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Abstract

In this study, phenol was oxidized in a trickle bed reactor operated in a continuous mode using
aluminum/zirconia pillared (Al/Zr-PILCs) catalyst. The reactor was connected to a gas
chromatography and a sample was taken every 1 h to analyze carbon dioxide emitted. A
commercial software (Ansys Fluent) was used to simulate experimental results obtained. The
powder catalyst (Al/Zr-PILCs) was wash-coated on a surface of cordierite monolith and dried
using different drying mediums. After wash-coating the catalyst, different drying methods
were used and two samples were dried in an oven at 40 °C and 60 °C while others were dried
using thermally assisted microwave and room temperature. X-ray diffraction peak of natural
bentonite shifted from 8.25° to lower angle of 7° and basal spacing increased from 12.44 to
15.15 A’ confirming that natural clay was successfully pillared. However, montmorillonite
peak disappeared after wash-coating the catalyst on the surface of a support due to the
amorphous phase of SiO- shielding the peak. The morphology of the catalyst was determined
using scanning electron microscopy (SEM) and the results clearly showed that the surface of
the catalyst was smooth and no cracks were observed when all drying mediums were used due
to hygroscopic nature of glycerol. The sample dried using thermally assisted microwave oven
was smoother compared to others due to heat that is homogeneously dispersed inside the
microwave.

To test catalyst activity and reaction kinetics, phenol was oxidized in a trickle bed reactor
operated at 10 bar and temperatures ranging between (120-160 °C) over Al/Zr-pillared clay
catalyst using monolith as a support. To understand the kinetics of the process, different
variables were studied including reaction temperature and liquid flow rate. It was concluded
that an increase in temperature has a positive impact on phenol conversion, whereas an
increase in liquid flow rate has a negative effect. A simple power law model was used to
model reaction kinetics and the activation energy was found to be 42.289 kJ/mol. To
understand the behaviour of the fluid inside the reactor, a computational fluid dynamics
(CFD) model was developed from experimental data using an Euler-Euler model. The model
indicated that a hot spot was formed near the center of the reactor due to liquid mal-
distribution. Moreover, incorporating monolithic structure in a reactor packing material
helped to lower pressure drop due to low velocities inside monolith channels. When the

reactor was modeled at 160°C and 10 bar phenol was completely oxidized to CO..
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Chapter 1: Introduction

1.1 Background

Industrial processes use a lot of water which must be treated in the effluent plant before
discharging it to the municipal wastewater treatment plant (Adekola & Majozi 2017).
Industrial wastewater usually contains a high concentration of toxic organic compounds
including phenol and its derivatives (Lal and Garg, 2014; Zuo et al., 2017; Baloyi et al,
2018a, 2018Db). Phenolic wastewaters originate from a number of industrial processes making
it a model pollutant for bio-toxic and non-biodegradable organic pollutants. Moreover, phenol
is an intermediate product found in the oxidation of aromatic hydrocarbons (Chicinas, et al
2018). In addition, it is listed as a priority pollutant by the United States Environmental
Protection Agency (Lal & Garg 2014). The use of phenol in petroleum, petrochemical,
pharmaceutical, paint, pulp and paper, plastic and refinery industries is common (Masuku &
Biegler 2019; Baloyi et al. 2018a; Seadira et al. 2018; Villegas et al. 2016; Sun et al, 2015).
There are different wastewater treatment methods available such as, biological (Krastanov et
al, 2013; Pradeep et al., 2015; Alves et al., 2017; Zhou et al., 2018), adsorption (Frascari et
al. 2019; Sun et al. 2019; Luo, et al 2015), electrochemical oxidation (Abbas & Abbas 2019;
Liu et al. 2019), incineration (Wang, et al 2019; Ye, et al 2011), reverse osmosis (Al-Obaidi et
al., 2017; Al-obaidi et al., 2019a, 2019b) and advanced oxidation processes (Cao et al., 2018;
Dewidar et al.,, 2018; Radwan et al., 2018). Microbial degradation is unsuitable for
wastewater that has high concentration of phenol because of its toxicity. Moreover, the
process produces a byproduct that poses environmental problems such as activated sludge
(Krastanov et al., 2013; Yu et al., 2016; Guerra-que et al., 2019). Incineration is energy-
intensive and is only applicable when waste has a chemical oxygen demand (COD) of at least
300 g/L (Cybulski 2007). On the other hand, reverse osmosis produces a concentrated and
smaller waste making disposal easy however, the costs of membrane replacement and energy
requirement are high (Crini and Lichtfouse., 2019; Pervov and Nguyen., 2019; Tatataj et al.,
2019). The incapability of traditional methods to effectively remove refractory organic
wastewater makes it clear that there is an urgent need to develop more efficient and economic
processes for treating refractory wastewater before discharging it to water bodies.

Advanced oxidation processes (AOPs) such as catalytic wet air oxidation (CWAOQ) offer an
alternative solution for treating refractory wastewater. CWAO gained a lot of interest over
the past two decades because of its ability to oxidize toxic wastewater and complete

mineralization of organic pollutants (Fortuny et al., 1995; Maugans and Akgerman., 2003;



Suérez-Ojeda et al., 2007; Monteros et al., 2015; Baloyi et al., 2018b). Moreover, CWAO is a
heterogeneous process, so an additional stage of separating the catalyst from the solution is
not required in most instances hence making the process more economic (Serra-Pérez et al.,
2019). However, the process has some disadvantages like leaching and sintering of active
material at high temperature and low pH. Therefore, the use of highly active, stable and
inexpensive catalysts will make the technology more feasible.

The use of pillared clays (PILCs) in heterogeneous CWAO is gaining a lot of interest due to
low cost and improved surface area of the catalyst. In a normal process, natural bentonite is
modified by forming metal oxides pillars which transform the structure to form high surface
area micro-porous cross-linked layers. Figure 1 show different stages followed to
synthesize Al/Zr-PILCs catalyst. PILCs are known to have high acidity and thermal stability
making them preferable for most processes (Mohino, et al 2005). However, PILCs are limited
to laboratory applications as there is great difficulty in shaping them from powders to
commercial shapes (Baloyi et al, 2018a). The use of monolith in heterogeneous catalysis is common
because they can be easily scaled-up and the conditions within individual channels remain the same
when the catalyst is scaled up (Cybulski., 2007).
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Figure 1: Schematic representation of bentonite clay pillaring process adopted from (Baloyi
et al., 2018c).

Furthermore, monolithic catalysts are used in flow reactors mainly because of low-pressure
drop, mechanical stability, uniform flow, high external surface area and low axial dispersion
(Baloyi., 2019). Trickle bed reactor (TBR) is one of the most used flow reactors in chemical




and petrochemical industry (Moghaddam et al., 2019; Zhang et al., 2019). TBR are normally
operated in two flow regime namely, low interaction (trickle flow) and high interaction
regime (pulse, spray or bubble) as shown in Figure 2. The main challenges associated with the
use of this reactor are; liquid mal-distribution resulting in channeling and the formation of hot
spots when the reaction is exothermic. The formation of hot spots may result in catalyst
deactivation and reactor thermal ran away. In this study, computational fluid dynamics (CFD)

is used to model the reaction and to predict the formation of hot spots.
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Figure 2: Fluid flow regimes inside the TBR (Ahmed ., 2012).

1.2 Research Motivation

TBR is widely used in many industrial processes and in this reactor both liquid and gas flow
co-currently downward. However, there are few challenges associated with this type of
reactor such as measuring the interaction between gas, liquid and solid. The reactor flow
regime is dependent on superficial mass velocity, fluid properties (density, viscosity, etc.) and
design parameters. In most instances, the reactor is operated between low and high interaction
regime. Low interaction regime is characterized by low gas-liquid velocities and less gas-
liquid interaction while high interaction regime is the opposite. These flow regimes are
directly linked to kinetics and hydrodynamics of the reactor. The complex interaction of fluid

dynamics and reaction Kkinetics makes scaling up of laboratory reactors to industrial reactors



very difficult. Moreover, changes in hydrodynamic parameters are significant when
laboratory reactors are scaled up to commercial reactors and correlations developed in a
laboratory reactor might not work. Ranade et al, (2011) suggested that the scale of the reactor
affects the performance of a TBR and they also listed several factors that are directly affected.
These authors listed the following factors as the most affected during up-scaling; reactor to
particle diameter ratio, reactor volume, bed porosity, wetting, channeling, liquid mal-
distribution, dispersion and reactor operating mode (isothermal/adiabatic). Moreover, wall
effect is predominant in laboratory TBR whereas flow mal-distribution is common in
industrial reactors due to large bed diameter. On the other hand, CFD models should be
independent of the scale of the reactor when the design is correct. These models are based on
conservation of mass, energy and momentum. In this study, a CFD model was developed to
predict phenol degradation in a laboratory reactor and the results will be used to understand

the behavior of the process in the industrial scale.

1.3 Problem statement and purpose of the study

The High-Level Panel on Water (HLPW) estimated that 36 % of the world’s population
resides in water scares areas and half of the world’s population will be at risk by 2050
(Zhuwakinyu and the Research Unit of Creamer media., 2018). Over the last ten decades,
water usage increased by a factor of six and it is continuing to increase at a constant rate of
about 1 % annually due to population growth and economic developments (United Nations
World Water Assessment Programme., 2018). By 2017 world population was reported to be
7.7 billion and this number is expected to be between 9.4 and 10.2 billion by 2050 and more
than half of forecasted population growth is expected to be in Africa with population of
around 1.3 billion followed by Asia with 0.75 billion (United Nations Department of
Economic and Social Affairs., 2017). Currently, about 70 % of water worldwide is used for
agricultural purposes and 20 % is used for industrial applications and domestic activities
account for 10 %. Most of the industrial water is used in the energy sector which accounts for
75 % and the remaining 25 % is used in manufacturing ( Zhuwakinyu and the Research Unit
of Creamer media., 2018). Industrial wastewater usually contains a high concentration of
refractory organic compounds including phenol and its derivatives (Baloyi et al., 2018a,b;
Zuo et al.,, 2017; Lal & Garg., 2016). Phenol is highly soluble in water and industrial
wastewater contain phenol in the range of 200-1500 mg/l while Environmental Protection
Authority’s limit for wastewater discharge is 0.5 mg/L for surface water and 1 mg/L for
sewerage water (El-Ashtoukhy et al., 2013).



There are different methods available for the treatment of industrial water such as adsorption,
reverse osmosis, biological, incineration and CWAO. The use of these methods is constrained
by high capital cost, high maintenance cost, high energy consumption and expensive
catalysts. The use of heterogeneous catalysts in CWAO makes the process more attractive
because additional cost of separating the catalyst is eliminated. Baloyi (2019) reported that
South Africa has bentonite clay reserves that can last for more than 60 years if mined at the
current rate of 120 kiloton/annum. The application of pillared clays (PILCs) as a green
catalyst in AOPs, has gained a lot of interest because they are cheap, abundant and naturally
occurring. However, commercialization of PILCs is challenging because when the
conventional method is used production can take days and large volumes of water are used.
Another problem associated with the industrialization of PILCs is that the properties of the
powder catalyst must be exactly the same as the up-scaled commercially shaped catalyst
(pellet or monolith).

In this study naturally occurring South African bentonite clay was used to produce PILCs
catalyst and innovative techniques such as ultra-sonication were used to reduce processing
time. Furthermore, dry clay was added directly to the pillaring solution to lower water

consumption and cordierite monolith was used as catalyst support.

1.4 Research aim and objective(s):

The main aim of this research was to study hydrodynamics and kinetics of a trickle bed
monolith reactor and model the behavior of the process.

In order to achieve this aim, the specific objectives of this study are:

1. To synthesis and characterize Al/Zr pillared clay monolith catalyst

2. To investigating the kinetic parameters of the system (phenol) with effects of operating
conditions (Temperature and Liquid velocity).

3. To develop a CFD model using ANSYS Fluent software to predict phenol degradation and

temperature profile inside the reactor.

1.5 Novelty of the study

There are few studies that focus on preparation and characterization of PILCs catalyst and its
use in CWAO of refractory organic pollutants. However, no study in literature so far reported
on the use of South African bentonite clay PILC- monolithic catalyst used on CWAO of
phenol in a TBR. To the best of our knowledge, this is the first study to simulate CWAO of

phenol using a novel Al/Zr-PILC catalyst supported on a cordierite monolith.



1.6 Research questions

This study will attempt to answer the following questions;
I.  What is the effect of temperature on phenol conversion?
Il.  What is the effect of liquid flow rate on phenol conversion?

I1l. Isthere a difference between experimental and CFD results?

1.7 Outline of the dissertation

In Chapter 1, a detailed background, problem statement, research motivation, main and
specific objectives are covered.

In Chapter 2, detailed literature review about reaction mechanism, kinetics, homogeneous
and heterogeneous processes and CFD modeling. This chapter was published as; Tladi J.
Makatsa, Jeffrey Baloyi, Thabang Ntho and Cornelius M. Masuku, Catalytic wet air
oxidation of phenol: Review of the reaction mechanism, kinetics and CFD modeling, Critical
reviews in environmental science and technology (2020).

In Chapter 3, synthesis and characterization of Al/Zr pillared clay catalyst is presented. The
results of this chapter were presented in a conference of South African advanced material
initiative (CoSAami), 2019; SJ Baloyi, TJ Makatsa, M Govender, TA Ntho and CM
Masuku, Wash-coating of cordierite monolith with novel Al/Zr pillared clay catalyst:
Comparison of drying methods.

In Chapter 4, activity test and kinetics study of phenol was performed in a TBR over Al/Fe
pillared clay catalyst. This chapter has been published as; TJ Makatsa, J Baloyi, T Ntho and
CM Masuku, Kinetic study of phenol oxidation in a trickle bed reactor over Al/Zr-pillared
clay catalyst, IOP Conf.Ser:Mater.Sci.Eng (2019).

In Chapter 5 give a summary of conclusions and recommendations for future studies.



Chapter 2: Literature Review

2.1 Homogenous and heterogeneous systems

Numerous researchers have reported salts of Fe, Cu and Mn-based catalysts as commonly
used homogenous catalysts in CWAO process, due to remarkable performance for
degradation of phenol at lower temperature (120-180 °C) and lower pressure (5-80 bar) (Gao
et al., 2018; Trinidad et al., 2019; Guerra-que et al., 2019). Moreover, the process control and
reactor design of homogenous catalysts is reported to be less complex as compared to the
heterogeneous CWAO process. Arena et al., (2010) found that Fe-, Cu- and Mn-based
catalysts were able to remove phenol at oxygen partial pressure of 9 bar, temperature of 150
°C and reaction time of 360 min. Parvas et al., (2014) reported that the CuO/CeO2-ZrO;
nanocatalysts synthesized via co-precipitation and ultrasound-assisted method was able to
achieve complete conversion of phenol with initial phenol concentration of 1000 mg/L at 160
°C and atmospheric oxygen partial pressure after 180 min. Garg and Mishra (2013) reported
90% degradation of phenol over CuSO4 as homogenous catalyst by CWAO process at 120 °C
and 5 bar pressure after 4 h reaction time. The homogenous catalysts have proven to be
highly active for the phenol degradation and total organic carbon (TOC) removal at lower
temperature and lower pressure. However, the homogenous catalyst system is not
economically viable due to additional separation steps of dissolved ions after CWAOQ process
which would increase surplus equipment and cost required. Therefore, finding an alternative
catalytic system for phenol oxidation which is effective, high energy efficient and cheap with
the potential to treat phenol and other highly toxic organic pollutants is important. In this
case, the heterogeneous CWAO process has been reported by various researchers as the most
promising process for phenol oxidation on large scale applications due to its simplicity in
separation and operation.

Recently, numerous heterogeneous catalysts such as noble metals, non-noble metals and metal
oxides have been used. The catalytic activities of the various catalysts in the CWAO reaction
of phenol are summarized in Table 1. Various researchers have synthesized different
heterogeous catalysts with the aim of discovering robust, cheap and efficient solid catalysts,
ensuring the total oxidation of highly toxic and recalcitrant in wastewater at mild reaction
conditions (Davies et al 2018; Ukonu 2018). For example, Yang et al., 2012 studied the
CWAO of phenol at 155 °C and 25 bar pressure using Multi-walled carbon nanotubes
(MWCNTSs) functionalized by different oxidants (HNO3/H2SO4,H20,,03 and air). All



functionalized catalysts showed good catalytic activity, whereas the Oz-treated MWCNTS had
the highest activity with 100% phenol and 80% TOC removals after 120 min reaction.
Furthermore, the Os-treated MWCNTSs showed high stability in the cyclic reactions. It was
suggested that the high amount of carboxylic acid groups and weakly acidic nature of the
surface on the functionalized MWCNTSs play a significant role for the superior catalytic
activity of the MWCNTSs. Arena et al., (2012) studied phenol oxidation over MnOx-CeO>
catalyst and found that the catalyst was highly active at mild temperatures of 100 °C and a
total pressure of 10 bar. It was reported that complete phenol removal was achieved within
40 min reaction time, while 80% of TOC conversion was achieved after 60 min. The high
catalytic performance of the catalyst was attributed to the rapid adsorption of phenol and its
intermediates. The treatment of phenol oxidation was studied by Lai et al., 2019 using Cus-
Al-500 at 120 °C and 10 bar pressure. The catalyst was found to be stable and complete
conversion of phenol and 99% COD was achieved within 120 min. Good -catalytic
performance was attributed to the redox transitions of Cu?*/Cu* and/or the formation of H.O;
and the surface acidity of the catalyst in reaction mixture. Yang et al., 2014 studied the
treatment of phenol by CWAO process at 155°C and 25 bar pressure using graphene oxide
(GO) and chemically reduced graphene oxides (rGO). The phenol conversion of 100% and
mineralization of 84% and 80% was observed with GO and rGO, respectively. High catalytic
performance was because of increased surface area and big pore volume of graphene which
improves adsorption capacity of the catalyst. de los Monteros et al., 2015 studied CWAOQO of
phenol over Ru and Pt supported on TiO>—x wt% CeO- at 155°C and 20 bar pressure. The
(Ru,Pt)-TiO>—CeO- catalysts showed high activity towards oxidation of phenol by achieving
100% phenol conversion and 88% TOC removal. Baloyi et al, 2018 reported the complete
removal of phenol and 88% TOC removal after 120 min at 100 °C and 10 bar over low-cost
Al/Zr-PILCs catalyst. The catalyst was very stable and a negligible amount of Zr** was found

in the leachate after six runs.



Table 1: Performance comparison of the results of phenol oxidation with CWAOQO using

various catalysts.

Catalyst Reactor Conditions Effect Ref.
MWCNTSs Batch 155 °C, 25 bar,  100% phenol (Yangetal.,
1000 mg/L, 120 removal, 75% 2012)
min TOC removal
MnOx-CeO2 Autoclave 140 °C, 20 bar,  100% phenol (Arenaetal.,
1000 mg/L, 60  removal, 98% 2012)
min TOC removal
Cus-Al-500 Autoclave 120 °C, 10 bar,  100% phenol (Laietal.,

2000 mg/L, 120 removal, 99% 2019)
min COD removal

GO Batch 155 °C, 25 bar,  100% phenol (Yangetal.,
1000 mg/L, 120 removal, 84% 2014)
min TOC removal

rGO Batch 160 °C, 7 bar, 100% phenol  (Yang et al.,
1000 mg/L, 120  removal, 80%  2014)
min TOC removal

(Ru,Pt)-TiO2- Batch 160 °C, 20 bar, 100% phenol  (de los

CeO2 2098 mg/L, 180  removal, 88%  Monteros et al.,

min TOC removal  2015)
Al/Zr-PILCs Autoclave 100 °C, 10 bar, 100% phenol  (Baloyi et al.,

1000 mg/L, 120  removal, 88%  2018)
min TOC removal

2.2 Reaction mechanism

The reaction mechanism of phenol oxidation is a complex process resulting in the formation
of aromatics, lightweight carboxylic acids and inorganic compounds (CO2 and H20). The
reaction mechanism requires an understanding of the reactions that take place on the surface
of the catalyst together with intermediates and final oxidation products (Braga et al., 2018). In
most instances, phenol oxidation takes the following route; oxidation, decarboxylation,
dehydration or combination of all steps (Eftaxias, 2002). According to Eftaxias (2002), the
relevant phenol oxidation reactions at the catalyst surface causing the oxidation of phenol can

be expressed as follows:

RH-OH+cat —> Re+H=0 ++H—cat (1)
ReH=0+0;, —> RHO-00+ ()
RHO-00++RH-OH —> ROH-OOH+R+H=0 (3)



where RH — OH represents phenol, R « H = O is phenoxy radical while RHO — OOe
corresponds to peroxy radical.

Several studies have been conducted by different researchers with the aim of determining
intermediate species formed on the surface of the catalyst. The findings are still controversial
because some scholars reported that phenol can be directly oxidized to CO2 and H20 (Figure
6 & Figure 7) without the formation of intermediates while others claim the formation of
polymerization product (Figure 5) and acetic acid via an indirect mechanism. In some
instances, acetic acid can be fully oxidized to CO2 and H20 while in some cases it is resistant

to the oxidation process.

2.2.1. Indirect Mechanism

Wang et al., (2014) proposed a different mechanism from the ones in literature, they used
functionalized carbon materials as catalysts (multi-walled carbon nanotubes, nanofibers, and
graphite) to investigate phenol oxidation. Phenol was oxidized in a 1 L autoclave reactor
equipped with a stirrer, heating device and cooling coil. The reactor temperature and pressure
were kept constant at 160 °C and 25 bar. To identify intermediates they used HPLC with 60
% methanol in water plus 0.1 % acetic acid as mobile phase and ODS-3 column. The removal
of phenol over this catalyst reached almost 100 % after 120 min, suggesting that these
catalysts are very active. The results obtained can be attributed to carboxylic acids found on
the surface of functionalized carbon material improving their activity. In their study, catechol
was not detected like in most papers in open literature and they suggested that it might be
because of different catalysts used. Maleic, fumaric and very low concentrations of cis
butenedioic anhydride were also detected. To further understand the reaction path; pure
standards of maleic, malonic, acetic, oxalic and formic acid were also oxidized. In CWAO of
maleic acid, the following intermediates were found; malonic acid, oxalic acid, acetic acid,
and formic acid. Acetic acid was not detected in the first 30 min of the experiment showing
that it is not directly produced from the oxidation of maleic acid instead it might be produced
from malonic and oxalic acid. In the oxidation of malonic acid, a sharp decrease in
concentration was observed while both acetic and formic acids were shortly detected in the
solution suggesting that these two are direct products of malonic acid oxidation. Two peaks
were detected by HPLC when acetic acid was oxidized, one was assigned to acetic acid and
the other one was unknown. An assumption was made that this unknown peak belongs to
dioxirane but it was never confirmed since dioxirane of high purity was not available.

Oxidation of formic acid follows the same route as the one reported by Santos et al., 2002.
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Santos et al., (2002) proposed a mechanism for formic acid oxidation and suggested that it
follows a termination path in the free radical mechanism whereby hydroxyl radical attacks it
to remove hydrogen bonded to carbon and the free radical «COOH to form oxalic acid.
Moreover, they found that when conditions are suitable, formic acid and oxalic acid mutually

interconvert. After careful considerations the authors proposed a reaction path in Figure 3.

OH OH O
|
- > .
|
OH O
0 l | I
H
HO\H/ | OH |
0 O (I
l l 0,
HOOCCH,COOH » HCOOH HOOCCOOH
CH3;COOH » CO, + H,O
CH-,0,

Figure 3: Reaction mechanism for CWAO of phenol in a batch reactor using functionalized
carbon material as catalyst proposed by (Wang et al. 2014).

Quintanilla et al., (2006) proposed a reaction pathway shown in Figure 4 for phenol oxidation
over Fe supported on activated carbon (AC) catalyst. The proposed study was carried out in a
trickle bed reactor with an inside diameter of 8.5 and 305 mm length and the reactor was
operated between (100 °C, 127 °C and 8 bar), pressure and flow rates were kept constant by
mass flow controller and back pressure valve. Phenol and other intermediates were measured

by HPLC using Nucleosil C1g column (15 cm, 4.6 mm, 5 pum) with a mobile phase of 4 mM
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sulphuric acid mixed with acetonitrile (9:1, v/v). During CWAO of phenol calculated values
of total organic carbon (TOC) were higher than the measured ones at low reaction times,
indicating that there are some unidentified intermediates. These unidentified intermediates
were assigned to condensation products belonging to aromatics or quinone-like since a strong
brownish color was observed. At high reaction times, these compounds were not present since
calculated TOC results were in agreement with measured results and this was confirmed by a
colorless solution.

The formation of p-hydroxybenzoic acid follows two routes: it can be formed when phenol
interacts with oxygen groups found on the surface of activated carbon or from the oxidation of
chemically adsorbed species on the surface of AC previously formed by oxidative coupling
reaction of phenol and aromatics. During oxidation of intermediates, 90 % of hydroquinone
was converted to p-benzoquinone. When p-benzoquinone was oxidized 100 % conversion
was achieved with maleic, malonic, acetic and formic acid identified as intermediates.
However, a small difference was observed between TOC and p-benzoquinone conversion
values in the reactor exit. Thus, suggesting that most of p-benzoquinone was converted to
CO2 and H>O via oxalic acid. Oxidation of p-hydroxybenzoic acid produced maleic, acetic
and formic acid. Unidentified species were neglected due to close values of measured and
calculated TOC. Maleic acid was the main product of oxidation. At high reaction time, 100 %
of oxalic acid was converted to CO. and H2O. In addition, oxidation of maleic acid produced
fumaric, acetic and formic acid whereas formic acid concentrations were higher than acetic
acid at TOC values ranging between 20 and 40 %. The measured and calculated TOC values
were in agreement indicating complete oxidation of maleic acid. Formic acid was completely
mineralized when it was oxidized at 127 °C and 8 bar whereas no conversion was observed
when acetic acid was oxidized. Furthermore, malonic acid was oxidized to acetic acid and
CO.. However, traces of formic acid were detected but measured and calculated TOC values

indicated that all intermediates were identified.
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Figure 4: Schematic diagram of CWAO of phenol reaction mechanism in the presence of
Fe/AC catalyst (Quintanilla et al, 2006).

Lal and Garg (2014) investigated phenol oxidation under mild operating conditions (120 °C
and 5 bar) using a homogeneous copper catalyst in a 0.7 L high-pressure stainless steel batch
reactor equipped with a stirring rod. The reactor was equipped with a heating jacket and the
temperature was regulated using a proportional integral derivative (PID) controller. Similarly,
they used HPLC to measure intermediates and Synergi Cig column (25 cm, 4.6 mm, 4 pum).
Phosphate buffer was mixed with acetonitrile (9:1, v/v) and used as a mobile phase. Phenol
was completely oxidized within 30 min and parallel reaction pathway was confirmed by the
appearance of hydroquinone and catechol. Samples collected between 15 and 30 min showed

the presence of p-benzoquinone due to breaking down of hydroquinone. However, o-
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benzoquinone was not detected when catechol was oxidized due to the unstable nature of this
compound caused by two adjacent C=0 groups. All organic acids (oxalic, formic, malonic,
maleic and fumaric) were detected within 15 minutes except acetic acid which appeared after
30 min. Acetic acid is formed during decarboxylation of malonic acid and oxalic acid might
break down to formic acid during this process. Moreover, traces of maleic and fumaric acids
were also detected and a significant concentration of oxalic acid was found after 3 h. In
addition, formic acid was decarboxylated by hydroxyl radicals to form CO; and H20 and the
authors proposed a mechanism in Figure 5. The reaction of hydroxyl radical can happen in
three ways: by hydroxyl addition, hydrogen abstraction or electron transfer. In the presence of

transition metals, CWAUO follows auto-oxidation mechanism in this manner:

CeHsOH L CeHsOHe + He ()
CeHsOHe+ + 0, —> CeHs000- (5)
CeHs000+ + HO —> CeHsOOO0H + HO- (6)
CsHsOOOH —> CsHs0e + HO2¢ (7)
CeHs0+ + CgHs0» —— CeHsOOCsHs (8)

Hydroxyl radicals are known to be neutral electrons and they attack at the high electron
density area of the molecule. Phenolic compounds have high electron density available at
ortho and para positions because of the resonance effect. Due to this effect; hydroxyl radical
attacks these positions to remove hydrogen or add oxygen leading to the formation of catechol
or hydroquinone. The formation of p-benzoquinone is due to the formation of stable free
radical formed when hydroquinone is attacked by the free radical. Benzoquinone has six
carbon chains and two have low electron density caused by oxygen electronegativity. The

electron density of the other four carbons can be increased by the presence of oxygen by
resonance, causing ring opening when HO* attacks these carbons. Some polymers were also

identified by Fourier Transmission Infrared (FTIR) microscopy showing the presence of

aromatics, olefinic and alcohols.
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Figure 5: Proposed reaction pathway for the CWAO of phenol in the presence of CuSOa4
catalyst (Lal & Garg 2014).

Most of the studies that suggest the formation of polymers as intermediates were performed in
a batch reactor at mild operating conditions in the presence of Cu?* catalyst. These polymers

are formed due to a high ratio of liquid volume to catalyst in the reactor. When the catalysts
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was characterized, the results indicated that polymerization products were present on the
surface of the catalyst. These polymerization products reduce the activity and reusability of
the catalyst by blocking access to active sites. However, when functionalized carbon materials
were used as catalysts at high pressure, polymerization products were not detected and phenol
was completely removed. Therefore, the use of a batch reactor in phenol oxidation is not
practical due to the high pressure required to avoid the formation of polymers and high costs
of catalyst regeneration. On the other hand, when TBR was used, polymerization products
were not formed and phenol was completely oxidized. However, when Cu?* catalyst was
used, analysis results indicated that Cu?* ions were present in the solution suggesting leaching
of the catalyst. Several studies reported that pillared clay (PILC) catalysts are stable and
leaching of active sites is insignificant (Guo and Al-Dahhan, 2003; Baloyi et al., 2018a;
Moma et al., 2018). Therefore, TBR should be used in the wastewater treatment of phenolic
compounds. In order to minimize leaching of active sites, it is advisable to use PILC catalyst
in CWAO of phenolic compounds.

2.2.2 Direct Mechanism

Using homogeneous copper catalyst in a 1 L stainless steel batch reactor equipped with three
blades of 20 mm propeller, Zapico et al., 2015 proposed a reaction pathway in Figure 6 after
oxidizing phenol using the following operating conditions, temperatures (100 — 140 °C) and
oxygen partial pressures of (5 — 12.5 bar). The reaction temperature was regulated using a
temperature-controlled oven. Their main aim was to determine the influence of operating
conditions (temperature, pH, and concentration) on phenol oxidation in acidic conditions.
When phenol was oxidized it was reported that a black solid (polymer) was formed when the
reaction was prolonged and this solid was insoluble in both polar and non-polar organic
solvent. This type of intermediate was also reported by (Levec and Pintar, 1995), and after
further testing, they concluded that this intermediate was a polymer. To confirm their results,
the authors used GC/MSD and proposed a mechanism that explained the formation of this
compound. The authors suggested that polymers are formed by stepwise addition of glyoxal
to phenol. In addition, at low pH value of 2 , phenol conversion with time was found to be
very low due to the formation of maleic acid and this was explained by the fact that reaction
rate is proportional to pH. At low pH, phenol is not oxidized because phenoxyl radicals
produced are immediately protonated, avoiding the formation of intermediates. After
analyzing the final product, the following intermediates were identified by HPLC using 5%

acetonitrile in water as a mobile phase and Agilent Zorbax SB-Aqg column (15 cm, 4.6 mm, 5
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pm); hydroquinone, p-benzoquinone, catechol, maleic and oxalic acid. Hydroquinone, p-
benzoquinone and catechol were completely removed at pH 4 after 5 hours; at lower pH
values, high reaction time was required. When COD analysis was performed, it was
discovered that oxidation takes place via two paths, direct oxidation of phenol to CO, and

H>0 and indirect mechanism which involves the formation of intermediates.
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Figure 6: CWAO of phenol oxidation reaction mechanism (Zapico et al. 2015).

Castaldo et al., (2019) investigated phenol oxidation in a glass semi-batch reactor operated at
95 °C and 0.3 MPa over a nanocomposite catalyst of PtRu/MoS, embedded in a hyper-

crosslinked resin. The reactor was equipped with a magnetic stirrer and the temperature was
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controlled using a heating jacket. In contrast to (Lal and Garg, 2014, Quintanilla et al., 2006),
these authors used UV-vis spectra and gas chromatography coupled with a mass spectrometer
(GC-MS) to measure phenol conversion. Moreover, carbon dioxide evolution was measured
using Siemens Utramar 22 analyzer. To test catalyst activity; two experiments were conducted
at 1000 and 4000 mg/L of phenol concentration while keeping operating conditions the same
in all experiments. When the experiment was conducted at high concentrations (4000 mg/L)
both acetic acid and hydroquinone were detected by UV-vis at low and high wavelengths after
240 min and 99.9 % of phenol was removed. Further tests were performed using GC analyzer
and after 300 min, phenol content was 30.1 % and a high concentration of acetic acid (96.61
%) was detected whereas insignificant amounts of hydroquinone (2.98 %) and p-
benzoquinone (0.41 %) were detected. These authors proposed a reaction mechanism in
Figure 7 and suggested that hydroquinone was the primary intermediate and it oxidizes fast to
form p-benzoquinone. Moreover, this intermediate (p-benzoquinone) oxidizes to form CO-
and carboxylic acids. When low concentration (1000 mg/L) was used, UV-vis spectra
indicated the presence of low molecular weight organic acid (acetic) after 30 min and these
results were confirmed by GC-MS. Furthermore, 99.9 and 97.1 % of phenol and TOC were

removed.
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Figure 7: Reaction mechanism of phenol oxidation proposed by (Castaldo et al. 2019)

It is interesting to note that Castaldo et al., 2019 managed to oxidize phenol directly to CO-
and H»O at mild operating conditions in a batch reactor and no polymers were formed. The
catalyst used in their study might be too expensive when the process is scaled up. Similar
results were also reported by Zapico et al., 2015 in their study. However, the authors reported
the formation of polymerization products. It is therefore, advisable to avoid the use of a batch
reactor in a homogeneous process because of the added costs of separating a catalyst at the
end of the process. The future research should focus on the development of inexpensive

catalysts that are highly selective to CO2 and H20 for heterogeneous processes.
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2.3. Operating parameter

2.3.1. Effect of temperature

It is generally accepted that an increase in temperature will result in high phenol conversion
due to the fact that the reaction rate constant is a function of temperature and activation

energy, according to the Arrhenius equation:
) (9)

Where K is the reaction rate constant, A is a pre-exponential factor, E, is activation energy, R

k = Aexp( RE_;‘

Is the gas constant and T is the temperature.

The increase in temperature also results in the formation of oxygen free radicals which can
react with oxygen and water to form peroxide (H202) and ozone (Oz) radicals. These radicals
can participate in phenol oxidation, thus increasing the efficiency of the process (Mohammed,
et al, 2016a). The study by Eftaxias et al., 2005 proved that the performance of unsupported
commercial activated carbon as a catalyst is highly dependent on temperature. They
investigated phenol oxidation using activated carbon as a catalyst in a trickle bed reactor
operated between 120 °C - 160 °C. Phenol and COD conversion improved when temperature
and space-time were increased resulting in conversions higher than 99 % for phenol, 85 %
COD at 160 °C and space-time greater than 0.4 h. Similarly, Mohammed (2014) studied the
effect of temperature on phenol oxidation in a trickle bed reactor operated between (120 °C -
160 °C) using activated carbon as a catalyst. After 1 h they reached 100 % conversion at 160
°C while at low temperatures (120 and 140 °C) low conversions were reported (88.6 and 92.7
%). Yang et al.,, 2014 also used carbon-based catalysts (graphene oxide and reduced
graphene) in a batch reactor. The reactor temperature was kept constant at 155 °C and
graphene oxide (GO) was found to be the most active catalyst achieving 100 % phenol
conversion in 40 min while 120 min was required to remove all phenol when reduced
graphene oxide (rGO) was used. Furthermore, over 80 % of TOC was converted after 120
min in both cases. Wu et al, 2005 used copper supported on activated carbon as a catalyst in a
batch reactor with a temperature range of (140 °C - 160 °C) and a similar trend was also
reported.

Ahmed, 2012 investigated phenol oxidation using 0.5 % Pt supported on y-Al>O3. Phenol was
oxidized in a trickle bed reactor operated between the temperatures of 85 °C and 140 °C.
They reported phenol conversions of 88.59 %, 75.6 %, 65 %, and 43.86 % at 140 °C, 120 °C,
100 °C and 85 °C, respectively. The formation of intermediates also increased with an
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increase in temperature. Mohammed et al., 2016 developed a kinetic model for phenol
oxidation in a trickle bed reactor using 0.48 % Pt/ y-Al.Oz spheres as a catalyst and the
reactor was operated between (120 °C - 160 °C). In their model Kinetics parameters were
estimated based on experimental data and from the data obtained they up-scaled the reactor to
predict the behavior of phenol oxidation in industrial reactors. At a temperature of 120 °C
phenol conversion was 87.954 % and when the temperature was increased to 140 °C and 160
°C phenol conversion increased significantly to 90.878 % and 93.13 %. On the other hand,
several authors used less expensive catalysts like MnO2/CeO2, Al/Zr pillared clay (PILC),
Al/Cr pillared clay, Al/Fe pillared clay, and Al-Fe pillared clay (Hamoudi et al, 1998; Guo
and Al-Dahhan, 2003; Mohammed and Abdullah, 2008; Baloyi et al, 2018a; Moma et al,
2018). Baloyi et al, 2018a studied phenol oxidation in a batch reactor operated at 100 °C, over
single metal oxide pillared clay (Al-PILC & Zr-PILC)) and mixed metal oxides (Al/Zr-PILC)
pillared clay catalyst. After a reaction time of 180 min, 100 % conversion was attained when
both single and mixed metal oxide catalysts were used in separate experiments. However,
high TOC removal was achieved when the mixed metal oxide catalyst was used (88 %)
compared to single metal oxide (61 %) after 180 min. Similar results were also obtained by
Baloyi et al, 2018a . Phenol was oxidized in a batch reactor operated at 100 °C using single
metal oxide pillared clay (Al-PILC & Cr-PILC)) and mixed metal oxides (Al/Cr-PILC)
pillared clay catalyst. After 120 min 100 % phenol was removed when Al/Cr-PILC (1:1 molar
ratio) was used and approximately (ca.) 84% of TOC was converted after 180 min whereas
when single metal oxides were used TOC conversion decreased from 84 to 36 %. In their
study Guo and Al-Dahhan, 2003 studied wet air oxidation of phenol over Al-Fe pillared clay
catalyst extrudes. Phenol oxidation was investigated between 90 °C and 150 °C in a basket
stirred tank reactor. According to their findings, phenol and its intermediates are highly
influenced by temperature increase. Furthermore, it was concluded that a 20 °C increase in
temperature can result in double phenol conversion in 1 h. In addition, they managed to
remove 0.5 g/L of phenol completely when the reactor was operated at 90 °C for 300 min,
whereas at 130 °C phenol was completely removed within 100 min. Phenol conversion was
faster compared to intermediates degradation due to the fact that short-chained carboxylic
acids are more stable and oxidation rate increase with a molecular weight of the acid
(Klinghoffer et al., 1998). Hamoudi et al., (1998) investigated phenol oxidation in a batch
reactor under mild conditions (80 °C — 130 °C) using MnO,/CeO- catalyst. They reported 100

% phenol removal at 130 °C after 30 min, while TOC conversion was more than 98 %. An
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increase in temperature was less pronounced for intermediates compared to phenol removal
indicating the formation of carboxylic acids.

In summary, the studies that were conducted using carbon-based catalysts indicated that at
high-temperature phenol was completely removed in a short period. This is because phenol is
reduced in two ways, adsorption and catalytic activity. The same results are also evident when
PGMs and PILC catalysts are used. However, PGMs are expensive and the reaction
temperature required to completely remove the pollutant is high irrespective of the catalyst
used. Furthermore, many studies involving the use of PILC catalysts are conducted in a batch
reactor. Therefore, more studies should be conducted to develop catalysts that are cheap and
highly reactive (PILC) to reduce reaction temperature and space-time using a different reactor

configuration (TBR) instead of batch.

2.3.2. Effect of initial phenol concentration

The study of the effect of initial phenol concentration is significant both from a mechanistic
and application point of view to investigate the dependence of phenol reaction rate kinetics on
the substrate concentration. Mohammed et al., (2016) investigated phenol oxidation in a
trickle bed reactor using 0.48 % Pt/ y-Al,Os catalyst while varying initial phenol
concentration from, 0.001, 0.003 and 0.005 g/L. When phenol concentration was increased
from (0.001-0.005 g/L), conversion increased from 80.35 to 94.75 % due to increased phenol
molecules on the active sites of the catalyst. Similarly, Abid et al., 2014 investigated the
effect of initial phenol concentration in a trickle bed reactor over 0.5 % Pt/ y-Al2Os catalyst
while varying phenol concentration between, 0.9, 2.5 and 5 g/L. The authors reported that an
increase in phenol concentration has a negative impact on phenol conversion, contradicting
the results reported by Mohammed et al., 2016 . Moreover, the conversion of phenol at 0.9
o/L was 67.47 % and when the concentration was increased to 5 g/L the conversion
decreased to 59.44 % indicating 8 % reduction. Resini et al., (2008) also investigated the
effect of phenol concentration between (0.035-0.118 g/L) over lanthanum strontium
manganite catalyst in a batch reactor. According to their observations, phenol conversion
decreased with an increase in concentration and they attributed this occurrence to transport
limitations of phenol on the surface of a catalyst. Similar results were also reported by Lal
and Garg, (2014), the researchers investigated the effect of initial phenol concentration
between (1-10 g/L) over the homogeneous copper salt catalyst in a batch reactor. A significant

amount of phenol was removed after 3 h with an increase from approximately 60 to 96 %.
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Moreover, phenol conversion increased with a decrease in concentration and similar trends
were also observed for TOC.

It is generally reported that the phenol oxidation rate increases with an increase in
concentration. However, this concept is true to a certain extend because a further increase in
concentration beyond a saturation point usually results in a decrease in phenol conversion.
This phenomenon is demonstrated in several studies conducted by different scholars to
determine the effect of phenol concentration. Their findings are still controversial because
some researchers claim that an increase in phenol concentration increases conversion while
others report the opposite. These controversial findings necessitate the need to investigate the
claim further to close the gap.

2.3.3. Effect of pH

At low pH values the following reaction takes place (Zapico et al. 2015):

PhO+ + H* €«<—> PhOH-* (10)

Zapico et al., 2015 investigated the effect of pH in a batch reactor operated between pH
values of (2- 4) using a homogeneous copper catalyst. According to their findings, phenol
conversion increased with an increase in pH. The induction period was also observed at pH 3
and 4 due to the initialization step of radical reactions and this phenomenon decreased with
increase in pH. This suggests that phenol is not oxidized at low pH values because
initialization reaction produces phenoxyl radicals that are immediately protonated avoiding
the formation of intermediates. The reaction rate is heavily dependent on pH, thus an increase
in pH affects the reaction rate positively. Abid et al., (2016) investigated the effect of pH in a
trickle bed reactor operated between pH values of (3- 10) using activated carbon (AC)
catalyst. The highest phenol conversion was achieved at pH 5 whereas when pH was
increased to 10, lowest conversions were observed. Furthermore, maximum adsorption was
recorded at pH 5 and when pH was increased above this point adsorption capacity decreased
and point of zero charge was found to be at pH 8. The catalyst surface was positively charged
during the reaction, therefore, experiencing high affinity for anions or ionized compounds.
Similarly, Guo and Al-Dahhan (2003) studied the effect of pH between 3.9-5.1 in a basket
stirred tank reactor over Al-Fe pillared clay catalyst. They studied phenol oxidation using two
solutions; in the first solution, pH was adjusted using sulfuric acid whereas in the second

solution pH was not adjusted. It was reported that when pH was adjusted, phenol removal rate
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was 2 times higher compared to when pH was not adjusted and 100 % conversion was
achieved at pH 3.9. Yadav et al., (2016) studied the effect of pH between 2.8 -8 in a batch
reactor using Fe supported on carbon-containing nanoparticle catalysts. During phenol
oxidation, a decrease in pH from 6 to 2.8 was observed indicating the formation of carboxylic
acids and 100 % conversion was achieved at pH 2.8 after 210 min. However, for safety
reasons they adjusted the pH to 8 using KOH so that the final pH of the solution after
oxidation will be ca.5 and the oxidation rate remained the same when compared with the first
experiment without pH adjustment and complete removal of phenol was achieved at the same
reaction time of 210 min.

In summary, the studies indicate that the system performs better when the solution is acidic.
However, acidic solutions are highly corrosive and can damage the reactor, thus necessitating
the use of corrosion-resistant materials during reactor design (Resende et al. 2018).
Moreover, at low pH most catalysts are leached increasing the cost of the catalyst. It is
therefore advisable to invest in the development of a catalyst that will reduce phenol directly
to inorganic compounds without the formation of carboxylic acids to avoid low pH values in

the reactor.

2.3.4. Effect of liquid and gas hourly space velocity

Liquid hourly space velocity (LHSV) has a negative impact on phenol conversion. This is due
to the fact that an increase in LHSV reduces space-time resulting in less contact time between
the phases. An increase in LHSV also increases film thickness and liquid holdup which
decreases contact time between gas and liquid on the catalyst active sites therefore resulting in
high resistance to mass transfer. However, the effect of gas flow is the opposite of LHSV with
an increase in gas flow resulting in improved phenol removal due to decreased film thickness,
liquid holdup and enhanced mass transfer. Abid et al., (2016) investigated the effect of both
liquid and gas flow rates on phenol oxidation using a trickle bed reactor over activated carbon
catalyst. They studied liquid flow rate of 1.662, 0.996 and 0.6 ml/min while gas flow rates
were 10, 20, 30 and 60 ml/min. According to their observation, an increase in LHSV has a
negative influence on phenol conversion with 79 % reached at 1.662 ml/min while 86.8 % and
95.6 % were reached when LHSV was decreased to 0.996 and 0.6 ml/min. Furthermore,
phenol removal reached 79.7 %, 82.5 %, 86.8 % and 83.5 % at gas flow rate of 10, 20, 30 and
60 ml/min, respectively. The maximum conversion was reached at 30 ml/min of gas flow due
to the decrease in film thickness and liquid holdup, whereas the decrease in conversion at 60
ml/min was due to a decrease in wetting of the catalyst surface caused by liquid mal-
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distribution. Similarly, Mohammed et al., 2016 investigated the effect of liquid and gas flow
on phenol oxidation in a trickle bed reactor using 0.48 % Pt/ y-Al>Oz catalyst operated in the
following gas flow, 20, 40, 80 and 100 % and liquid hourly space velocity between 1, 2 and
3 hl. The maximum conversion was reached at a gas flow rate of 80 % and a further increase
in gas flow resulted in a slight decrease in conversion due to the decreased spreading of the
liquid film. In their study Mohammed, 2014 studied the effect of gas and LHSV in a trickle
bed reactor that was operated between (60-100 %) stoichiometric oxygen excess (S.E) and
LHSV ranging from 1, 2 and 3 h* over activated carbon catalyst. It was reported that
maximum conversion was achieved when the gas flow rate was 80 % S.E and when the flow
rate was increased beyond this point, conversion was decreased due to the decreased.
However, phenol conversion increased with a decrease in LHSV and the following results
were reported when LHSV was 2 and 3 h, 87.16 and 82.5 %.

It can be concluded that an increase in gas flow has a positive influence whereas, LHSV has a
negative impact. A prior knowledge of the flow regime is required to choose the correct
design equation for TBR. Moreover, hydrodynamics and transport properties of the system
can change dramatically between the flow regimes impacting final results significantly.
Currently, empirical flow map or relationships are used to predict the flow patterns and there
is a limited theoretical foundation developed to predict the transition between the flow
regimes. On the other hand, an increase in computing memory and technological advances
saw an increase in the use of CFD and Tomography to understand the flow transition between
the regimes. For developing countries with limited resources, CFD is the cheapest technique
that can be used to understand the interaction between the phases.

2.4. Kinetic Model

Kinetics models are crucial for the design and up-scaling of laboratory reactors to industrial
reactors (Zarca et al, 2015). A simple power-law model can be used to determine the rate of
reaction in a trickle bed reactor as reported by (Eftaxias, 2002; Eftaxias et al., 2005; Abid et
al, 2014; Abid et al, 2016, Makatsa et al., 2019). The simple power law can be expressed as

follow:

—Tpn = Ko Exp [_EREKRT] .Cyxg " (11)
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Where, —r,;, is reaction rate, k,; is a frequency factor, E,; is activation energy, R is ideal gas
constant, T is temperature, xg_is dissolved molecular oxygen mole fraction, a is reaction order

with respect to oxygen concentration and C; is phenol concentration.

Abid et al, 2016 used a different catalyst and slightly higher temperature compared to their
previous study (Abid et al, 2014). In this study, they used activated carbon as a catalyst and
the reactor was operated between temperatures of (120 °C — 160 °C) and pressure of 2 to 9
bar. The activation energy was a bit higher (77.7 KJ/mol) and the reaction order with respect
to oxygen was 0.6. Abid et al, 2014 also used a power-law model to determine reaction rate
parameters using 0.5 % Pt/y-Al>Os catalyst in a trickle bed reactor operated between 85 — 140
°C and pressure of 1 to 6 bar. Oxygen reaction order was found to be 0.69 and activation
energy was 29.3 KJ/mol. Similarly, Eftaxias et al., 2005 used power law model to determine
reaction rate parameters over activated carbon (AC) catalyst in a trickle bed reactor operated
between temperatures of 120 — 160 °C and pressure of 1 and 2 bar. The kinetic model was
able to adequately predict phenol conversion only when the conversion was below 70 % and
for conversions above 70 %, the model overestimated experimental conversion. The deviation
was attributed to liquid maldistribution reinforced by the smaller reactor configuration.
Furthermore, phenol oxidation activation energy over the catalyst was found to be 69, 3+0.4
KJ/mol and the oxygen mole fraction was 1,015+0.02. Eftaxias, 2002 used both power-law
and Langmuir-Hinshelwood (L-H) model in a trickle bed reactor operated between
temperatures of (120 °C — 160 °C ) and pressure of 6 to 12 bar over two catalysts (CuO/y-
Al;0O3 and AC). It was reported that when power law model was used in the presence of CuO
catalyst; phenol and acetic acid were estimated very well, however, the model failed to predict
the remaining carboxylic acids and quinone-like compounds. In addition, L-H model was not
used for phenol oxidation because preliminary experiments obtained from adsorption
experiments indicated that phenol was not adsorbed on the surface of the catalyst. The
reaction activation energy was found to be 74.9 KJ/mol and the oxygen order was 0.311. In
contrast, when the AC catalyst was used, phenol destruction activation energy was slightly

lower (70.3%0.4 KJ/mol) and reaction order with respect to oxygen was 0.9510.02.

Another model that is commonly used to correlate adsorption-desorption of heterogeneous
catalysts is Langmuir-Hinshelwood (L-H) or Langmuir-Hinshelwood-Hougen-Watson
(LHHW) reported by (Eftaxias et al., 2001, 2006; Guo and Al-Dahhan, 2003; Wu et al, 2005).
Langmuir-Hinshelwood (L-H) model can be expressed as follows:
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r.=k G (12)

i TP 14T K C

Where r; is reaction rate, k,,; is reaction Kinetics constant, K; and K; are adsorption

constants, C; and C; are species concentrations.

Eftaxias et al., 2001 used the L-H model to determine kinetics parameters using a copper-
based catalyst (CuO/ y-Al>03s) with the temperature of the reactor between 120 °C — 160 °C.
They reported activation energy of 74.9 KJ/mol and an oxygen reaction order of 0.31. Table 2
summarizes kinetic models used by Guo and Al-Dahhan, 2003 in a basket stirred tank reactor
operated between 90 and 150 °C over Al-Fe pillared clay catalyst whereas Table 3 give a
summary of activation energies and reaction conditions. The power-law model (M1) is used
to correlate the simplest form of the surface reaction rate. As can be seen from the reaction
mechanism of model M2, adsorption and desorption of phenol and oxygen take place on the
same site and a more complex model like LHHW is used to model the process. The
mechanism of M3 is similar to M2 because of single-site adsorption. In contrast to M2,
oxygen molecules dissociate to allow surface reaction of physically adsorbed phenol and
oxygen to take place. The last model M4 is completely different from previous models
because dissociated molecules are adsorbed on two active sites. To check the quality of the
models, they were compared with experimental data. Parity plot was used to compare
experimental results with calculated results and experimental data was adequately fitted when
kinetic model M2-M4 was used whereas M1 under predicted phenol of high concentration.
When model M4 was used, the activation energy of 34.29 KJ/mol was reported.
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Table 2: Kinetic models proposed for heterogeneous CWAO reaction(Guo & Al-Dahhan

2003).
Kinetic Model Equation Mechanism
M1 ru = ki[A]P[O2]¢ Empirical Approach
- ki KK g,[0][4] Single site
M2 H  (1+Kk4la1+Kg, [0,])° Oy +* & Op*
kK, Ko P [A1[07°]
M3 Iy = . - - Single site
# T L+ Ky A] + K [0F))° ’
0, +2" < 20"
Dual Sites
s AANGy 0:47" & 20°

T @+ KA+ EEE[0FF])

“Represent the reactant on the catalyst active site

Eftaxias et al., 2006 used L-H model to determine the kinetic parameters using an active
carbon catalyst with the temperature of the reactor between 120 °C — 160 °C and pressure of
and 1 to 2 bar. The oxidation of phenol to 4-HBA and p-benzoquinone were found to be 82.4
and 72 KJ/mol whereas oxygen reaction orders were, 1.02% 0.02 and 0.9210.01, respectively.
Similarly, Wu et al, 2005 used an L-H model to predict kinetics parameter using copper
supported on activated carbon catalyst with the reactor operated between 140 °C — 160 °C.

The activation energy was found to be 35.4 KJ/mol and first order reaction for phenol was

assumed.
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Table 3: Activation energies and reaction orders found in literature using different reactors.

A Oxidant
. Temperature Activation i
Catalyst Reactor Model Equation . Reaction
°C) Energy(KJ/mol) Oder Ref
CuO/ vy- g Kb (Eftaxias et
Al,0; TBR = Reni7y vk C al., 2001)
120-160 74.9 0.31
Al/Fe o kK Kp " [41C0, % (Guo and Al-
\ BSTR ™= [ 1k,A4] 190-150 34.29 - Dahhan,
pillared clay 4 2003)
—E,; Hoz‘E'XP'[:—%}fe
L 'i'*oiexl:'{. RT }xﬂ_ i . AH;j
1+ X Kgjexp(— E}Cj 1.02+ )
AC TBR 120-160  824and72  0.02and (Erta;‘(')%%)et
0.92+0.01 N
g _ GGy ) (Wu et al.,
CUu/AC BSTR 7k = Knetamw [ 5 11,070 140-160 35.4 2005)
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A complete reduction of phenol to CO2 and H2O is very complex and its reaction mechanism is
not yet fully understood. Some oxidation by-products are as toxic as phenol and therefore,
kinetic models accounting for all intermediates are very important. Most studies show that the
power law model can be used to predict phenol. However, this model has limitations because it
can’t be used when phenol and its intermediates are adsorbed on the surface of the catalyst. As
shown in Table 2, mathematical correlations (M2-M4) can be used to account for adsorption and
desorption of the organic pollutant on the surface of the catalyst. In conclusion, L-H model is the

most suitable kinetic model for the oxidation of phenol and its intermediates.

2.5 CFD Modelling

The use of TBR in heterogeneous catalysis is common, especially when gas and liquid react to
form products. However, most studies are conducted in a laboratory fixed bed reactors and the
scaling up of these reactors to industrial reactors is problematic due to complex interactions of
fluid dynamics with reaction kinetics. Moreover, the change in hydrodynamic parameters is
significant when laboratory reactors are scaled up to commercial reactors and correlations
developed in a laboratory reactor might not work. Ranade and Gunjal (2011) suggested that the
scale of the reactor affects its performance. In addition, these authors listed several factors that
are directly affected during reactor scaling-up as follows; reactor to particle diameter ratio,
reactor volume, bed porosity, wetting, channelling, liquid mal-distribution, dispersion and
reactor operating mode (isothermal/adiabatic). Moreover, these researchers concluded that wall
effect is predominant in laboratory TBR whereas flow mal-distribution is common in industrial
TBR due to large bed diameter. On the other hand, when CFD model is developed correctly, it
should be independent of the scale of the reactor because these models are based on conservation
of mass, energy and momentum. CFD simulations provide a time saving and cost-effective
approach in the reactor design. In a typical design, the software is used to solve a system of
complex mathematical equations (Haro et al., 2016). The software can be used to solve multiple
phase flows like gas-liquid, liquid-solid and gas-solid flows (Kapfunde et al., 2018, Makatsa et
al., 2020). Multi-phase flow systems can be modeled in three different ways using volume of
fluid (VOF), Eulerian-Lagrangian and Eulerian-Eulerian approach. The first method (VOF) is

the easiest and all phases are considered as a non-interpenetrating continuum. The method solves
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a single set of momentum equations and tracks the volume of all phases in a computational
domain. The method is suitable for analysis of multiple phase systems of the small domain and
modeling the behavior of the interface. In addition, the method is used mostly when modeling
large scale systems. The Eulerian-Lagrangian method considers a fluid phase as a continuum
and solves a system of Navier-Stokes equations for the continuous phase while solving the
dispersed phase by tracking the particles through the calculated flow field. This model is
recommended for modeling of the multi-phase flow with less volume fraction of the dispersed
phase and for modeling liquid fuel and spray dryers. In contrast, the Eulerian-Eulerian method is
based on the assumption that every phase is an interpenetrating continuum. The method uses the
approach of single pressure for all phases. Governing equations are solved separately for each
phase (continuity, momentum, energy, and species transfer equations). This approach is suitable
for modeling of the multi-phase flow with volume fraction ranging from 0 to 1 and for multiple
phase reactors with more than one dispersed phase (Mousazadeh 2013).

Ranade et al., (2011) used a model developed by Attou and Ferschneider (1999) to simulate the
flow regime where the liquid flow was in the form of droplets. Mousazadeh (2013) used CFD to
predict the formation of hot spots in a trickle bed reactor. A hot spot was observed when there
was a local blockage preventing the fluid from flowing. Furthermore, there was a temperature
difference of 153 °C between the hot spot and the surrounding area. It was concluded that the hot
spots were formed when liquid cannot convect in the radial or axial direction. Lopes and Quinta-
Ferreira (2007) developed a computational fluid dynamics model of a trickle bed reactor
operated between the temperature of 170 °C — 200 °C and pressures of 10 — 30 bar. These
authors used FLUENT 6.1 and Euler-Euler multi-phase flow approach to model the behavior of
the fluid inside the reactor. Furthermore, the researchers studied the influence of gas and liquid
flow rate within the trickle flow regime ranging between (gas: 0.10 — 0.70 and liquid: 0.5 — 5
kg/m2s). In order to validate their findings for pressure drop and liquid holdup, a spherical
catalyst of a 2 mm diameter was used as a reactor packing. In addition, they mapped both gas
and liquid flow; and found maximum velocities to be 0.5 and 0.005 cm/s respectively. Their
results showed that the reactor was operated within a trickle flow regime. According to their
findings, an increase in liquid mass flux resulted in an increase in liquid holdup whereas an
increase in pressure resulted in a significant decrease of the liquid holdup. The increase in liquid

mass flux improves interaction between gas and liquid which causes turbulence and thickens the
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liquid film. These changes resulted in an increase in liquid side shear stress due to high-pressure
drop and resistance became more pronounced in comparison to the driving force. Their results
were in agreement with (Beni & Khosravi-Nikou 2015; Mousazadeh 2013; Kuzeljevic 2010).
The researchers concluded that a change in reactor pressure is more pronounced on pressure drop
than liquid holdup. Similarly, Beni and Khosravi-Nikou (2015) modeled hydrodynamics of the
trickle bed reactor and used 300 spherical particles arranged in a hexagonal pattern with
maximum space between them, not exceeding 3 % of particle diameter. They simulated only 12
layers due to computational limitation and investigated the effect of pressure on hydrodynamics
parameters at lower pressures ranging between (0.1, 0.5 & 1 MPa). They also varied gas and
liquid superficial velocities between (0.086 & 0.25 m/sec) and (<0.005-0.03 m/s) respectively.
Regardless of mild pressure they also reached the same conclusion as (Lopes & Quinta-Ferreira
2007).

Accurate estimation of hydrodynamic parameters is an important step for reactor design and
performance evaluation of the catalyst. The complex internal bed structure and phase interaction
are the controlling factor in TBR. Hydrodynamics are affected by; particle properties, packing
characteristics of the bed and operating conditions. There are methods and correlations available
for determining hydrodynamic parameters such as liquid holdup, axial dispersion and CFD.

In summary, CFD can be used to model liquid mal-distribution and predict the formation of hot
spots. Hot spots are undesired because they may reduce production by deactivating the catalyst
or decrease the mechanical strength of the wall. It is recommended that a simulation of TBR

fitted with a mechanical liquid distributer at the top be simulated.
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Chapter 3: Experimental Methods

3.1 Materials

The pillaring agent was prepared from sodium hydroxide (NaOH), anhydrous aluminum nitrate
AI(NO3)3-9H20, and zirconium chloride (ZrOCl,-8H20) which were purchased from Merck
Chemicals (Pty) Ltd. Natural bentonite clay used in this study was obtained from ECCA
Holdings (Pty) Ltd. Oxalic acid used for monolith acid treatment and silver nitrate (AgNO3)
were bought from Sigma-Aldrich Chemical Co. High purity water used to prepare solutions was
taken from Mintek laboratories. Cordierite monolith used as support was purchased from

Ghophin Chemical. All chemicals used in this study were used as received without modification.

3.2 Catalyst Preparation

A pillaring solution was prepared by mixing 83.3 mL of 0.1 M ZrOCl,-8H20 with 250 mL 0.1 M
AI(NO3)3-9H20. In addition, a solution of 0.1 M NaOH was added dropwise to the mixture
prepared while stirring. After the complete addition of NaOH, the solution was stirred for
another 2 h at room temperature followed by ultrasonication for 10 min at 25 °C. To prepare
pillared clay catalyst, dry bentonite clay was added to the pillaring solution and the resulting
slurry was stirred at room temperature for 30 min followed by ultrasonication for 10 min at 25
°C. After sonication, the slurry was centrifuged for 8 min and the supernatant was discarded. The
sediment was washed with high purity water to remove any excess chlorides followed by oven
drying at 120 °C for 16 h. The oven-dried sample was calcined at 400 °C for 2 h.

3.3 Acid treatment of cordierite monolith

Before wash coating, honeycomb cordierite monoliths were acid treated with 20 % (w/v) oxalic
acid. The cordierite monoliths were immersed in the acid for 8 h to remove impurities and
improve surface area. This was followed by thoroughly washing of the monoliths with high
purity water. After washing, the monoliths were oven-dried at 120 °C for 16 h followed by

calcination in a muffle furnace at 500 °C for 2 h.

3.4 Wash-coating of cordierite monolith with Al/Zr-PILCs
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The pillared clay catalyst prepared in the previous step was milled for 90 min in the Netzsch-
Feinmahltechnik GmbH LME1 wet grinding ball mill using ceria-zirconia beads as the grinding
media. This was done to achieve a particle size of 2-5 um. The beads were separated from the
slurry using fluidization. Excess water was decanted, the sample was then dried overnight at 120
°C. The wash-coating slurry was prepared using the milled pillared clay catalyst, high purity
water, 10 wt. % silica solution and glycerol in a ratio of (1:2:1.5:2).

Glycerol was used as a dispersant to ensure the wash-coat dries homogenously and silica was
used as a binding agent, to increase the adhesion of the wash-coat onto the surface of the
monolith. Four wash-coated monolith samples were prepared by dip-coating the monoliths in the
slurry three times, with an immersion time of 5 min per dip. The resulting samples were then
dried, two of which were dried in the oven at 40 °C and 60 °C for 30 min whereas the other two
were dried using thermally assisted microwave oven at 80 °C for 30 min and the other one was

dried at room temperature for six weeks. The dry samples were then calcined at 500 °C for 2 h.

3.5 Characterization techniques

The X-ray diffraction (XRD) patterns were attained using a Bruker AXS D8 X-ray advanced
powder diffractometer equipped with CoKa-radiation, over a 26 range from 5 to 80° at 40kV
and 40mA with stepwise angle increment of 0.02°/s. The morphology of the wash-coated
monolithic catalyst was determined using Zeiss EVO MA15 scanning electron microscopy, with
a magnification of 20 pm. Micromeritics Tristar 3000 instrument was used to determine the
surface area of the catalyst. N2 adsorption-desorption isotherm experiment was conducted at -196
°C using liquid nitrogen. Prior to the experiment the sample was degassed at 150 °C under

vacuum for 4 h.

3.6 CWAO Experiment

Phenol oxidation experiments were conducted in a stainless steel TBR of 56 mm diameter and
430 mm length shown in Figure 28 (Appendix A). The pollutant (phenol) was measured using
Shimadzu HPLC equipped with UV detector at wavelength of 210 nm. A mobile phase of
(65/35) % methanol in water was used and injected at 5uL, whereas the flow rate was set to 1
ml/min. A C18 (Waters spherisorb SS5O0DS2) column 25 cm x 4.6 mm x5 pm was used as a
stationary phase. Before the reaction start, the pump and mass flow controller were both
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calibrated and the calibration curves are shown in Figure 25 and 26 in the appendix A. In
addition, a standard solution of phenol was ran to determine retention time and the results can be
found in appendix A (Figure 27). Catalyst activity was tested at 160 °C, 10 bar over Al/ Zr-PILC

catalyst and the reaction was stopped after 3 hrs.

3.7 Computational fluid dynamics model

3.7.1 Governing equations

A multiphase Eulerian CFD model of phenol oxidation in a TBR was developed using a
commercial software Fluent 2019R2. The following set of mathematical equations are

incorporated into a CFD code solver.

Mass conservation equation:

8z, 01
%‘Ju V.50, U, =0 (12)

Momentum conservation equation:
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Where £, is volume fraction for each phase, g, is the density of the k-th phase, U, is the cell

velocity of the k-th phase and Fj  is an interphase momentum exchange ( Ranade et al., 2011).

The interface coupling term F; 5 can be expressed as follow
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Where FgL, Fes, FLs are gas-liquid, gas-solid and liquid-solid momentum exchange terms. To
understand turbulence inside the reactor standard k-¢ model was chosen and the software solved

the following mathematical equations (Lopes & Quinta-Ferreira, 2010);
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The liquid viscosity turbulence g, , is calculated from the transport equations by determining
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kinetic (%z) and dissipation energy (£x) from the following equations (Lopes & Quinta-Ferreira
2007)
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The following parameters were taken as constants C,, €1, C,., o, o and assigned the following

values 0.09, 1.44, 1.92, 1.0 and 1.3, respectively. Enthalpy was calculated from conservation of
energy in a multiphase Eulerian model as follows (Manoharan & Buwa 2019; Lopes & Quinta-
Ferreira 2007).
d
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The specific enthalpy of phase q is represented by k. and ?fq is a heat flux. The heat exchange

intensity between the g and p phases is represented by ﬁpq whereas interphase enthalpy is

represented by h,,, and 5, is the source term. By activating species transport the solver modeled
volumetric reaction using the following equation (Lopes & Quinta-Ferreira 2010):
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3.7.2 Mesh

ANSYS mechanical 2019R2 was used as a meshing tool and iterations were based on 3263050

elements and 691327 nodes. Figure 8 shows a mesh of the reactor and a monolith.
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Figure 8: 3D reactor geometry and mesh structure of (a) TBR and (b) monolith.

3.7.3 Boundary conditions

A three dimensional (3D) model was developed using commercial software and conservation of
mass, momentum, energy and species transport equations were solved. The reactor bed was
packed with silica and the velocity profile of the packing was fixed to zero. The inlet velocities
of phenol and gas are listed in table 4. The linearization error was minimized by calculating
aggregate imbalances and setting the tolerance to 10 in the residuals and discretization error

accuracy was set to second order.
Table 4: Reactor dimensions and operating conditions

Reactor diameter 0.056 m
Reactor length 0.43m
Particle diameter 0.002 m
Porosity 0.63
Pressure 10 bar
Temperature 433 K
Gas flow rate 0.012 m/s
Liquid flow rate 0.00007 m/s
Activation energy 42289 J/kg.mol
Pre-exponential factor 248948.2
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Chapter 4: Results and Discussion

4.1 Characterization of the catalyst

Figure 9 shows the X-ray diffraction (XRD) patterns of natural and pillared bentonite clay.
Successful pillaring of bentonite is confirmed by a shift of Na-montmorillonite peak from 8.25°
to a lower angle of 7° and an increase of basal spacing (doo1) from 12.44 to 15.15 A confirming
intercalation of bentonite by metal oxides. Moreover, the structure of natural bentonite remained
the same even after the pillaring process as can be confirmed by unchanged peaks observed after

pillaring.
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Figure 9: XRD patterns of (a) Natural bentonite clay (b) Al/Zr pillared clay catalyst.

Cordierite monolith diffraction peaks usually contain aluminum oxide (Al.Oz3), silicon dioxide
(Si0O2) and magnesium oxide (MgO). During acid treatment aluminum (Al) and magnesium (Mg)
species are leached (Adamowska & Costa 2014). Figure 10 shows peaks of the bare monolith,
pretreated and wash coated cordierite. The peaks observed are consistent with XRD standard
PDF card no. 089-1487 for cordierite reported by (Adamowska & Costa., 2014; Soghrati et al.,
2014). After acid and thermal treatment, the cordierite peaks did not disappear. However, the
intensity of the peaks decreased indicating leaching of Al and Mg species (Adamowska &

Costa., 2014). Furthermore, new peaks of spinel (MgAIl.O4) were observed at 29, 43° and the
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results are consistent with findings of Soghrati et al., (2014). On the other hand, the intensity of
the SiO» peak observed at 11.9° increased due to excess silica added during the wash-coating
process. Moreover, corundum (a-Al2O3) peaks appeared at 29.9, 41, 44, 50.9, 61.8, 67.8, and
78.9° and this type of aluminum is known to facilitate anchoring of the catalyst (Baloyi et al,
2018d). In addition, bentonite peak is not observed in the XRD pattern after wash coating the
monolith due to the low content of sodium (Na). This concept is further supported by EDS
results of Al/Zr-PILCs (3:1) reported by Baloyi et al., (2018c). In their study, Na content
decreased from 3.73 to 0.26 % for bentonite and Al/Zr-PILCs (3:1), respectively. On the other
hand, Elmer (2008) reported the presence of amorphous silica on the surface of the cordierite

after thermal treatment and this can be the reason why the peak is not observed.
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Figure 10: XRD patterns of (a) Bare monolith, (b) monolith acid treated with oxalic acid and
calcined at 500 °C for 2 h, (c) Al/Zr-PILCs monolith dried at 60 °C, (d) Al/Zr-PILCs monolith
dried at 40 °C, (e) Al/Zr-PILCs monolith microwave dried, (f) Al/Zr-PILCs monolith dried at
room temperature for six weeks.

Acid treatment targets alumina and magnesia species available on the surface of cordierite
monolith. After acid treatment and calcination, the surface of the monolith becomes rough
leaving microporous silica. In addition, a layer of a-Al>2O3 develops on the edges of the monolith
as seen in Figure 11(b). Moreover, a thick layer of silica is deposited on the corners of the

monolith after wash coating as seen in Figure 11(d) and zirconia is also highly concentrated on
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the edges of the structure as seen in 11(c). Furthermore, Mg concentration is significantly
increased on the surface of the structure as seen in Figure 11(d) and this increase is attributed to
the layer of the catalyst deposited on the surface of the support. Baloyi et al., (2018c) reported
that Al/Zr-PILCs (3:1) catalyst contains 1.29 % of Mg species.

0%

Figure 11: Cross-section SEM images of the bare monolith (a), monolith acid treated with oxalic
acid and calcined at 500° C for 2 h (b) zirconium mapping image (c) and wash coated monolith

(d).

After acid treatment, the macro-pores on the surface of the cordierite become bigger indicating
good anchoring property of the support (Villegas et al., 2007). Figure 12(c) shows that the
catalyst is uniformly distributed on the surface of the cordierite. As seen in Figure 12(c-d) the
morphology of the coating is interpreted by the oxide layer (intense red indicating SiO,)

generated on the surface of the cordierite and the presence of zirconia.

Figure 12: Backscattered electron x-ray mapping images were taken on the surface of the bare
monolith (a), monolith acid treated with oxalic acid and calcined at 500° C for 2 h (b), wash
coated monolith (c), and zirconium mapping image (d).
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As seen in Figure 13 acid pretreatment makes the surface rough and exposes a layer of a-Al203
which facilitate binding of the active catalyst. Figure 13 (c-d) show wash coated monolithic
catalyst and in all images, no cracks are observed. This can be attributed to glycerol since it is
used as a retardant to control the evaporation rate. Glycerol is known to contain three hydrophilic
alcoholic hydroxyl groups responsible for its hygroscopic nature (Pagliaro et al., 2008).
Therefore, glycerol absorbs additional water present in the sample and ensures that drying does
not occur rapidly. However, the microwave sample depicts a smoother coating. This is due to

homogenous heat dispersal by microwaves during drying (Villegas et al., 2007).

Figure 13: Secondary electron images were taken on the surface of bare monolith (a), monolith
acid treated with oxalic acid and calcined at 500° C for 2 h (b), wash coated and microwave
dried (c), wash coated and oven-dried at 40° C (d), wash coated and oven-dried at 60° C (e) and
wash coated and dried at room temperature (f).

Table 5 lists the textural properties of the materials tested and it is evident that after acid
treatment the surface area, pore volume and diameter increased. Soghrati et al., (2014) claimed
that this increase is due to the formation of meso and micropores on the surface of the monolith
during acid treatment. Furthermore, natural bentonite surface area increased from 61 to 103.9116

m?/g due to increased pore volume (Moma et al., 2018).
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Table 5: BET results of the catalyst and support.

Sample Sget (M?/Q) Vpore(CM3/q) dpore(NM)
Bentonite 61 0.11 15.31
Al/Zr-PILC 103.9116 0.21 2.1
Bare monolith 0.16 0.0002 4.82
Acid treated monolith 19.2426 0.037338 4.94

4.2 Catalyst activity test

Figure 14 shows phenol conversion with time when Al/Zr pillared clay catalyst was used. The
maximum conversion (100 %) was reached after 3 h and this increase can be attributed to the
increase in the number of active sites available on the catalyst surface. Similar results were
reported by (Baloyi et al., 2018c; Moma et al., 2018) when they studied the removal of phenol by
CWAO using Al/Zr-PILCs.
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Figure 14: Phenol removal with time in a trickle bed reactor over Al/Zr-PILCs catalyst
supported on a monolith (Experimental conditions: 160 °C, 10 bar, 0.012 m/s).

Generally, phenol is broken down to aromatics, carboxylic acid and CO; inside the reactor

depending on the reaction pathway followed (Baloyi et al, 2018c). In this work, the amount of
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CO: released was measured by an online GC connected to the reactor and the results were
plotted in Figure 15. As shown in Figure 15 the amount of CO; released increases with time and
a large peak appeared within 3 h and immediately a sharp decrease was observed afterward

signaling complete conversion of the pollutant.
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Figure 15: Amount of CO; released with time during phenol oxidation in CWAO process.

4.3 Influence of operating parameters

According to the preliminary investigation 10 bar was the optimum pressure and the results are
not shown in this work. Figure 16 shows that at 120 °C and liquid flow rate of 10 mL/min the
conversion of phenol is 86 %. Moreover, an increase in temperature to 140 °C or 160 °C while
keeping liquid flow rate and pressure constant (10 mL/min, 10 bar) resulted in the high
conversion of phenol 91 and 100%, respectively. This behavior can be attributed to the reaction
rate constant which is a function of temperature and activation energy, according to the
Arrhenius equation (22):
k = A.exp(—2) (22)

where K is the reaction rate constant, A is a pre-exponential factor, Ea is activation energy, R is
ideal gas constant and T is the temperature. Furthermore, an increase in temperature results in a
decrease in liquid viscosity which facilitates the transfer of reactants from bulk liquid to the
surface of the catalyst (Mohammed et al., 2016). The same observations were reported by Abid
et al, 2016 when activated carbon catalyst was used. They reported that 64, 87 and 97% of
phenol was converted at 120, 140 and 160 °C. Similarly, Mohammed et al., 2016 reported that
88% of phenol was converted at 120 °C and when the temperature was increased to 140 °C or
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160 °C phenol conversion increased to 91 and 93%, respectively.

The effect of liquid flow rate on phenol conversion was also studied in the range (10, 20, 30 and
40 mL/min) while keeping other parameters constant (gas flow rate = 0.012 m/s and pressure =
10 bar). As shown in Figure 16 an increase in liquid flow rate has a negative impact on phenol
conversion due to increase in liquid flow rate reduces residence time resulting in less contact
time between the phases. Furthermore, the high liquid flow rate increases film thickness and
liquid holdup which decreases contact time between gas and liquid on the catalyst active sites
resulting in high resistance to mass transfer. When the reaction temperature was kept constant at
120 °C while varying liquid flow rate between (10, 20, 30 and 40 mL/min), phenol conversion
decreased as follows 86, 79, 69 and 64%, respectively. Similarly, phenol conversion decreased
from 91 to 70% when the liquid flow rate was increased from 10 to 40 mL/min while keeping the
temperature constant at 140 °C. Moreover, when the temperature was increased to 160 °C while
varying liquid flow rate between 10 and 40 mL/min phenol conversion also decreased from 100
to 85%. Abid et al., 2016 reported similar behaviour, phenol conversion was 79% at 1.662

mL/min, while the conversion increased to 87% and 96% at 0.996 and 0.6 mL/min.
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Figure 16: Phenol conversion with liquid flow rate and change in reaction temperature.

4.4 Kinetic model

The reaction Kinetics is required to provide a complete interpretation of data obtained in a fixed
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bed monolithic reactor operated in a trickle flow mode during phenol oxidation. When a simple
power-law model was used to estimate kinetic parameters as in (Eftaxias et al., 2005c; Abid et al,
2014a; Abid et al, 2016) equations 23 to 28 were employed.

“Ton = K op- Cgh (23)
And kop can be expressed as follow,

—Eah IE
Kop = k::-'exp( RT }'PD: (24)

Since the reaction takes place in a liquid phase the above equation becomes,

K, = k,.exp( RTb}.Xgl (25)

Assuming that the vapour phase behaves ideally (Eze & Masuku 2018), then the oxygen mole

fraction (Xo2) was calculated using Henry’s law (Mohammed 2014)

P,g = X@_.H (26)

Equation 25 can be linearized by taking logarithm on both sides of the equation,

InK,p = Ink,+ InXo, — (22 (27)

Where o and B are reaction order with respect to phenol and oxygen, Eqp is activation energy, H
is Henry’s constant while ko is the pre-exponential factor. By assuming ideal plug flow and first

order with respect to phenol, equation 25 was integrated and rearranged to obtain Koy as follow,
Kop = —(DIn(1 — x ) (28)

Kb Was applied to the experimental data by plotting the graph of In(1—x,;) vs T as shown in

Figure 17 and a perfect fit was found at 160 °C with R? value equal to 0.9988 (Abid et al.,
2014a; Abid et al., 2016). The activation energy was calculated from the slope of the line in
Figure 18.
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Figure 17: Graph of In(1-Xph) vs t at 10 bar and temperatures ranging between 120, 140 and
160 °C.

—5086.5

Eob = 42.289 kJ/mol
A wide range of activation energies were reported in open literature as 21.306 kJ/mol (Moma et

al; 2018), 85 kJ/mol (Fortuny et al., 1999), 29.299 kJ/mol (Abid et al., 2014a), 35.4 kJ/mol (Wu
et al., 2005) and 74.9 kJ/mol (Eftaxias et al., 2001) using different catalysts and the results

+12.425 (29)

obtained in this study are within the range. These results provide a basis to develop a
computational fluid dynamics model of this system which would be instrumental in identifying

liquid mal-distribution and preventing the formation of hotspots (Kapfunde et al., 2018).
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Figure 18: Plot of In(k) versus 1/T at a pressure of 10 bar and temperatures of 120, 140, and 160 °C.
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4.5 Euler-Euler computational model

A mixture of phenol (C¢HsOH) and oxygen (O2) was fed to the isothermal-isobaric reactor
operated at 160 °C and 10 bar. The gas and liquid inlet velocities were kept constant at 0.012 and
0.00007 ml/s, respectively. As shown in Figure 19(a), the contours of phenol mass fraction
indicate that the pollutant is highly concentrated in the top half of the reactor. However, the
concentration is sharply decreased as the stream moves through the reactor and phenol is
completely oxidized to form byproduct such as carbon dioxide (CO2). In addition, Figure 19(b)
shows a concentration profile of CO; inside the reactor and from these results, it can be
concluded that CeHsOH was completely mineralized. These results are consistent with the
findings of (Lopes & Quinta-Ferreira 2010), in their study phenolic acid was oxidized in a TBR
and simulated using Euler-Euler method at 160 & 200 °C. They concluded that 82 % of total

organic carbon (TOC) was converted at 160 °C whereas only 84.8 % was converted at 200 °C.
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Figure 19: Contours of phenol mass fraction (a) and CO: profile inside the reactor (b).

Figure 20 shows that phenol is highly concentrated at the reactor wall and there is a sharp

decrease in concentration when you move away from the wall towards the center of the reactor.
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Furthermore, no phenol was detected at the center of the reactor and a flat distribution profile
was observed. It can be concluded from these findings that there is no liquid at the center of the

reactor due to channeling which might lead to the formation of a hot spot at the center.
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Figure 20: Phenol mass fraction distribution in a radial direction.

Phenolic wastewater is highly toxic and refractory to biological wastewater treatment method.
The use of CWAOQ for treatment of phenolic wastewater is gaining interest due to advances in
heterogeneous catalysis. Furthermore, the use of newly developed catalysts that are cheap, highly
reactive, selective and hydrothermally stable makes the process more economic (Guo and Al-
Dahhan, 2003; Baloyi et al., 2018c). In addition, phenol can be completely mineralized to CO>
and water (H20) at mild operating conditions. This statement is supported by the results shown
in Figure 21 when phenol was oxidized at 160 °C and 10 bar. From the observations, the
concentration profile of phenol inside the reactor is close to zero along the reactor bed. These
results are in agreement with the findings in our previous work (Makatsa et al, 2019).
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Figure 21: Mass fraction of phenol inside the reactor bed

Zhang et al, 2019 suggested that temperature distribution profile is affected by the packing
structure and flow regime. Figure 22 shows a temperature distribution profile of phenol oxidation
in a TBR when the reactor was operated in a trickle flow regime. The results indicate that the
temperature profile is not symmetric suggesting that the packing structure is non-uniform.
Moreover, a flat temperature profile is seen at the bottom of the reactor. However, a bulge is
observed at the top half of the reactor indicating excess heat generated due to channeling of
liquid. From these observations, it can be concluded that a hot spot is formed at the top section of

the reactor bed.
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Figure 22: Temperature profile along the reactor bed at 160 °C.

Figure 23 represents the radial temperature distribution profile inside the reactor. The results
show that wall temperature is constant. However, excess heat is generated when you start to
move away from the wall indicating the formation of a hot spot. Furthermore, there is a
temperature difference of 2.5 K between the hot spot and the surrounding area due to channeling
effect (Wehinger et al., 2019). These results are comparable to the findings of Lopes and Quinta-
Ferreira, (2010). In their study, phenol oxidation was simulated in a TBR at 160 and 200 °C
using the Eulerian model. The authors reported a temperature difference of 0.2 °C and 3.7 °C

between the center and reactor wall.
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Figure 23: Radial temperature profile inside the reactor at 160 °C.

The main disadvantage of TBR is high-pressure drop resulting in energy losses and thus, making
the process expensive. However, this problem can be solved by incorporating the monolith into
the reactor packing. Several researchers have investigated the effect of packing structures on
pressure drop using different packing materials and concluded that monolith has a lower pressure
drop (Guo et al., 2018; Manoharan and Buwa, 2019). This phenomenon is clearly seen in Figure
24; the results indicate that there is an increased in pressure at 0.22 m (monolith 1) and 0.25 m
(monolith 2). In their study Manoharan and Buwa, (2019) attributed the increase in pressure
inside the monolith channels to low-velocity profile leading to low backflow.
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Chapter 5: Conclusions and Recommendations

5.1 Conclusions

Bentonite clay was successfully pillared with metal oxides of alumina and zirconia. This is
confirmed by an increased surface area and a shift of montmorillonite peak from high to low
angle. After wash coating, the catalyst on the surface of the monolith, bentonite peaks
disappeared indicating the formation of amorphous SiOx. It can be concluded from SEM analysis
that no cracks are formed on the surface of the monolith and this can be attributed to the use of
glycerol. A sample dried using thermally assisted microwave oven is smoother compared to

others. This is due to heat that is homogeneously dispersed in the microwave.

Phenol oxidation was studied in a fixed bed monolithic reactor operated in a trickle flow mode
over Al/Zr pillared clay catalyst. The rate of phenol degradation was improved by an increase in
temperature whereas an increase in liquid flow rate showed an opposite trend. The complete
conversion was reached after 3 h. A simple power law model was used to determine activation

energy from a linear plot and found to be 42.289 kJ/mol.

After catalyst activity was tested in a TBR, CFD model (Euler-Euler) was developed from the
kinetics of the process. The reactor model was simulated at 160 °C, 10 bar and CFD results
showed that phenol was completely removed leaving significant amount of CO.. However,
temperature profile indicated that there is a hot spot near the center of the reactor which might
lead to catalyst deactivation. Furthermore, axial pressure profile showed that incorporating the

monolith in the packing structure helped to minimize pressure losses.

5.2 Potential for industrialization

For years industrialization of pillared clay catalyst has been hindered by prolonged synthesis
time (1-5 days) and a large amount of water used. Until recently, PILCs have been limited to
laboratory applications as there is great difficulty in shaping them from powders to commercial
shapes. However, recent studies indicated that the time taken to synthesize the catalyst can be
reduced significantly by ultra-sonication and direct addition of powder bentonite clay to the
pillaring solution. Furthermore, the catalyst can be easily scaled-up by wash coating the catalyst

on the surface of cordierite monolith support because the conditions inside the monolith channels
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remain the same irrespective of size. The only challenges associated with industrialization of this
process will be, a large amount of wastewater generated in the washing process and ultra-
sonicating of an increased amount of catalyst slurry. A downstream process should be developed
to treat and recycle wastewater generated in the washing process because this will increase the

economics of the process.

5.3 Recommendations

1. The reactor must be fitted with liquid distributer

2. It is recommended that hydrodynamics of the process be investigated experimentally and the
results must be validated using CFD model.

3. The reactor bed must be fitted with at least three temperature probes to monitor bed
temperature.

4. The reactor must be fitted with differential pressure transducer to record pressure drop.

5. When the catalyst is commercialized a lot of wastewater will be generated from the washing

process and this waste should be treated before discharging it.
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Appendix A: Experimental Parameters
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Figure 28: Reactor design.
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