clean. Prod. 170 (2018) 

242–250. doi:https://doi.org/10.1016/j.jclepro.2017.09.118. 

[17] H. Zhou, Y. Su, W. Liao, W. Deng, F. Zhong, Preparation, characterization, and 

properties of monolithic Fe/Al2O3/cordierite catalysts for NO reduction with C2H6, Appl. 

Catal. A Gen. 505 (2015) 402–409. 

[18] A.N. Shigapov, G.W. Graham, R.W. McCabe, M.P. Peck, H.K. Plummer, The 

preparation of high-surface-area cordierite monolith by acid treatment, Appl. Catal. A Gen. 



 

134 

 

182 (1999) 137–146. doi:https://doi.org/10.1016/S0926-860X(99)00003-4. 

[19] M.B. Adamowska, P. Da Costa, Structured Pd / γ-Al 2 O 3 Prepared by Washcoated 

Deposition on a Ceramic Honeycomb for Compressed Natural Gas Applications, J. 

Nanoparticles. 2015 (2014) 10–12. doi:http://dx.doi.org/10.1155/2015/601941. 

[20] E. Garcı́a-Bordejé, F. Kapteijn, J.A. Moulijn, Preparation and characterisation aspects 

of carbon-coated monoliths, Catal. Today. 69 (2001) 357–363. 

doi:https://doi.org/10.1016/S0920-5861(01)00392-3. 

[21] B.M. Sollier, L.E. Gómez, A. V Boix, E.E. Miró, Oxidative coupling of methane on 

cordierite monoliths coated with Sr/La2O3 catalysts. Influence of honeycomb structure and 

catalyst-cordierite chemical interactions on the catalytic behavior, Appl. Catal. A Gen. 550 

(2018) 113–121. doi:https://doi.org/10.1016/j.apcata.2017.10.023. 

[22] R.G. Mohite, A. Garg, Performance of heterogeneous catalytic wet oxidation for the 

removal of phenolic compounds: Catalyst characterization and effect of pH, temperature, metal 

leaching and non-oxidative hydrothermal reaction, J. Environ. Chem. Eng. 5 (2017) 468–478. 

doi:https://doi.org/10.1016/j.jece.2016.12.024. 

[23] J. Guo, M. Al-Dahhan, Activity and stability of iron-containing pillared clay catalysts 

for wet air oxidation of phenol, Appl. Catal. A Gen. 299 (2006) 175–184. 

doi:https://doi.org/10.1016/j.apcata.2005.10.039. 

[24] M.E. Suárez-Ojeda, A. Fabregat, F. Stüber, A. Fortuny, J. Carrera, J. Font, Catalytic 

wet air oxidation of substituted phenols: Temperature and pressure effect on the pollutant 

removal, the catalyst preservation and the biodegradability enhancement, Chem. Eng. J. 132 

(2007) 105–115. doi:https://doi.org/10.1016/j.cej.2007.01.025. 

[25] B. Larruy, A. Ayude, J. Font, A. Fortuny, C. Bengoa, A. Fabregat, F. Stüber, Gas feed 

composition modulation in phenol CWAO over active carbon, Chem. Eng. Sci. 62 (2007) 

5564–5566. doi:https://doi.org/10.1016/j.ces.2007.01.079. 

[26] M. Santiago, F. Stüber, A. Fortuny, A. Fabregat, J. Font, Modified activated carbons 

for catalytic wet air oxidation of phenol, Carbon N. Y. 43 (2005) 2134–2145. 

doi:https://doi.org/10.1016/j.carbon.2005.03.026. 

[27] S. Morales-Torres, A.M.T. Silva, A.F. Pérez-Cadenas, J.L. Faria, F.J. Maldonado-

Hódar, J.L. Figueiredo, F. Carrasco-Marín, Wet air oxidation of trinitrophenol with activated 

carbon catalysts: Effect of textural properties on the mechanism of degradation, Appl. Catal. B 

Environ. 100 (2010) 310–317. doi:https://doi.org/10.1016/j.apcatb.2010.08.007. 

[28] J. Guo, M. Al-Dahhan, Modeling Catalytic Trickle-Bed and Upflow Packed-Bed 



 

135 

 

Reactors for Wet Air Oxidation of Phenol with Phase Change, Ind. Eng. Chem. Res. - IND 

ENG CHEM RES. 44 (2005). 

[29] F. Stüber, J. Font, A. Fortuny, C. Bengoa, A. Eftaxias, A. Fabregat, Carbon materials 

and catalytic wet air oxidation of organic pollutants in wastewater, Top. Catal. 33 (2005) 3–

50. doi:10.1007/s11244-005-2497-1. 

[30] M.A.L. Rocha, G. Del Ángel, G. Torres-Torres, A. Cervantes, A. Vázquez, A. Arrieta, 

J.N. Beltramini, Effect of the Pt oxidation state and Ce3+/Ce4+ ratio on the Pt/TiO2-CeO2 

catalysts in the phenol degradation by catalytic wet air oxidation (CWAO), Catal. Today. 250 

(2015) 145–154. doi:https://doi.org/10.1016/j.cattod.2014.09.016. 

[31] A. Eftaxias, J. Font, A. Fortuny, J. Giralt, A. Fabregat, F. Stüber, Kinetic modelling of 

catalytic wet air oxidation of phenol by simulated annealing, Appl. Catal. B Environ. 33 (2001) 

175–190. doi:https://doi.org/10.1016/S0926-3373(01)00178-3. 

[32] S.S. Lin, D.J. Chang, C.-H. Wang, C.C. Chen, Catalytic wet air oxidation of phenol by 

CeO2 catalyst—effect of reaction conditions, Water Res. 37 (2003) 793–800. 

doi:https://doi.org/10.1016/S0043-1354(02)00422-0. 

[33] R.S.C. Advances, Synthesis and characterization of an efficient and stable Al/Fe 

pillared clay catalyst for the catalytic wet air oxidation of phenol, (n.d.). 

[34] F. Arena, C. Italiano, L. Spadaro, Efficiency and reactivity pattern of ceria-based noble 

metal and transition metal-oxide catalysts in the wet air oxidation of phenol, Appl. Catal. B 

Environ. 115–116 (2012) 336–345. doi:https://doi.org/10.1016/j.apcatb.2011.12.035. 

[35] A. Santos, P. Yustos, A. Quintanilla, S. Rodrı́guez, F. Garcı́a-Ochoa, Route of the 

catalytic oxidation of phenol in aqueous phase, Appl. Catal. B Environ. 39 (2002) 97–113. 

doi:https://doi.org/10.1016/S0926-3373(02)00087-5. 

[36] J.A. Zazo, J.A. Casas, A.F. Mohedano, M.A. Gilarranz, J.J. Rodríguez, Chemical 

Pathway and Kinetics of Phenol Oxidation by Fenton’s Reagent, Environ. Sci. Technol. 39 

(2005) 9295–9302. doi:10.1021/es050452h. 

[37] K. Lal, A. Garg, Catalytic wet oxidation of phenol under mild operating conditions: 

development of reaction pathway and sludge characterization, Clean Technol. Environ. Policy. 

17 (2015) 199–210. doi:10.1007/s10098-014-0777-9. 

[38] X. Li, Y. Cui, Y. Feng, Z. Xie, J.-D. Gu, Reaction pathways and mechanisms of the 

electrochemical degradation of phenol on different electrodes, Water Res. 39 (2005) 1972–

1981. doi:https://doi.org/10.1016/j.watres.2005.02.021. 

[39] D. Duprez, F. Delanoë, J. Barbier, P. Isnard, G. Blanchard, Catalytic oxidation of 



 

136 

 

organic compounds in aqueous media, Catal. Today. 29 (1996) 317–322. 

doi:https://doi.org/10.1016/0920-5861(95)00298-7. 

[40] O.P. Taran, A.N. Zagoruiko, A.B. Ayusheev, S.A. Yashnik, R. V Prihod’ko, Z.R. 

Ismagilov, V. V Goncharuk, V.N. Parmon, Wet peroxide oxidation of phenol over Cu-ZSM-5 

catalyst in a flow reactor. Kinetics and diffusion study, Chem. Eng. J. 282 (2015) 108–115. 

doi:https://doi.org/10.1016/j.cej.2015.02.064. 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

137 

 

 

 

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 

CWAO 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 CWAO 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 Al/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−1.  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 

CWAO 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 N2 

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 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.  

 

To conclude, novel pillared clay catalysts were successful prepared from natural bentonite clay 

for treatment of phenol in aqueous solution by CWAO 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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Supplementary materials 

 

Fig. S1: Experimental set up for phenol oxidation semi-batch reactor system. 

 

 

Fig. S2: HRSEM micrographs of: (a) Natural bentonite clay, (b) Al-PILCs, (c) Fe-PILCs, (d) 

Al/Fe-PILCs (1:3), (e) Al/Fe-PILCs (1:1), (f) Al/Fe-PILCs (3:1) and (g) Al/Fe-PILCs (6:1). 
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Fig. S3: Effect of mass transfer on the conversion of phenol in aqueous solution. (phenol 

conc, 1000 mg/L; volume, 200 mL; catalyst loading, 2 g/L; reaction time, 150 min; partial 

oxygen pressure, 10 bar; temperature, 100 °C). 
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Fig. S4: Effect of initial pH on conversion of phenol in aqueous solution. (phenol conc, 1000 

mg/L; volume, 200 mL; catalyst loading, 2 g/L; reaction time, 150 min; partial oxygen 

pressure, 10 bar; temperature, 100 °C). 
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Fig. S5: Effect of initial concentration of phenol in aqueous solution. (volume, 200 mL; catalyst 

loading, 2 g/L; pH, 3.0; reaction time, 150 min; partial oxygen pressure, 10 bar; temperature 

100 °C).  
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Fig. S6. Effect of catalyst mass on conversion of phenol in aqueous solution. (phenol 

concentration, 1000 mg/L; volume, 200 mL; pH, 3.0; partial oxygen pressure, 10 bars; 

temperature, 100 °C).  
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Fig. S7. Effect of reaction temperature on conversion of phenol in aqueous solution. (phenol 

concentration, 1000 mg/L; volume, 200 mL; pH, 3.0; reaction time, 180 min; partial oxygen 

pressure, 10 bar; catalyst loading, 2 g/L).  
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Fig. S8. Effect of oxygen partial pressure on conversion of phenol in aqueous solution (phenol 

concentration, 1000 mg/L; volume, 200 mL; pH, 3.0; reaction time, 180 min; temperature, 100 

ᵒC; catalyst loading, 2g/L).  
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Fig. S9. HPLC calibration curve for phenol. 

 

 
 

Fig. S10. HPLC calibration curve for acetic acid. 
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Fig. S11. HPLC calibration curve for formic acid. 

 

Fig. S12. HPLC calibration curve for maleic acid. 
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Fig. S13. HPLC calibration curve for hydroquinone. 

 

Fig. S14. HPLC calibration curve for pyrocatechol. 
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 Fig. S15. HPLC calibration curve for benzoquinone. 
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Fig. S16. Typical liquid chromatograms of phenol and intermediates in liquid sample. 1. 

Phenol; 2. Acetic acid; 3. Hydroquinone; 4. Maleic acid; 5. Benzoquinone; 6. Pyrocatechol; 7. 

Malonic acid; 8. Formic acid; 9. Oxalic acid. 
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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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Fig. S19. Designed continuous flow reactor tube. 

 


