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EXECUTIVE SUMMARY

Introduction

Wastewater treatment has experienced many challenges in recent years. On the one hand this
has been due to the stringent environmental laws governing discharge limits; on the other hand,
due to the emerging contaminants that do not lend themselves to conventional treatment
methods. Of prime focus is the poor performance of many anaerobic systems run by
municipalities in South Africa. There are numerous challenges related to both the management
and technical issues concerning design capacity of the systems and the changing characteristics
of the wastes treated.

The response to these challenges has been an effort to develop more robust but low-cost
treatment methods. To obtain an optimal balance between cost and robustness, significant
amount of scientific and engineering work needs to be done to exploit the competencies at the
interface of the relevant disciplines. In this regard, there are several approaches that have been
employed recently, including two main ones. The first approach is the integration of
conventional methods (biodegradation) with advanced methods (advanced oxidation
processes). The second approach is the process intensification often coupled with simulation
and modelling techniques. Previous research has shown that integrating biological process with
heterogeneous photocatalysis improves the performance of anaerobic digesters. Further, the
performance of the integrated systems can be improved through reactor choice and process
intensification, in which individual reactors are optimised.

Fluidized bed reactors (FBRS) are of special interest due to their high performance during
multiphase operations such as heterogeneous photocatalytic degradation of biorecalcitrant
wastewater. The performance of heterogeneous systems depends largely on hydrodynamic and
mass transfer processes. To improve the performance of these systems, computational fluid
dynamics (CFD) have been used to optimise reactor configuration and hydrodynamic
conditions. In the present work, systematic investigations into photodegradation and
biodegradation were carried out using biorecalcitrant wastes in several types of FBRs. The
initial study focused on preparing and characterising the catalyst, which was later applied in
FBRs. Finally, simulation and modelling techniques were employed with the aim of optimising
the operating conditions.

Nanohybrid photocatalyst preparation, characterisation and application

Distillery and textile wastewater are some of the most polluting industrial wastewater streams
due to the biorecalcitrant nature of some of the chemicals in them. Therefore, many researches
have been done to find economical methods of treating such wastewater. The best treatment
method has been anaerobic digestion (AD) due to its ability to handle high organic loads and
produce biogas energy in the process. However, since anaerobic digesters cannot effectively
remove biorecalcitrant chemicals in the distillery and textile wastewater, alternative treatment
methods that can be coupled to AD have been studied. Therefore, in this study, a combined
AD-—photocatalysis treatment method is proposed as a solution to the high-strength bio-
recalcitrant compounds in the wastewater. Furthermore, of the several reactors that have been
employed for AD and photocatalysis, FBRs have shown high reaction rates due to their good



heat and mass transfer at low energy expense. The RBRs will be used in the combined AD—
photocatalysis system and the reactors will be optimised using a CFD simulation. The
optimisation of systems such as FBRs requires using CFD techniques, which will be employed
in this study.

Aims and objectives

The aim of this work was to investigate factors that influence the performance of integrated
biodegradation and photodegradation within the context of toxic reduction and bioenergy
production. To achieve the aims and objectives, the work was divided into different parts:
starting from catalyst preparation to optimisation of the operation parameters using different
simulation and modelling techniques.

Catalyst composite

There is an increasing use of composite materials in photocatalysed remediation of wastes such
as molasses wastewater (MWW), which is characterised by a high organic load and a
characteristic dark-brown colour caused by biorecalcitrant melanoidin compounds. A study
was carried out to determine the photocatalytic efficiency of a TiO>—ZnO hybrid supported
onto activated carbon (AC) to treat MWW. Immobilisation of ZnO onto synthesised TiO>
formed TiO>-ZnO, which was then supported onto AC forming TiO>-ZnO-AC. X-ray
diffraction, scanning electron, energy-dispersive X-ray, Fourier transform infrared spectro-
scopies, and transmission electron microscopy revealed the successful hybridisation of TiO;
and Zn0O, and the subsequent support of the hybrid onto AC. Photoluminescence spectroscopy
further revealed a restrained electron-hole pair recombination resulting from both the
successful formation of a heterojunction in the hybrid, and the introduction of electron-
accepting AC support. Photodegradation carried out in batch was monitored in terms of colour
and total organic carbon (TOC) reductions, and nitrate formation. The TiO>—ZnO hybrid, due
to the observed optical properties, had better activity than both TiO2 and ZnO on their own. On
supporting the hybrid onto AC, both adsorption and photocatalytic activities were further
enhanced from 68% to 86% with improved overall colour removal. Photodegradation followed
pseudo-first-order with the rate constant (k,,,,) decreased from 0.0701 min~! to 0.0436 min!
with increased MWW initial concentration from 3000 ppm to 4000 ppm, while formation of
nitrates confirmed the degradation of colour-causing melanoidins. The ultraviolet (UV) photo-
degradation process was found to be 33-fold less energy intensive for colour reduction than
TOC reduction, with energy demands of 35 kWh/m? and 1183 kWh/m?, respectively. Sorption
of MWW onto TiO>—ZnO-AC fitted well with the Freundlich isotherm and was found to be
endothermic in nature with chemisorption being the rate-determining step. An optimum pH of
5 for the degradation process was determined. The robustness of the composite TiO>—ZnO-AC
photocatalyst was revealed by its high reusability.

Reaction kinetics

The kinetic analysis of an anaerobic fluidized bed bioreactor treating distillery effluent was
carried out. The hydraulic retention time was varied between three days and 20 days while the
organic loading rate (OLR) was varied between about 0.33 kg and 9 kg chemical oxygen
demand (COD)/m®.d corresponding to a TOC loading rate between 0.25 to 8.1 kg TOC/m?.d.



The degradation followed first-order kinetics and fitted Michaelis—Menten kinetic model for
substrate utilisation. The kinetic analysis showed that 9% of the TOC was non-biodegradable,
which corresponds to about 14% COD. The non-biodegradable component was responsible for
the dark-brown colour of the distillery effluent; therefore, there was a need to employ a post-
treatment technology for their removal. Biomass yield was found to be 0.4658 g/g while the
decay coefficient of endogenic microorganisms was 0.0293, which suggested that there was a
need to install a sludge-handling unit prior to post-treatment. The maximum microorganism
growth rate was found to be 0.136 d™* while the specific growth rate of the microorganisms
reduced with an increase in hydraulic retention time (HRT) at constant feed concentration. The
specific substrate utilisation rate was found to increase linearly with an increase in the ratio of
food to microorganisms. The mean cell residence time was found to be at least 2.5 times the
HRT due to application of zeolite as microbial support in the reactor.

Integrated AD-UV system

AD can remove substantial amounts of organic load when applied in treating distillery effluent
but it is ineffective in colour reduction due to the presence of traces of biorecalcitrant
melanoidins. The UV photocatalysis applied as a post-treatment method can be used to remove
colour from anaerobically digested effluent. A study on a combined AD and photodegradation
treatment of distillery effluent was carried out in fluidized bed batch reactors to evaluate TOC
and colour reduction. AD as a stand-alone process removed 78% TOC and 41% colour. The
combined process improved colour removal from 41% to 85% compared with that of AD
employed as a stand-alone process. Photodegradation post-treatment mineralised the bio-
recalcitrant melanoidins via a reductive pathway as was indicated by the formation of NH4" in
large quantities compared with NOs™. The bioenergy production by the AD step was 14.2 kJ/g
TOC biodegraded while UV lamp energy consumption was 900 kJ/g TOC degraded. Electrical
energy per order analysis for the photodegradation process showed that the bioenergy produced
was 20% of that required by the UV lamp to photodegrade 1 m? of undiluted pre-AD treated
effluent up to 75% colour reduction. It was concluded that a combined AD-UV system for
treatment of distillery effluent is effective in organic load removal and can be operated at a
reduced cost.

Determination of optimal parameters using response surface methodology (RSM)

The effects of operating parameters on the performance and energy efficiency of an integrated
AD and UV photodegradation were studied. RSM was applied to model the effects of operating
parameters on bioenergy production and energy demand of photodegradation with a view to
developing a sustainable process in which the biological step could supply energy to the energy
intensive photodegradation step. The organic loading rate (OLRap) and hydraulic retention
time (HRTap) of the initial biological step were the variables investigated. It was found that
the initial biological step removed about 90% of COD and only about 50% of the colour while
the photodegradation post-treatment removed 98% of the remaining colour. The energy
demand of the UV lamp was lowest at low OLRap irrespective of HRT ap, with values ranging
between 87 kWh/m® and 496 kWh/m®. Energy analysis further showed that the electricity
requirement of the UV lamp in photodegradation was 80% of the total energy requirement of
a fluidized bed photoreactor while mixing consumed 20% of electricity. The AD process



produced 59 kWh/m? of electricity that could supplement the electricity demand of the UV
lamp by 30% leading to operational cost reduction of about USD 4.8/m3. The presumed carbon
dioxide emission reduction when electricity from bioenergy was used to power the UV lamp
was 28.8 kg CO.e/m3. Thus, the combined process was effective in removing pollution at a
reduced energy cost.

CFD modelling and simulation of hydrodynamics

A comprehensive study was conducted on the hydrodynamics in an FBR used for the photo-
degradation of petroleum wastewater. The reactor consisted of a cylindrical section and a
conical top section (for degassing). The purpose of the study was to apply RSM and CFD to
optimise the operating conditions for the photodegradation process in an FBR. This was done
by investigating the hydrodynamics, photodegradation efficiency and reaction kinetics that
gave a holistic view on the performance of the FBR. The hydrodynamic study focused on
modelling the flow behaviour and turbulence properties due to their substantial impact on the
design and performance of the FBR. The simulation results were compared with experimental
data (obtained from literature) and the desirability function was used to numerically optimise
the response variable. A combination of a fine grid size, second-order upwind discretization
scheme and a small time step size (0.001) gave the best desirability (0.999). RSM was used to
investigate and optimise the photodegradation operating parameters. The maximum
degradation efficiency in the current study was found to be 65.9%, which is relatively low
when compared with literature. This was attributed to the increase in the catalyst particle size
from nanometre to micrometre. Furthermore, the second-order model developed using analysis
of variance presented a sufficient correlation to the photodegradation experimental data values.
It was noted that the agreement of the simulation data with the experimental results shows that
the developed model is effective and may be applied to study other phenomena such as mass
transfer.

Modelling radiation distribution using the Monte Carlo method

In this work, the photon distribution in an annular slurry bubble column photocatalytic reactor
was simulated using the Monte Carlo method. The effect of catalyst loading and air flow rate
on the total transmitted radiation (TTR) and volumetric rate of energy absorption (VREA) was
investigated. Very good agreement was obtained between experimental and simulated TTR
values at different catalyst loadings and air flow rates. The catalyst showed forward scattering
behaviour with a Henyey—Greenstein scattering parameter of 0.81. An increase in the catalyst
loading resulted in a decrease in the TTR and an increase in the VREA. Air flow rate had a
negligible effect on both the TTR and VREA. This was attributed to the insignificance of
bubble scattering as compared with catalyst scattering and the fact that air flow did not
significantly affect catalyst agglomeration. For Monte Carlo simulation in the bubble column
reactor, the influence of bubbles could be neglected without significant loss in accuracy. For
the reactor used and light source, the optimum catalyst loading was found to be 0.4 g/L.
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Concluding remark

In our earlier Water Research Commission project, it was shown that the sequence of
integrating the AD-advanced oxidation process depends on the type of wastewater. This study,
which was a further development of the previous study, has now shown that the AD process
can generate energy that can help reduce the cost of running the advanced oxidation process.
The performance of the integrated process depends not only on the sequence but also on the
hydraulic retention in the AD. The study further showed that different simulation and
modelling techniques such as CFD, Monte Carlo and RSM can be used to design and optimise
the operating parameters. Future work is needed to improve the performance indicators such
as mixing, irradiation penetration or distribution, mass transfer and catalyst efficiency.
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Graduated Masters and Doctorate students

It is important to note that a good number of our students who finished their MTech degrees
registered for doctoral degrees and continued to work on topics related to this project even
though bursaries were not necessarily from this project. The running costs of these
postgraduates’ projects were taken care of largely by the current WRC projects.

Table II: MTech degrees graduated

Name Degree  Nationality Institution  Year Gender
completed
1 Baloyi J MTech South African VUT 2015 M
2 Seadira T MTech South African VUT 2015 M
3 Pete K MTech South African VUT 2014 F
4 Mlungisi AM MTech South African TUT 2016 M
5 Kesi J MTech South African uJ 2016 M
6 Akach J MTech Kenyan VUT 2014 M
7 Apollo S MTech Kenyan VUT 2013 M
8 Mukosha L DTech Zambian TUT 2015 M
Table I11: In progress: master’s and doctorate degrees
Name Degree Nationality Institution Gender
1 Nyembe N MTech South African VUT M
2 Akach J PhD Kenyan VUT M
3 Apollo S PhD Kenyan VUT M
4 Brooms T DTech South African TUT M
5 Kittinya J DTech Kenyan TUT M
6 Pete K PhD South African VUT F
7 Achisa M DTech Kenyan TUT M
8 Mabuza J MTech South Africa VUT F
9 Otieno B MTech Kenya VUT M
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1 INTRODUCTION
1.1 Background

Biogas technology has not been applied in Africa on the large scale as in Asia. This has been
due to a lack of locally generated data appropriate for African conditions. There is a need to
apply the right process parameters for African conditions for the process to be feasible.
Wastewater treatment can be a very costly operation and the motivation to incur the cost
includes meeting environmental legislation standards, implementation of cost reduction
techniques and waste beneficiation. The treatment of many industrial wastes requires the
application of robust and costly techniques, which is a major deterrent. It is for this reason that
biological methods have proved to be very attractive to both industries and local authorities.
However, these systems, used as stand-alone techniques, are not efficient in treating some high-
strength industrial wastewater.

Generally, biological wastewater treatment has been the technique of choice for many years
due to its simplicity and low-cost, especially that of the anaerobic digestion (AD), which has
attracted a lot of interest in recent years. Despite the renewed interest in the ADs, major
challenges posed by emerging and biorecalcitrant compounds still need to be addressed to
improve reactor performance in terms of chemical oxygen demand (COD) reduction and biogas
production. The efficiency of ADs can be improved by increasing the biodegradability of
feedstock. This can be done by first using a more robust system such as the advanced oxidation
process (AOP) by integrating different processes. Integrating conventional biological processes
with advanced ones can improve biogas production (Satyawili & Balakrishnan, 2008) from
high-strength industrial wastewater.

Molasses-based distilleries and textile industries are among the most polluting industries
generating large volumes of high-strength wastewater. The effluent from distillery industries
is characterised by extremely high CODs (80 000 mg/L to 100 000 mg/L), biochemical oxygen
demands (BODs) (40 000 mg/L to 50 000 mg/L) as well as a strong odour and recalcitrant
dark-brown colour (Satyawili &Balakrishnan, 2008). Textile wastewater is characterised by
low biodegradability, intense colour as well as high organic load (COD of about 12 000 mg/L)
(Oller et al., 2011). Whereas textile wastewater is entirely toxic to microbes (Oller et al., 2011),
distillery effluent contains the colour-imparting melanoidin, which is biorecalcitrant, as well
as a considerable number of biodegradable compounds.

Despite the AD process being preferred to treat effluent with high organic loads due to the
energy recovery potential, the presence of toxic and biorecalcitrant organic contaminants in
textile and distillery effluents is a challenge to the AD process. It has been reported that the
major challenge facing the AD treatment of distillery wastewater is that AD is incapable of
removing the colour associated with distillery wastewater (Satyawili & Balakrishnan, 2008).

Fluidized bed reactors (FBRs) are typically used for either biodegradation only or in integrated
systems and the performance has been good. FBRs used in the AOPs consist of three phases
(gas, liquid and solid) and quite often the mixing inside the reactor is a challenge. Therefore,
analysis of mixing inside the reactor is conducted using computational fluid dynamics (CFD)



as it is a low-cost reactor optimisation technique. Such an approach is aimed at reducing the
cost of operation regarding the energy requirements.

1.2 Relevance of the Study

Many AD plants in southern Gauteng (such as Parys and Sebokeng) and in South Africa in
general either operate below capacity or have totally collapsed. The quality and quantity of the
biogas produced often make the systems unfeasible. The situation is made worse as the
engineers and technicians who work in these wastewater treatment plants are either too few to
cope with the workload or do not have the required skills. Consequently, AD plants, especially
those run by municipalities, discharge effluents that have very high CODs. Furthermore, some
municipalities do not have clear environmental policies or where there are, implementation
procedures are not followed often. Also, there is a lack of technical skill partly due because
some technical staff have either migrated or retired. Quite a number of studies on the
application of integrated ultraviolet (UV) photodegradation and biological treatment of various
industrial wastewater streams exist in literature of late (Oller et al., 2011; Rizzo et al., 2011).
However, these studies focus on integrating UV treatment with aerobic treatment. This
integration is costly as a great deal of energy is required to aerate the aerobic process and power
the UV light source. To address this problem, Apollo et al. (2013a; 2013b) carried out a study
on the integration of UV photodegradation and AD. The work has the potential for practical
application as the AD process produces energy in the form of biogas which, if well trapped,
could offset the energy demand of the UV process.

1.3 Significance of the Study

In our previous studies (Apollo et al., 2013a; 2013b) it has been shown that up-flow fixed bed
reactors can be employed as bioreactors and photoreactors. However, these reactors have the
limitation as the mass transfer process is hindered during the reaction because there is no good
mixing mechanism during the reaction. Moreover, these kinds of reactor have low working
volumes as most parts are packed with biomass support or catalyst support material, for the
bioreactor and photoreactor, respectively. This lowers the efficiency of the process in waste
removal and energy production. Also, the packed bed photoreactor led to light attenuation
resulting in long irradiation time during UV photodegradation. This in turn resulted in high
energy consumption and an overall increase in process cost.

The study also could not establish the economic feasibility of the integrated process since there
was no energy balance conducted to compare energy produced by the AD process with the
energy consumed by the UV process. The integrated AOP-AD process can also be improved
by preparing a catalyst that can withstand corrosion and therefore is reusable. Further, the
success of this process integration lies on identifying degradation intermediates and
determining their toxicity. Lastly, up to now, there has been a lack of information in literature
regarding the continuous operation of the integrated AOP-AD process for wastewater
treatment; yet, continuous operation depicts real industrial processes better than batch-operated
studies.



This proposed project was widely divided into different work packages with a central goal of
improving the performance of AOP-AD integrated systems within the context of efficiency in
waste removal, energy utilisation and carbon footprint. The major significance of the present
work is the analysis of energy efficiency and the carbon footprint of the integrated system and
the application of robust techniques including CFD to optimise the operating parameters.

1.4 Aim and Objectives

The aim of this work was to investigate factors influencing the performance of integrated
biodegradation and photodegradation within the context toxic reduction and bioenergy
production.

Specific objectives were:

a) To update the literature review of the previous project in line with new developments.

b) To evaluate and improve the performance of the developed composite photocatalysts.

c) To optimise the operating hydrodynamic operating parameters for a fluidized bed
photoreactor and bioreactor.

d) To analyse the reaction kinetics and effects of intermediate compounds for the separate
systems (AD and AOP).

e) To determine the optimum operating conditions for the integrated system.

f) Toconduct energy balance for the integrated system and analyse the reaction adsorption
kinetics.

g) To apply an integrated AD and photodegradation process in a continuous mode.

h) To apply simulation and modelling techniques to optimise operating conditions.



2 LITERATURE REVIEW
2.1 Wastewater

Good water quality is one of the basic needs for our existence; however, many water sources
in urban and rural communities are contaminated at different concentrations with a wide range
of compounds such as dyes, organic matter and heavy metal ions. Most of these contaminants
originate from industries, are often toxic, and cause adverse effects to human and animal life if
present above certain concentration levels. Distilleries and textile industries are some of the
most polluting industries generating large volumes of high-strength wastewater.

2.1.1 Distillery wastewater

The effluent from distillery industries is characterised by an extremely high COD ranging from
80 000 mg/L to 100 000 mg/L and a BOD in the range of 40 000 mg/L to 50 000 mg/L as well
as a strong odour and recalcitrant dark-brown colour caused by melanoidin (Satyawili &
Balakrishnan, 2008). Distillery wastewater also contains a considerable amount of
biodegradable compounds (Kalavathi et al., 2001) as well as several ions such as nitrates,
phosphates, sulphates and potassium. Table 1 summarises some characteristics of molasses
wastewater (MWW).

Table 1: Characteristics of distillery spent wash generated from cane molasses (Satyawili & Balakrishnan,
2008)

Characteristic Amount
COD (mg/L) 65 000130 000
BOD (mg/L) 40 000-70 000
Total solids (mg/L) 30 000-100 000
Total dissolved solids (TDS) (mg/L) 80 000-87 000
Total nitrogen (mg/L) 1 000-2 000
Total phosphorus (mg/L) 800-1200
Potassium (mg/L) 8 000-12 000
Sulphates (mg/L) 2 000-6 000
pH 3.0-5.4

2.1.2 Brewery wastewater

The processes involved in beer production (such as cooling, scarification, washing and
fermentation) result in a large amount of wastewater. The large amount of brewery wastewater
is because 1 L of beer generates 3-10 L wastewater (Simate et al., 2011). Brewery wastewater
has been found to have a higher BOD than other wastewaters (Wang et al., 2008). Table 2
summarises some characteristics of brewery wastewater. Brewery wastewater has been found
to be harmful to aquatic life due to its high organic content and oxygen demand.



Table 2: Characteristics of raw beer brewery wastewater (Simate et al., 2011)

Parameter Value
pH 3-12
Temperature (°C) 18-40
COD, mg/L 2 000-6 000
BOD, mg/L 1200-3 600
COD: BOD ratio 1.667
Volatile fatty acids (VFAs) (mg/L) 1 000-2 500
Phosphate as PO4, (mg/L) 10-50
Total Kjeldahl Nitrogen (TKN) (mg/L) 25-80
TiO2 and silica Xerogel composite (TS) (mg/L) 5 100-8 750
Total suspended solids (TSS) (mg/L) 2 901-3 000
XXX (TDS) (mg/L) 2 020-5 940

2.1.3 Textile wastewater

Considering both volume discharged and effluent composition, the wastewater generated by
the textile industry is rated as the most polluting among all industrial sectors because of the
large volumes of water consumed by textile industries and the chemicals used in wet processing
of textiles. The chemical reagents used in the textile industry are very diverse in chemical
composition, and range from inorganic compounds to polymers and organic products (Juang
et al., 1996). Therefore, textile wastewater may contain metal ions originating from metal-
containing dyes as is the case for chromium in acid dyes or copper in direct dyes. In addition,
the wastewater may contain traces of mercury, which is present in various chemical reagents
(Horning, 1978). Heavy metal level contents of less than 100 mg/L have been reported in the
case of non-metallized dyestuff (ADMI, 1973). In the case of metallized dyes and metal salt
dyes, reported levels of metals have been considerably higher. Horning (1978) found
chromium, cadmium, copper, lead, mercury and zinc in samples from 22 fibre/dye systems.
This demonstrates the high number of heavy metals that can be present in textile effluents.

Among the heavy metal ions normally found in textile wastewater, Cr(V1) has attracted the
most attention since it is a toxic, carcinogenic and mobile contaminant. Chromium is a heavy
metal, naturally found in rocks, animals, plants and soil. Its exploitation has increased due to
the extensive use of chromate and dichromate in textile, photoengraving processes, leather
tanning and the electroplating industry (Park et al., 2005). Naturally, it is available in two
common oxidation states; namely, trivalent and hexavalent forms. Hexavalent chromium
[Cr(VI)] is mobile and potentially toxic while trivalent chromium [Cr(I1l)] at a neutral or
alkaline pH is readily precipitated on a variety of inorganic and organic substrates (Schrank et
al., 2002). The maximum acceptable Cr(VI) level in polluted wastewater is 0.05 mg/L. The
preferred treatment is to reduce Cr(V1) to less harmful Cr(l11), which can be sorbed in neutral
or alkaline solutions such as Cr(OH)s (Schrank et al., 2002).

Textile wastewaters tend to contain low TSS levels and moderate to high TDS levels.
Electrolytes, acids and alkalis used during dyeing contribute to the total solids. Wastewaters
from batch-dyeing cotton with reactive dyes are usually very high in dissolved solids because
this dyeing process demands a significantly high concentration of salts (up to 80 g/L NaCl) and



sufficient alkali to raise the pH to between 12 and 12.5 (Venceslau et al., 1994). The most
noticeable characteristic of textile wastewater is its strong colour even at small concentrations
of dyes. Dye colour is highly visible and may affect the transparency and aesthetics of textile
wastewater (Banat et al., 1996). Textile wastewater is also characterised by a high COD of
about 12 000 mg/L, low biodegradability and toxicity to microbes (Oller et al., 2011). Some of
the characteristics of textile wastewater are listed in Table 3.

Table 3: Characteristics of textile wastewater (Oller et al., 2011)

Characteristic Value

COD (mg/L) 150-2 000
BOD (mg/L) 80-6 000
BOD/COD 0.25
TKN (mg/L) 70-80
TSS 2 900-3 100

Dye wastewater from textile mills is a serious pollution problem due to its undesirable aesthetic
impact on receiving waters, toxicity and biorecalcitrant nature. Some dyes are carcinogenic;
others yield toxic and carcinogenic compounds such as aromatic amines after transformation
or degradation. In addition, dyes accumulate in sediments and leach from soil into groundwater
systems (Chakrabarti & Dutta, 2004). Therefore, discharging dyes into water streams even at
low concentration can be toxic to aquatic life and affect food webs. The coloured nature of
textile wastewater also affects aquatic diversity by blocking the passage of sunlight through
receiving water bodies. In humans, dyes in water can cause allergic dermatitis and skin
irritations.

2.2 Treatment of Distillery and Textile Wastewaters

The colour and toxic chemicals in distillery and textile wastewaters have a negative impact on
aquatic life and humans. Therefore, there is a need to eliminate such pollutants from waste to
avoid polluting natural water bodies. Furthermore, in view of large-scale plants for water
treatment as well as industries, the water quality of effluents can fluctuate considerably with
time. Selecting the best treatment method for remediation of a specific industrial wastewater is
a highly complex task. The type of process to be employed depends on the quality of the
original wastewater, removal of parent contaminants, the facility’s decontamination capacity,
process economics, and the life cycle assessment to determine environmental compatibility of
the wastewater treatment technology. Based on the concentrations and type of contaminant that
exist in wastewater, various treatment methods have been developed to release an
environmentally friendly effluent. Decision-making can be based on whether the chemicals are
organic or inorganic. They can be branched out based on chemical structure, biodegradability,
toxicity, polarity, oxidation potential, adsorbability, electrical charge, and the nature of
daughter compounds. Biological treatment, especially anaerobic degradation, has been the
most economical method of treating biodegradable high-strength wastewater.



2.3 Anaerobic Digestion

The AD process involves degrading and stabilising organic materials in the absence of oxygen
by microbial organisms, which leads to biogas forming (Kelleher et al., 2000). During the
anaerobic process, organic matter is degraded by a consortia of microbial strains through
multiple degradation steps such as hydrolysis, fermentation, acetogenesis and methanogenesis.
These anaerobic microbes — including hydrolytic bacteria, fermentative bacteria, acetogenic
bacteria and methanogens — usually form a syntrophic relation (Liu et al., 2002). The
interdependence of these bacteria is a key factor in the success of an AD process. Of major
influence in the efficiency of the anaerobic degradation is the dynamics and kinetics of the
microbe population within the reactor and the narrow limits that thermodynamics places on the
process (Aiyuk et al., 2006).

In the first step of AD, complex organic matter (large molecular weight proteins, carbohydrates
and lipids) present in wastewater is hydrolysed extracellularly into simpler organic molecules
by enzymes excreted by hydrolytic bacteria. The resulting organic molecules are converted into
amino acids, alcohols, simple sugars and low carbon fatty acids either through fermentation or
acidogenesis. Acetogenic and acidogenic bacteria convert these organic molecules into acetic
acid, formic acid, carbon dioxide and hydrogen. The breakdown of simple sugars and amino
acids into acetate and hydrogen produces butyrate and propionates as intermediates (Remigi &
Buckely, 2006). Finally, the conversion of these products into methane is achieved by a group
of bacteria called methanogens. There are two types of methanogens: those that convert
hydrogen and carbon dioxide into methane (hydrogenotrophic methanogens) and those that
convert acetate into methane (aceticlastic methanogens). About 70% of methane produced is
through the acetate route (Winter, 1999; Poulsen & Hansen, 2003; Ramigi & Buckely, 2006).

The AD of high-strength wastewater with a high biodegradable content has several advantages:
a high degree of purification with high organic load feed can be attained, a small quantity of
sludge is usually produced, and valuable energy in terms of biogas is generated. The biogas
produced can be used as a source of energy to operate the anaerobic process and therefore
reduce the anaerobic cost. Moreover, this energy can also be used to reduce the cost of
production considerably by the industries discharging biodegradable waste as the energy
produced can be used to supplement the energy required in production. The efficiency of the
anaerobic process in waste management, however, depends on the performance of the digester.

2.3.1 Digester performance

The performance of an anaerobic digester/reactor strongly depends on the stability within the
reactor. Methane yield and reduction in COD of the wastewater are the key parameters used in
the evaluation of the digester performance in the AD process. One of the major problems
encountered in operating a biogas digester in a continuous mode is reactor instability. This may
occur during both the start-up and operation of the anaerobic degradation process, thus
affecting the performance of the system due to the low specific growth rate of the methanogenic
microorganisms involved (Bjornsson et al., 1997). Under conditions of unstable operation,
intermediates such as VFAs and alcohols accumulate at different rates depending on the cause
of the instability. The most common causes of imbalance are hydraulic or organic overloading,
presence of toxins/inhibitory substances and change in the substrate concentration. Several



parameters are used as indicators of stress, such as variation in gas production rate, gas
composition, pH and VFA concentration (Powell & Archer, 1989).

2.3.2 Operating parameters

The digestion process is temperature dependent since the strains of the microorganisms
involved have temperatures at which their activities are optimum. The optimum operating
temperatures for the different bacteria types are:

e Cryophilic bacteria below 15°C.
e Mesophilic bacteria from 15°C to 40°C.
e Thermophilic bacteria from 55°C to 65°C.

The growth of microorganisms also depends on the alkalinity of the medium. The optimum pH
for most microorganisms ranges from 6.5 to 7.5, and a deviation from the optimum value may
be corrected using a low-cost base or acid such as CaO, NaHCO3, Ca(OH), or HCI (Farhadian
et al., 2007).

Another important factor in the digester affecting the growth of microorganisms is the
availability of nutrients. For reactor stability, the nutrients for biodegradation, which are carbon
(C), nitrogen (N), and phosphorus (P), must be in a given optimum ratio. Strydom et al. (2001)
reported a C:N:P optimum ratio of 100:10:1 while Farhadian et al. (2007) reported an optimal
COD:N:P ratio of 350:7:1 in the start-up of bioreactor digesting beet sugar wastewater.
Deviation from the optimum ratio can result in substrate limited growth or production of toxic
compounds, which inhibits the process (Aiyuk et al., 2003). Also of equal significance is the
hydraulic retention time (HRT), which depends on the operating conditions and the wastewater
characteristics. Besides, the type of digester employed has great significance in the overall
performance of the anaerobic degradation process in waste removal and biogas generation.

2.3.3 Challenges of AD in the treatment of textile and distillery effluent

Although the AD process is preferred to treat effluent with high organic load due to its energy
recovery potential, the presence of toxic and biorecalcitrant organic contaminants in textile and
distillery effluents is a challenge to the AD process. Even with the use of robust bioreactors,
biorecalcitrant pollutants such as melanoidin, which is a constituent of distillery effluent,
cannot be degraded effectively (Satyawili & Balakrishnan, 2008). Gonzalez et al. (1999)
reported that the biodegradability of melanoidin is very low. They reported that the AD process
can remove only about 6-7% of melanoidin in distillery effluent. It was therefore observed that
even after anaerobic treatment, the wastewater still had the dark-brown colour contributed by
melanoidin. It has been reported that AD is not efficient when used as a stand-alone process in
treating distillery and textile wastewater (Simate et al., 2011; Apollo et al., 2013).

For the AD process to be able to handle the biorecalcitrant components of the distillery and
textile industry effluent, these wastewater streams can be pre-treated using appropriate
technologies to enhance the biodegradability of their biorecalcitrant constituents before being
anaerobically digested. Alternatively, when a given wastewater stream contains large amounts
of biodegradable components and traces of recalcitrant compounds, such wastewater can
undergo the AD process without any pre-treatment, but appropriate technology should be



employed as post-treatment method for removing traces of the biorecalcitrant compounds
which could not be eliminated by the AD process (Rizzo, 2011).

2.4  Photocatalysis

Photodegradation, which is an AOP based on the photogeneration of highly oxidative hydroxyl
radicals, has been reported to have a good performance in dye and melanoidin degradation for
colour removal (Oller et al., 2011). This process is robust as it can rapidly degrade the
melanoidin compounds into their intermediate products or can lead to their total mineralisation,
depending on the irradiation period.

2.4.1 Mechanism of photocatalysis

Several authors (Gaya & Abdullah, 2008; Fujishima et al., 2000) reported the fundamentals of
photophysics and photochemistry underlying the heterogeneous photocatalysis engaging the
TiO2 semiconductor. From a mechanistic point of view, when photon energy (hv) equal or
greater than the bandgap energy 4Eg of the semiconductor is supplied, an excited electron in
the valence band is shifted to the empty conduction band. This leads to the generation of a
positive hole (hy™) in the valence band and an electron (e ) in the conduction band. As a
result, electron-hole pairs are produced according to Eqg. 1.

catalyst + hv - ey, ~ + h™ (1)

where e.;,~ and h* ., are the electrons in the conduction and valence band, respectively. Both
the electron and hole move to the photocatalyst surface where they participate in redox
reactions with any chemicals present on the surface. The electrons in the valence band react
easily with the surface-bound H.O to form *OH radicals, whereas, e, ™ reacts with O, to yield
superoxide radical anion of oxygen according to (Eg. 2) to (Eqg. 5).

H,0 + hv* —»°* OH + H* 2
0, +eq” = +0,~ 3
0,” + H* > HO,' (4)
H,0, — 2°OH (5)

The reaction of oxygen and the electron is crucial as it hinders the undesirable combination of
the electron and the hole. The oxidative and reductive reactions do not occur concurrently.
Therefore, when an accretion of electrons takes place in the conduction band, the electron is
recombined with the positive hole in the absence of the photocatalyst (Eg. 6). Since the
photocatalysis reaction is in competition with electron-hole recombination, efficient electron
consumption is essential for photocatalysis to occur.

e+ hvt - TiO, (6)

The *OH and O, formed can react with the dye and melanoidin molecules, resulting in the
degradation of the organic pollutants. The organic pollutants are degraded to their
corresponding intermediates and further mineralised to salts, carbon dioxide and water (Eq. 7).

*OH + pollutant + O2 —products (salts, CO2, H20) (7)



Figure 1 summarises the mechanism of photocatalysis including bandgap excitation, charge
separation and the scavenging of electrons and holes by surface-adsorbed species.

Energy Level 0;
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Figure 1: Schematic diagram showing the generation of oxidative species in a photocatalytic study (Chong
et al., 2010)

According to Pirkanniemi and Sillanpéa (2002), the overall heterogeneous photocatalysis as
represented by (Eq. (7) involves five steps, which are demonstrated in Figure 2:

Mass transfer of the organic contaminant(s) in the liquid phase to the TiO2 surface.
Adsorption of the organic contaminants onto the photon-activated TiO> surface.
Photocatalysis reaction for the adsorbed phase on the TiO, surface.

Desorption of the intermediate products from the TiO> surface.
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Mass transfer of the intermediates from the interface region to the bulk fluid. In terms
of rate determination, the overall rate of reaction is equal to the slowest step.
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Figure 2: Steps in heterogeneous catalytic reaction (Fogler, 1999)
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When the mass transfer stages (a and e) are compared with the reaction stages (b, ¢ and d), the
organic concentrations in the immediate vicinity of the active sites are vague from those in the
bulk liquid phase. At this stage, the mass transfer steps are not rate-limiting and do not influence
the overall rate of photocatalytic reaction. The study completed by Vinodgopal and Kamat
(1992) reported the reliance of the photodegradation rate of the organic surrogate on surface
coverage of the photocatalysts employed. This outlines the significance of molecules’
adsorption or surface contact with the photocatalyst during the photocatalytic degradation
process. If the mass transfer steps are rate restrictive, a modification in the aeration or liquid
flow conditions past the TiO2 photocatalyst may change the overall photocatalytic reaction rate.

2.4.2 Titanium dioxide photocatalyst

TiO2 has been the most utilised photocatalyst due to its good physical and chemical stability,
insolubility in water, resistance to acids, inertness to most chemicals, and long-term
photostability. The most common polymorphs of TiO> are rutile and anatase with band gaps of
3.0eV and 3.2 eV, respectively. Both forms of TiO> have been reported to be photoactive;
however, anatase has been found to be more active than rutile. A mixture of anatase and rutile
for photocatalysis has been found to exhibit synergy due to the photo induced interfacial
electron transfer from anatase to rutile (Kawahara et al., 2002). Furthermore, Liu et al. (2008)
reported that the photogenerated electrons in the rutile conduction band form superoxide
radicals and the holes in the anatase valence band play a vital role in oxidation reactions.

The main drawbacks of TiO2 have been its high electron-hole recombination, large band gap
and small size. TiO> undergoes fast recombination of electrons and holes during the photo
activation step thus reducing photoactivity. The anatase bandgap of 3.2 eV, corresponding to
light wavelength 388 nm means that TiO2 can only be activated by UV light. This limits the
use of sunlight, a lower cost and greener energy, for the activation of TiO since UV light forms
only about 5% of sunlight. Commercial catalyst grade TiO> is about 20 nm in size and therefore
requires the use of costly membrane filters to separate it from the reaction solution. The
electron-hole recombination and large band gap have been addressed by doping the TiO2 while
the size of the TiO> has been increased by attaching the TiO2 onto inert supports.

2.4.2.1 TiOz doping

Visible light active (VLA) TiO2 photocatalysts have been developed to utilise more of the solar
energy for photocatalysis. The VLA catalysts have been synthesised by doping TiO2 with
metals and non-metals using chemical doping or ion implantation. lon implantation has resulted
in narrowing of band gaps; however, its high cost has limited widespread use. Chemical doping
remains a popular and low-cost method of making VLA TiO2 by narrowing the TiO2 band gap
by introducing impurity energy levels into the TiO2 crystal lattice (Asahi et al., 2001). Both
transition metals and anions have been used in chemical doping. Non-metal dopants (N, C, F,
S), with their lower cost have been reported to improve the feasibility of doped TiO: catalysts
for large-scale application (Fujishima et al., 2000). However, single-ion chemical doping still
suffers from poor reactivity of the VLA under UV light due to an increase in electron-hole
recombination (Malato et al., 2009). Increasing the number of doping ions by tridoping the
TiO2 has shown an increase in reactivity (Wang & Lim, 2010) and is one of the best chances
of producing a low-cost catalyst with a high performance under both UV and visible light.
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Since Fermi levels of noble metals such as Ag, Ni, Cu, Pt, Rh, and Pd are lower than that of
the TiO, photocatalyst, they could be deposited on the TiO2 surface to improve the charge
separation (Ni et al., 2007). Photoexcited electrons can be shifted from the conduction band of
TiO, to metal particles deposited on the surface TiO,, whereas photogenerated holes in the
valence band remain on the TiOz. This reduces the possibility of electron-hole recombination,
resulting in an efficient charge separation and thus enhanced photocatalytic activity. Many
studies have found that the efficiency of charge separation using noble metals depends highly
on the size of the metal particle, dispersion and composition. For a high photocatalytic activity,
the size of the metal particle should be less than 2 nm (Turner et al., 2008) and the concentration
of the metal particles should not be too high otherwise the metals become electron-hole
recombination centres (Sakthivel et al., 2004). Although noble metals have been effective in
improving the charge separation, their high cost has limited their commercial use.

2.4.3 Supported TiO2

Traditionally, photocatalysis has been carried out using nanophase TiO> due to its high surface
area resulting in high photocatalysis rate (Boyjoo et al., 2013). However, the challenging and
costly separation of TiO; after the reaction has limited the commercialisation of photocatalysis
(Shan et al., 2010). Therefore, supported catalysts have been investigated as possible solutions
to the costly filtration step after the photocatalysis reaction. However, supported catalysts have
been found to show a lower reaction rate due to their low mass transfer area available for
reaction. To overcome this difficulty, efficient material supports with adsorption capability that
would bring the contaminants into close contact with the catalyst surface have been used
(Turchi & Ollis, 1990). Supporting materials such as glass beads, fibre, glass, silica, and zeolite
have been investigated as supports for TiOx.

2.4.3.1 Membranes as supporting materials

A membrane itself has been used as an immobiliser to support the photocatalyst and improve
the surface contact with pollutants (Kwak & Kim, 2001). Membranes have been attractive as
supports since the photocatalytic reaction can be carried out on the membrane surface and the
treated wastewater could be constantly discharged without losing photocatalyst particles.
Several membranes have been used to support TiO2 including TiO2/Al,0s composite
membranes (Choi et al., 2007) and TiO> supported on polymer and metallic membranes. Dotted
polymer membranes with TiO> particles entrapped within the membrane structure during the
membrane fabrication operation (Artale et al.,, 2001) have also been used. Despite the
advantages of membrane supports, the membranes may experience many technical
complications such as membrane structure corrosion, low photocatalytic activity and loss of
the deposited TiO. semiconductor layer over time.

2.4.3.2 Activated carbon as supporting material

Activated carbon (AC) is a commonly used photocatalyst support material for water and waste-
water treatment to remove organic and inorganic contaminants. The application of AC in
wastewater treatment is mainly due to its pore structure. Therefore, AC has been broadly used
as a support for TiO> due to the ability of the AC to accelerate the photodegradation efficiency
by concentrating substrate near the TiO2 (Shan et al., 2010). Although AC has some benefits
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as a photocatalyst support in promoting the photocatalytic process, its application requires a
reactor that efficiently exposes the photocatalyst surface to the photons of light. Furthermore,
it is also a costly supporting material and the surface chemistry of a carbon may obstruct
effective coating of TiO2 on it (Khan et al., 2002).

2.4.3.3 Fibres as supporting material

Glass, carbon fibres and woven fibre cloths have been considered as TiO2 supports in waste-
water treatment. Most of these fibres show a longitudinal morphology or protruded rod-shape.
When fibrous supports are used, loss of pressure and pore diffusion resistance are lower than
with pellet-shaped catalysts (Matatov-Meytal & Sheintuch, 1998). Another good advantage of
fibre catalysts is their transparency to UV light in photocatalytic applications.

2.4.3.4 Zeolite as supporting material

Zeolites are naturally occurring aluminosilicate minerals, which can also be synthesised
artificially. Clinoptilolite is the most abundant, readily available and inexpensive natural zeolite
(Ming & Dixon, 1987). Considering their highly crystalline structure, zeolites contain silicon,
aluminium and oxygen forming an internal framework with cavities and channels, where
cations and/or small molecules may exist. Zeolites have been found to be good photocatalyst
supports due to their unique uniform pores and straight channels. Since they provide a large
surface area, most degradable molecules find it easier to diffuse to the channels and cages of
the order of 4-14 A resulting in enhanced degradation. Additional studies by Ichiura et al.
(2003) confirmed that due to the high adsorption capacity, the role of zeolite particles in the
TiO2-zeolite composite has been to increase the number of the nitrogen oxide molecules and
that of the dye molecules near the active sites of the TiO2. The photocatalytic activity of TiO»-
based zeolite composites is improved due to the zeolite acting as supporting material for the
homogeneous dispersion of TiO> particles on its surface. Additionally, zeolite also plays a
positive role in the processes of charge and electrons transfer during the photocatalytic reaction,
which subsequently decreases the recombination of the charge carriers (Dubey et al., 2006).

2.4.3.5 Silica as supporting material

Silica materials such as silica gels and mixed oxides of silica titania have also been used as
TiO, supports (Shan et al., 2010). Since synthetic silica has a higher surface area than naturally
occurring forms of silica, synthetic silica provides the best adsorption and catalyst support
structure for heterogeneous photocatalysis. Figure 3 shows the different types of surface silanol
OH. The surface charge of a mineral surface is the result of the protonation-deprotonation of
surface functional groups (mostly OH). The SiOH surface groups are the principal species. The
surface concentration of SiOH>" is highest at pH 0, while the concentration of SiO™ increases
with an increasing pH and maximum concentration of SiO™ is at pH 8 (Londeree, 2002).
Moreover, silica, has many advantages over AC as a photocatalyst support. The transparency
of silica allows the penetration of photons to the photocatalyst surface. This is extremely
beneficial and allows for a fixed bed reactor design that can be highly efficient with respect to
input energy. In addition, silica has high mechanical strength, thermal stability, and can be
synthetically formed into any shape, such as cylindrical pellets (Yamazaki et al., 2001).
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Figure 3: Surface silanol OH groups at the at the silica surface (Li & Bruyn 1966)

Silica-modified TiO2 was reported to exhibit a better photocatalytic performance than TiO>
itself. The TiO>—SiO> photocatalysts permit supporting of the catalyst on both external surfaces
and internal surfaces within the porous silica matrix where contaminants are adsorbed. In a
study carried out by Anderson and Bard (1997), a strong synergy between titania and silica as
a composite oxide was found and it was further reported that the presence of the supporting
material was considered to encourage the efficiency by increasing the concentration of the
substrate near the TiO; sites relative to the solution concentration. However, for substrates that
are not readily adsorbed to the surface of silica, the degradation rates were lower than a slurry
of pure TiOx.

2.4.3.6 TiO2 hollow microspheres

Recently, hollow TiO2 microspheres have been suggested as better alternatives to nanophase
TiO». The TiO2 hollow microspheres are advantageous due to their large size, low density, high
surface area, good surface permeability, and high light harvesting capability (Li et al., 2010).
Several methods such as hydrothermal (Ye et al., 2010), spray-drying (Ai et al., 2012), soft
template (Wang et al., 2008), hard template (Xiong et al., 2012) and spray hydrolysis
(Nagamine et al., 2008) have been used to synthesise TiO2 hollow microspheres. Most of these
methods are complicated multistep procedures that require costly precursors to synthesise
hollow microspheres (Zhang et al., 2011). However, spray hydrolysis is a simple method
involving the spraying of water droplets onto the normal sol-gel TiO2 precursors (Nagamine et
al., 2008).

2.4.4 Light sources for photocatalysis

The TiO2 photocatalyst has a band gap energy of 3.2 eV and therefore can only be activated
with UV light of wavelength below 400 nm (Malato et al., 2009). The most common UV lamps
for photocatalysis have been mercury lamps. To reduce energy cost, sunlight has been used as
an alternative source of UV light. However, the intensity of solar UV is only 5% of the solar
spectrum and it fluctuates with time of day, weather conditions and season of the year
(Natarajan et al., 2011). These drawbacks of solar energy can be addressed by using a suitable
catalyst and compensating for any fluctuations in solar intensity.
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2.4.5 Effect of inorganic ions on photocatalysis treatment technology

Most wastewaters have inorganic ions; therefore, a basic understanding of the ions on the
effectiveness of photocatalysis is essential. Crittenden et al. (1996) reported that when a photo-
catalyst is used in either a slurry or fixed-bed configuration to treat real waters with different
inorganic ions, photocatalyst deactivation was usually observed. This results from a strong
inhibition of the inorganic ions on the surface of the TiO2> semiconductor used. Thus, the
presence of these inorganic ions together with their permissible levels on the photocatalysis in
water treatment must be determined to ensure minimal disturbances on the efficient operation
of the TiO> catalytic performance. Several studies have been conducted on the effects of
different inorganic anions or cations, on both TiO2 photo-mineralisation and photo-disinfection
reactions (Guillard et al., 2003; Rincon & Pulgarin, 2004; Habibi et al., 2005). It must be
emphasized, however, that most of these studies have concentrated on how different inorganic
ions affect the rates of photocatalytic reactions with a model surrogate organic compound. The
surrogate model organic compound can be biased towards its photocatalytic performance
owing to its underlying chemical properties and the main constituent groups that form the
compound. For instance, the model compounds with either electron withdrawing or donating
groups will contribute a different degree of interaction to degradation pathways (Herrmann,
1999).

Currently, the effects of both inorganic cations, (such as Na*, K*, Ca?*, Cu?* and AI**) and
inorganic anions (such as CI-, NO3~, HCO3™, SO4* and HPO4 2°) on the photocatalytic water
treatment have been investigated (Guillard et al., 2003; Rincdn & Pulgarin, 2004; Habibi et al.,
2005). Results from these studies report that Cu?*, Fe?*, AI**, CI- and PO4™ at certain levels
may decrease photo-mineralisation reaction rates while Ca®**, Mg®* and Zn?* may have
negligible effects. This is because Ca?*, Mg?* and Zn 2* are at their maximum oxidation states,
resulting in their inability to inhibit the photocatalysis reaction. The presence of Fe?* can
catalyse both the Fenton and photo-Fenton reactions. However, Choi et al. (1994) observed
that Fe?* fouled the photocatalysts surface by introducing a rusty orange colour change via the
formation of Fe(OH)s, while the PO4*~ in the nominal pH range remains strongly adsorbed onto
the TiO> surface and further inhibits its photoactivity. Habibi et al. (2005) observed that NOs™,
S04? and CIO4~ inhibit the surface activity of the photocatalysts.

The presence of salts is also known to diminish the colloidal stability as screening effects
become more profound. This was followed by the double-layer compression and surface charge
neutralisation, which increase the mass transfer limitations and reduce surface contacts
between the pollutants and catalysts. Other inorganic ions also affect photodegradation rates,
where the presence of SO4% in a TiO.-coated glass spiral reactor could double the
disappearance rate of the pesticide Monocrotophos (Zhu et al., 1995). The Mn?* improved the
photoactivity by simultaneously increasing the electron-hole pairs and preventing their
recombination (Mu et al., 2004).

To treat heavy metals present in wastewater, the TiO2 photocatalytic process has been reported
to simultaneously convert these metals into non-toxic ionic states and further reduce them into
their corresponding elemental form on the TiO surface for metal recovery. Prairie et al. (1994)
reported that metals of Cr(1V), Hg(ll) and Pt(ll) were easily treated with TiO2 of 0.1 wt%
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whereas Cd(I1), Cu(ll) and Ni(ll) could not be reduced. The extent of such metals’ conversion
and recovery process is highly dependent on the standard reduction potential of the metals for
the reduction reactions. It was reported that for an efficient removal of the metals, a positive
potential greater than 0.4 V or the flat band potential of TiO2 was required (Herrmann, 1999).
Since the rates of both oxidation (organics) and reduction (metals) on the TiO2 surface are
intrinsically interrelated, the presence of sufficient organics in the water matrices were found
to facilitate the metal recovery.

To better simulate real wastewater, the synthetic wastewaters used for investigating photo-
catalysis should have a complex mixture of inorganic ions. In investigating multicomponent
systems, some problems such as daughter compounds’ formation during oxidisation, inter-
action between existing compounds besides difficulty of modelling and simulation of such
systems make experimentation very complicated. Therefore, an effective treatment method for
wastewater contaminated with both organic and inorganic compounds is highly needed.

2.4.6 Challenges of photocatalytic wastewater treatment

Even though photodegradation performs well in the mineralisation of toxic and recalcitrant
organic compounds that cannot be biodegraded easily, there are some challenges. Firstly, the
major challenge of this process is a high energy requirement in cases where artificial irradiation
such as UV light is used (Oller et al., 2011). In this case, the associated cost can often be
prohibitive for wastewater treatment. Secondly, another problem is encountered in the
treatment of wastewater with high colour intensity. In this case, the high colour intensity
hinders the penetration of light rays thus lowering the performance of the process. It therefore
means that to improve photocatalytic degradation in the treatment of such wastewater, high
dilutions are required. This again is not economical as a larger reactor volume is required.

2.5 Integration of AD with Other Treatment Methods

Due to the recalcitrant nature of the distillery and textile effluents, it is inefficient to apply AD
as a stand-alone process (Oller et al., 2011). Therefore, many attempts have been made to
integrate at least two treatment techniques for their efficient treatment. It has been proposed
that other treatment techniques (physico-chemical and biological methods) can be integrated
with the AD process for efficient treatment of distillery effluent (Simate et al., 2011). These
techniques have been applied either as pre-treatment or post-treatment methods to the AD
process to achieve total colour and COD removal. Of these techniques, an integrated anaerobic-
aerobic process has been established to achieve a significant colour removal (Satyawili &
Balakrishnan, 2008). The only alternative methods that can be integrated with AD are the
physico-chemical methods such as adsorption, coagulation/flocculation, oxidation processes
and membrane separation.

2.6 Integration With Physico-chemical Methods

Integration of AD with physico-chemical methods such as adsorption, coagulation/
flocculation, oxidation processes and membrane separation have also been investigated for
colour removal. Even though these methods are effective in colour removal, sludge generation
and disposal are major constraints in their applicability. Some adsorption processes suffer from
slow kinetics, irreversible adsorption of target compounds and loss of mechanical stability
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(Jal et al., 2004). Also, the need to regenerate the adsorbent has led to an increase in the cost
of adsorption. Adsorption also does not destroy pollutants but just transfers the contaminant
from water to solid matrix (Hoffman & Martin, 1995). Moreover, the cost of chemicals,
adsorbents and membranes pose a challenge in the adoption of these methods (Rajor et al.,
2002). Membrane filtration treatment for spent wash is also characterised by significant
membrane fouling, which limits its applicability (Jain & Balakrishnan, 2004). Coagulation may
be good for dispersive dyes; however, it may not eradicate highly soluble dyes and it produces
a large quantity of sludge. In light of these challenges, AOPs are increasingly attracting the
attention of researchers.

2.6.1.1 AOPs

AOPs such as photo-Fenton, ozonation, electrochemical oxidation, sonocatalysis and photo-
catalysis involve the generation of oxidising chemical species to attack and break down
organics. Table 4 summarises the advantages and disadvantages of several AOPs. Although
the photo-Fenton process is an appropriate chemical means of treating polluted wastewaters,
the method generates a significant amount of sludge due to the flocculation of the reagent and
the dye molecules (Slokar & Le Marechal, 1997). Oxidation by ozone has been widely used to
degrade phenols, pesticides, chlorinated hydrocarbons and aromatic hydrocarbons (Xu &
Lebrun, 1999). Ozonation has the benefit of being used in its gaseous state thus not increasing
the quantity of sludge. However, ozonation alone has been found to be ineffective for degrading
disperse dyes (Solozhenko et al., 1995) due to its short half-life (about 20 minutes), which
requires the use of costly continuous ozonation. One of the best AOPs has been semiconductor
photocatalysis due to its low cost, stability and high activity.

Table 4: Advantages and disadvantages of current dye removal methods from industrial effluents
(Robinson et al., 2001)

Physical/chemical Advantages Disadvantages
methods
Fenton’s reagent Effective for decolourisation of It generates sludge
both soluble and insoluble dyes
Ozonation Applied in gaseous state: no Short half-life (20 minutes)
alteration of volume
Photochemical No sludge Formation of by-products
Electrochemical Breakdown compounds are non-  High cost of electricity
destruction hazardous
Electrokinetic Economically feasible High sludge production
coagulation
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2.6.1.2 Photocatalysis

Integration of the UV photodegradation process and biological treatment has been reported
(Oller et al., 2011). However, most of these integrations have focused on aerobic treatment and
UV photodegradation. This integration is costly as a significant amount of energy is required
to aerate the aerobic process and power the UV light source. Moreover, the aerobic process
produces a great deal of sludge. To mitigate these problems, a study on integration of UV
photodegradation and AD has been reported (Apollo et al., 2013). In the study, fixed bed
reactors were applied. This form of integration has the advantage in that by applying the AD
process instead of the aerobic process, aeration and sludge production are avoided, moreover,
the AD process produces renewable energy which can be used to power the UV system.
However, the fixed bed reactors employed in the integrated AD-UV studies have limitations as
there is no adequate mass transfer because there is no good mixing during reaction. Also, the
fixed bed reactors have low working volume as most part is packed with biomass support or
catalyst support material for the bioreactor and photoreactor respectively. This lowers the
efficiency of the process in waste removal and energy production. Besides, the packed bed
photoreactor leads to light attenuation resulting in long irradiation time during UV photo-
degradation. This in turn results in high energy consumption and consequently an overall
increase in process cost. This set of problems associated with fixed bed reactors can be
addressed by employing FBRs. This is because FBRs can achieve good mixing, which
enhances mass transfer resulting in faster reaction rates. FBRs also have improved working
volumes that lead to a reduced light attenuation during UV photodegradation.

In this work, it is proposed that the solution to the challenges facing both the anaerobic
degradation and photocatalytic degradation of organic pollutants reside in the integration of the
two processes. This is based on the possibility that photocatalytic pre-treatment of toxic
pollutants can increase their biodegradability before conducting the anaerobic process. This
means that the photodegradation process will be carried out for a shorter period since complete
mineralisation is not required. Moreover, the cost of energy required by the photodegradation
process can be offset by the energy generated by the anaerobic process. Alternatively,
photodegradation can be employed for final polishing of the anaerobically treated effluent.
Used in this manner, the resulting effluent may not only be safe for discharge but can be clean
enough for reuse.

2.7 Reactor Configurations

2.7.1 Reactor configurations for AD

There are various reactor configurations that have been used for AD. The most used reactors
are the continuously stirred tank reactor (CSTR), up-flow anaerobic sludge blanket (UASB)
reactor, fixed bed reactor and fluidized bed bioreactor (FBB).

CSTR

In the CSTR, stirring ensures good contact between the biomass and substrate. However, the
setback of stirring is that the agitator generates high shear, which causes attrition resulting in
retarded cell growth. Moreover, since there is no mechanism of preventing microbial washout,
CSTR has longer HRTSs than other reactors. In order to reduce washout, a high volume of the
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reactor is required with respect to the volume of waste to be processed (Montalvo et al., 2012).
Another method that can be used to minimise the washout is sludge recycling, though it is not
efficient.

Fixed bed bioreactor

This kind of reactor is packed with some inert material to prevent microbial washout and it can
be operated in up-flow or down-flow modes. The microbes attach to the support material and
therefore are not washed out with the reactor effluent. This enables the reactor to provide good
COD removal at a relatively shorter HRT and a better tolerance to toxic and organic shock
loading. Also, this system has the advantage of being easy to construct, operate and maintain.
Moreover, its effluent contains less suspended solids due to filtration across the bed. However,
the shortcomings of this system include that a significant amount of energy is needed to pump
the influent across the bed, there is often channelling and clogging across the bed, finally, the
working reactor volume is low due to the space occupied by the packing material.

UASB reactor

The UASB reactor operates on the principle of formation of granules from biomass during the
anaerobic degradation. In this system, a blanket of granular sludge is formed and suspended in
the reactor during the process. In the up-flow anaerobic sludge bed, the microorganisms are
freely suspended in the tank and the feed introduced from the bottom suspends the granules
formed by the biomass. The granules act as biomass support and prevent biomass washout.
This system is therefore very efficient as it attains both proper mixing and biomass retention.
The UASB reactor is the most popular of the current high rate reactors that have been applied
to treat various industrial wastewater streams. A COD reduction of up to about 75% has been
reported when UASB is applied in the treatment of sugar cane molasses spent wash (Satyawili
& Balakrishnana, 2008). Wolmarans and De Villiers (2002) also reported a COD removal
efficiency of 90% over a period of three seasons in a UASB plant treating distillery wastewater.

FBB

The fluidized bed reactor combines the attributes of the fixed bed reactor and the UASB in that
it employs a biomass support material as in fixed bed and also achieves good mixing as in the
UASB. In this reactor type, the inert support material is fluidized by the influent and/or gas,
resulting in efficient mixing and mass transfer. The FBB has been demonstrated in various
studies to have good performance in the treatment of both low- and high-strength industrial
wastewater streams (Fernandez et al., 2001; Garcia-Encina & Hidalgo, 2005; Shida et al.,
2009). Garcia-Bernet et al. (1998) treated distillery wastewater using a fluidized bed reactor
and reported a reduction in carbon content of between 75% and 95%. The use of small size
packing materials enables the media to retain high biomass due to the availability of a larger
surface area resulting in a lower HRT. Fluidization also overcomes operating problems such as
bed clogging and high pressure drops encountered in the fixed bed reactor. Generally, the use
of biomass support material has become very essential in improving digester performance.
Even of more significance is the selection of an appropriate support material that has some
specific desired properties that can contribute more to the digester efficiency.
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2.7.2 Reactor configurations for photocatalysis

A good photocatalytic reactor should efficiently convey pollutants and photons to the surface
of the photocatalyst for the photocatalysis reaction. Braham and Harris (2009) carried out an
extensive review of the effectiveness of different designs of solar photocatalytic reactors such
as a parabolic trough, compound parabolic, inclined plate, double skin sheet, rotating disk,
water bell, fibre optic, fixed bed and fluidized bed photocatalytic reactors. They identified the
FBR as a system that requires further research due to its potential for use in solar photocatalysis
as a result of its exceptionally high photon efficiencies, and mass and heat transfer rates.

FBRs come in different configurations based on the number of phases and the identity of the
dispersed and continuous phases. Based on the number of phases, there are two- or three-phase
FBRs. Three-phase reactors find application in the Fischer—Tropsh process (Schulz, 1999),
airlift bioreactors (Vunjak-Novakovic et al., 2005) and photocatalysis (Kimura et al., 2004).
Most fluidized bed photocatalytic reactors have the liquid as the main fluidizing medium (Vega
et al., 2011). Very few studies report the use of fluidized bed photocatalytic reactors with air
as the main fluidizing medium (Kimura et al., 2004). Using air instead of liquid for fluidization
is advantageous since for the same level of fluidization, lower power consumption is required
in contrast to liquid fluidized systems. Additionally, there is a lower level of hydrodynamic
shear in air fluidized systems than in liquid fluidized systems (Vunjak-Novakovic et al., 2005).
This low hydrodynamic shear is especially attractive when fluidizing supports catalysts as this
minimises the separation of TiO> from its support.

Another advantage of air fluidized systems is that a high level of dissolved oxygen can be
maintained in the solution at a low cost due the continuous sparging of air (Kimura et al., 2004).
Dissolved oxygen is necessary to trap conduction band electrons thus preventing electron-hole
recombination, which greatly reduces the quantum efficiencies of photocatalysts. In water
fluidized reactor types, oxygen is usually added into the substrate solution by bubbling air in a
mixing tank upstream of the reactor (Vega et al., 2011). This is costly due to the use of a water
pump and compressor for fluidization and introduction of dissolved oxygen into the solution,
respectively. The air fluidized system utilises a single compressor for both fluidization and
introduction of oxygen into the reactor.

Several materials have been used for the construction of solar photocatalytic reactors. Malato
et al. (2009) proposed that of all the materials used to construct solar photocatalytic reactors,
fluoropolymers and borosilicate glass were the best. Although fluoropolymers are less costly
than borosilicate glass in normal operation, their thickness would have to be increased to
withstand the weight of the liquid, which would increase their cost. On the other hand,
borosilicate glass has a high tensile strength and therefore could endure high pressures with
thin walls and reduce the overall cost of the reactor material. Therefore, borosilicate glass was
chosen as the material for the construction of the reactors.

A graph comparing the transmittance spectrum of Scott—Duran borosilicate glass and the
emission spectrum of sunlight (Figure 4) shows that a very high percentage of sunlight could
pass through the borosilicate glass walls. The only part of the solar spectrum outside the boro-
silicate glass transmittance line was a small section between 445 nm and 600 nm. The whole
UV region of the solar spectrum (below 400 nm) was well within the borosilicate transmittance

20



line. This shows that borosilicate glass could transmit all the sunlight within the solar UV
region. Blanco et al. (1999) reported that normal borosilicate glass could transmit only 81% of
UV. However, they carried out their experiments using UV lamps and not sunlight. UV lamps
emit more UV radiation than sunlight, which could explain the low transmission of UV light
from the lamps through borosilicate glass.

Most photocatalysis studies use batch or semi-batch reactors to investigate substrate or catalyst
characteristics with little focus on the reactor itself. Consequently, the development of low-
cost, continuous-flow and scalable photocatalytic reactors that can be commercialised has
lagged. For commercial application, hydrodynamics and light distribution inside the reactor at
different operating conditions need to be understood to enable optimisation and scale-up of the
reactor design. The reactor hydrodynamics and light distribution can be effectively modelled
using CFD and Monte Carlo simulation, respectively. The CFD model can be solved using a
finite volume method employing a commercial code such as ANSYS Fluent (Troshko &
Zdravistch, 2009).
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Figure 4: Comparison of the transmittance of a 2 mm thick borosilicate glass and the emission of the ASTM
reference solar spectrum (Schott, 2012; National Renewable Energy Laboratory)

2.7.3 Hydrodynamics modelling of photocatalytic reactors

FBRs for photocatalysis consist of three phases (solid, liquid and gas). FBRs are complex
systems; therefore, hydrodynamics is the most important issue depending on the geometrical
properties and operating conditions of the system. Consequently, the modelling, design and
scale-up of these reactors necessitate accurate prediction of the hydrodynamics. A conventional
method for predicting the hydrodynamics of FBRs is through mathematical modelling and
correlations (Kumar & Bansal, 2013). Many of these correlations have been developed in the
past although the drawback of these correlations is that they are only applicable to specific
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reactor configurations and hydrodynamic conditions. Therefore, FBRs require a different
method of predicting hydrodynamics.

Pre-processing

Pre-processing is a first in building and analysing a flow model. Pre-processing consists of
input of a flow problem by means of an operator interface and subsequent transformation of
this input to form a suitable flow model that can be solved by the solver. Pre-processing
involves a two- or three-dimensional model of the system of interest, followed by meshing the
geometry. Mesh generation is the process of dividing the geometric model into a number of
discrete parts or finite elements. The shape of these elements can be tetrahedral, prism or
hexahedral depending on the type of geometry and analysis. The finer the mesh, the more
accurate the results are but the longer the analysis time. Therefore, a compromise between
accuracy and solution speed is usually made. Wang et al. (2012) used 1 million hexahedral
volume cells to discretize three-dimensional domain and concluded that they obtained mesh-
independent results. Periyathamby & Ray (1999) stated that to obtain accurate results, they had
to divide the three-dimensional domain into control volumes ranging from 500 000 to
1000 000 cells distributed unevenly within the computational domain. Solving any fluid
dynamics problem using CFD involves three steps: pre-processing, solver and post-processing.
Most commercial software for CFD has specific functions to carry out these steps in a
sequential and logical manner.

Solver

The data from the mesh is fed to the solver and tells it the exact problem to solve. The solver
involves specifying and performing the following tasks:

e Specify the type of model (multiphase, Eulerian, and volume of fluid).

e Specify fluid properties such as viscosity, density, heat capacity and thermal
conductivity.

e Determine which flow-related variables need to be calculated.

e Specify the boundary conditions to each set of faces.

e Define the initial conditions for the simulation.

ANSYS Fluent uses two types of numerical method to solve governing equations, namely,
density-based solver and pressure-based solver. The density-based solver was developed for
high-speed compressible flows; the pressure-based solver was developed for low-speed
incompressible flows. Photocatalytic reactors are usually operated under low-speed flows;
therefore, the pressure-based solver is appropriate. Discretization is a technique for converting
partial differential (governing) equations into algebraic equations that can be solved
numerically by iteration. The types of discretization technique found in ANSYS are spatial,
temporal, gradient limiters and evaluation of gradients and derivatives. Selection varies based
on the type of analysis. For multiphase flows, the solver can use two approaches for numerical
calculation, namely, The Euler—Lagrange approach and the Euler—Euler approach.
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Euler-Lagrange approach

The fluid phase is treated as a continuum by solving the time-averaged Navier—Stokes
equations. The dispersed phase is solved by tracking a large number of particles, bubbles, or
droplets through the calculated flow field. The dispersed phase can exchange momentum, mass
and energy with the fluid phase. This model is appropriate for modelling of spray dryers,
particle laden flows and coal and liquid fuel combustion (Fluent, 2013).

Euler—Euler approach

In the Euler—Euler approach, the different phases are treated mathematically as interpenetrating
continua. Since the volume of a phase cannot be occupied by the other phase, the concept of
the volume of fraction is introduced. These volume fractions are assumed to be continuous
functions of space and time and their sum is equal to one. Conservation equations for each
phase are derived to obtain a set of equations, which have similar structure for all phases. This
model is appropriate for fluidized bed, bubble columns and slug flows (Fluent, 2013).

The solver finds a solution to several equations that describe the physics of the flow. These
equations are known as the governing equations and include mass conservation, momentum
conservation and the standard k-¢ model.

Volume of fraction

The description of multiphase flow as interpenetrating continua involves the concept of phase
volume fraction (Fluent, 2013). The volume fraction equation (Eq. 8) is used to keep a check
on the volume fraction of the dispersed and continuous phases so that estimates of the density,
viscosity and mass averaged velocity can be made using (Eq. 9) to (Eq. 11).

%(cokpma%(@kpkum,i)=—§i(¢kpk“mvi) (8)

The mixture density, pm, IS expressed by

Pm = Z(kak
(9)
The mixture viscosity, Hm, is
n
Ho = D Oty
k=L (10)
and the mass averaged velocity vector, um, is represented by the relationship
D Ptk
U = k=t
Pnm (11)
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Mass conservation

The continuity equation for the mixture phase is

P, 0y )
pmum,i - O

where um; is the mixture velocity in the i-th direction, and dpm/0t is the partial differential
operator for the i-th direction.

Momentum conservation

Momentum equation for the mixture is given by

%(pmum.j )+ ai;i(pmum,ium,j ): _5_)2 + ai;i:um [a% (um,i )+ aixi(um,j )J +

]

n
Pnd; +F; +aiz(ﬂkpkuok,iuok,j
X et (13)
where on the right-hand side, the forces acting on the mixture phase are collected together and
include the effects of pressure dp/ox;, viscous stress OUum/0X;, gravitational acceleration in the
j-th direction gj, momentum sources in the j-th direction Fj, and interphase momentum
interactions.

Standard k-¢ model

The k-¢ turbulence model (Eq. 14 and Eqg. 15) is a two-equation model in which fluctuating
velocities and Reynolds stresses have been related to the properties of the turbulent flow itself
such as k and «.

%+V-vkzv-{(y+&jw}+@—,08

% (14)

ope U £ g’
%ﬁ-V'V&' ZV|:(ILI+G—t]vg:|+EGC1€ —p?ng

&

(15)

where K is the turbulent kinetic energy, ¢ is the turbulent kinetic energy dissipation rate, C1,
and Co¢ are model parameters found experimentally, G is the turbulence production term, ut is
the turbulent or eddy viscosity, u is the dynamic molecular viscosity and ok, & o. are Prandtl
numbers that connect the diffusivity of k and .

Post-processing

After running the calculation, the post-processing option allows the user to view, set up and
examine the results. This is done by generating contours plots, velocity vectors, path lines and
iso-surfaces. For a more detailed analysis of results, the user can create XY plots of the different
variables of interest.
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2.8 Conclusion

Distillery and textile wastewater are environmental pollutants that are detrimental to both
aquatic and human lives. Therefore, robust and low-cost methods need to be developed to
eliminate the colour and chemicals present in such wastewater. AD is an appropriate
technology for treating industrial wastewater with high organic load. The prominent advantage
of this technology is its ability to convert organic pollutants into biomethane, which is a
renewable energy source. However, wastewater containing biorecalcitrant and toxic organic
pollutants are usually not treated efficiently by this method. It is proposed that photo-
degradation can be combined with AD to treat wastewater with biorecalcitrant/toxic
components. The photodegradation can be applied as a pre-treatment step to increase the
biodegradability of biorecalcitrant components or it can be employed as a post-treatment
technique to the anaerobic system to eliminate recalcitrant organics that might have passed
through the AD system without being degraded. Employing FBRs in the integrated system can
enhance wastewater treatment efficiency since FBRs achieve adequate mixing and efficient
mass transfer. To use FBRs, their configuration and operating conditions need to be optimised.
This can be achieved by modelling the reactors using computational fluid dynamics simulation.
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3 PHOTODEGRADATION OF MWW USING Ti102-ZnO NANOHYBRID
PHOTOCATALYST SUPPORTED ON ACTIVATED CARBON

3.1 Introduction

Molasses-based distilleries are some of the most polluting industries generating large volumes
of high-strength wastewater (Apollo et al., 2013). The final effluent after the distillation process
is MWW, a viscous hydrophilic dark-coloured liquid with a strong objectionable odour. MWW
pollutes the aquatic ecosystem because of its intense brown colour, which hinders light
penetration, prevents photosynthesis and thus causes anaerobic conditions. The dark-brown
colour is mainly due to the presence of brown polymeric melanoidin pigments that are
recalcitrant to conventional treatment methods (Apollo et al., 2016). Effective treatment of
MWW has been achieved by chemical, flocculation and physiochemical treatment methods
such as adsorption and ozonation (Apollo et al., 2016). However, these methods are not
economically feasible due to the high cost involved and in some cases are non-destructive as
they only transfer the pollutants from one phase to another leading to secondary pollution
(Duan et al., 2015). Other methods such as biological treatment through aerobic and anaerobic
degradation barely remove the pigments with approximately only 6-7% degradation reported
(Ojijo et al., 2010).

Photocatalysis offers the advantage of destroying pollutants in contrast to other methods that
transfer the contaminants from one form to another. In this way, organic and inorganic
substances are transformed or degraded into less harmful products. The use of TiO, and ZnO
as photocatalysts for degradation of organic compounds has received a great deal of interest.
TiO2 has been used extensively in environmental applications because of its high activity,
chemical stability, robustness against photocorrosion, low toxicity and availability at low cost
(Song et al., 2014). Depending on the crystalline structure (rutile or anatase), the wideband gap
ranges of 3.0 eV to 3.2 eV for TiOz result in the reduction of its overall photocatalytic activity
since it only absorbs a small fraction (4%) of incident solar (Navgire et al., 2012). Another
semiconductor of interest is ZnO due to its wideband gap (3.37 eV), large excitation binding
energy (60 meV), which permits laser emission at room temperature, piezoelectric properties
(Avci et al., 2013), and exhibits better efficiency than TiO2 under UV light (Ahmad et al.,
2014). However, ZnO suffers drawbacks such as photocorrosion during light irradiation and
instability (Jonidi-Jafari et al., 2015). In low band gap semiconductors, photocatalysis is
hampered by recombination of photogenerated holes and electrons thus lowering the overall
quantum yield (Abdullah et al., 2013).

Hybrid materials have been investigated for environmental remediation as they exhibit the
properties of different components in the same structure. Photodegradation of molasses by
MoOs-TiO2 composite material (Navgire et al., 2012), degradation of Rhodamine B using a
ZnO—carbon nanotube (CNT) composite (Ahmad et al., 2014), UV/H>0,/Ti02/Zeolite for the
treatment of MWW (Apollo et al., 2014), and removal of phenol by monocrystalline TiO2/AC
(Ngamsopasiriskun et al., 2010) have all been reported. Compared with separate systems of
ZnO and TiOg, the TiO2—ZnO hybrid system displays a largely improved photocatalytic activity
as reported for the degradation of diazinon (Jonidi-Jafari et al., 2015), methyl orange and 4-
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nitrophenol (Zhang et al., 2012), and for the photodegradation of phenol (Prabha & Lathasree,
2014). To further enhance the activity of TiO.—ZnO nanohybrid and also reduce the cost
associated with post-treatment catalyst separation, immobilisation onto a support material
should be considered (Ngamsopasiriskun et al., 2010). Coating the catalyst onto the adsorbent
surface integrates its photocatalytic activity with the adsorption properties of the adsorbent thus
inducing a synergistic effect resulting in enhanced photocatalytic efficiency (Apollo et al.,
2014). AC is widely used as a support material due to its good adsorption properties,
mechanical resistance, high surface area, optimum porosity, low cost and seems to be an
attractive support for TiO2 (Pan et al., 2013). The AC support can be introduced to the
composite through various preparation methods such as mixing, sol-gel precipitation, dip-
hydrothermal method or pyrolysis of hydrolysed TiCls (Li et al., 2012). Nanoparticles of ZnO
and TiO2 have been used separately over the time in several photocatalytic research activities
with limited studies focusing on the advantages of TiO>—ZnO hybrid system (Avci et al., 2013).

While some few studies have considered the application of TiO>-ZnO hybrid systems in the
remediation of wastewater containing recalcitrant compounds, to the best of the authors’
knowledge, so far there has been no reported application of the same or of supported TiO2—
ZnO in MWW treatment. Hence, in this study, application of TiO>-ZnO hybrid nanocatalyst
supported on AC as an efficient catalyst in the treatment of MWW was evaluated to determine
the synergistic effects of coupling TiO2 and ZnO into TiO.—ZnO hybrid, and also the photo-
degradation enhancing effect of employing AC as a support material. Moreover, a novel
method for determining degradation of melanoidin by monitoring nitrate formation is
presented. The effect of pH on the process was investigated in addition to the study of
adsorption thermodynamics and reaction Kinetics.

3.2 Materials and Methods

3.2.1 Chemicals and materials

Zinc chloride (97%), titanium (1V) isopropoxide (97%), commercial TiO. (Aeroxide P25),
Ludox colloidal silica and methanol (99.5%), were all obtained from Sigma Aldrich and used
as received. Granular AC (150-200 mesh) was purchased from Industrial Analytical. A batch
photoreactor with 12 W UV-C low-pressure lamp and 250 ml capacity was obtained from
Puritech, South Africa. The lamp had a shortwave range (100-280 nm) concentrated at 254 nm,
important for the production of the much needed hydroxyl radicals, with a total UV output of
300 watts/m? on the surface. Molasses was purchased from local stores in Vanderbijlpark,
South Africa.

3.2.2  Preparation of TiO>—ZnO nanohybrid and subsequent support onto AC

To prepare TiO2—ZnO nanohybrid catalyst, TiO2 was first synthesised before immobilising
ZnO on its surface. Reflux method was employed in synthesising TiO2, adopting a method
reported by Behnajady et al. (2011). Per the method, a precursor solution containing 3.55 ml
titanium Isopropanol (TTIP) and 0.48 ml methanol was sonicated in an ultrasonic bath and
thereafter hydrolysed by adding 14.04 ml of water drop by drop under reflux and magnetic
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stirring at 80°C. After adding water, reflux was continued for three hours. Here,
TTIP:H20:methanol molar ratios were 1:65:1. The obtained sol was redispersed in methanol
and then centrifuged to remove the solvent before drying at 80°C for 12 hours obtaining 1 g of
TiO2 powder, which was finally calcined at 500°C for three hours.

Stock solutions of 0.1 M zinc chloride (ZnCl;) and 0.2 M sodium hydroxide (NaOH) with pH
of 6 and 13, respectively, were prepared for ZnO synthesis. TiO2 was first oven-dried at 103°C
for three hours before immobilising ZnO on its surface (Jonidi-Jafari et al., 2015). The dry
TiO2 was added to the ZnCl2 solution at different proportions to obtain catalysts with different
ratios of TiO2:Zn0O. A sodium hydroxide solution was then added to the TiO>—ZnCl> precursor
obtaining an alkaline medium (pH 12), which resulted in the production of white and gelatinous
TiO2-ZnO. This reaction was performed for seven hours under continuous stirring. The
products in aqueous solution were centrifuged, washed with deionised water, dried at 100°C
for 12 hours before calcining at 500°C for three hours. ZnO was obtained through the same
procedure, but without the addition of TiOa.

The AC was washed with deionised water before applying it as a support. The support was
introduced modifying a method reported by Zainudin et al. (2010). In the modified method,
predetermined masses of nano-sized TiO>—ZnO and AC (150-200 mesh) were mixed together
and then uniformly dispersed in colloidal silica binder (30% binder loading). The binder is
inert, transparent to UV radiation and has a good adherence between support and catalyst, in
addition to exhibiting long-term stability (Haque et al., 2005). Uniform mixing of the catalyst
and support was obtained through ultra-sonication at 25°C for five minutes. The mixture was
then dried at 100°C obtaining granules. The obtained granules were gently crushed then
screened with 325 mesh sieve. The resultant AC supported catalyst referred to as TiO>—ZnO—
AC was obtained with different AC compositions by weight ranging from 0% to 60%.

3.2.3 Catalyst characterisation

Transmission electron microscopy (TEM; FEI Tecnai G2 20 S-Twin HR TEM with embedded
Oxford INCA X-Sight EDX System), scanning electron microscopy (SEM; FEI Quanta 250
FEG ESEM with integrated Oxford X-Max 20 EDX system) and energy-dispersive X-ray
(EDX) spectroscopy analyses were carried out to determine the particle sizes, particle shapes,
surface morphologies and composition of the synthesised nanoparticles. UV visible (UV-Vis;
T80+ UVIVIS Spectrometer, PG Instruments Ltd.) and photoluminescence (Jasco
spectrofluorometer FP-8600) spectroscopies were used in determining the optical properties of
the catalysts. Fourier transform infrared (FTIR; PerkinElmer FT-IR/NIR Spectrometer) was
used to determine the functional groups present on the surface of the synthesised catalysts. To
obtain the crystal structure of the catalysts, X-ray diffraction (XRD; Rigaku — Ultima IV XRD,
Scan speed 4.00 deg/min, and scan range of 3-90 deg) was used.
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3.2.4 Adsorption and photocatalytic studies

Samples of MWW were prepared by dissolving molasses in distilled water to obtain synthetic
wastewater of required initial concentrations. Adsorption equilibrium experiments were carried
out by adding catalyst to MWW at a predetermined catalyst loading. The solution was then
kept in the dark while stirring for one hour. Sampling was carried out at predetermined time
intervals. The samples were analysed for colour removal to monitor the adsorption process.

Photocatalytic experiments were carried out in a 250 ml batch photoreactor with a 12 W UV-C
lamp. The solution, after adsorption in the dark, was transferred to the reactor through a
peristaltic pump. Air was continuously pumped through to ensure uniform mixing of the
catalyst and solution in the reactor. Sampling was carried out at predetermined time intervals
to monitor the degradation rate. To monitor the photodegradation process, colour and total
organic carbon (TOC) reduction, and formation of nitrate were determined. To analyse colour,
the absorbance of samples taken at predetermined time intervals was measured using a
spectrophotometer (T80+ UV/VIS Spectrometer, PG Instruments Ltd) at a maximum
absorption wavelength (imax) of 475 nm. The extent of decolourisation of MWW was
monitored by measuring the decrease in colour intensity of the MWW and is expressed in terms
of the degree of absorbance against time at Amax (Navgire et al., 2012). The TOC and nitrate
formation were analysed using a TOC analyser (Teledyne Tekmar) and ion chromatography
(882 compact IC plus fitted with an 863 compact auto-sampler), respectively. The effects of
parameters such as pH, AC loading and TiO2: ZnO ratio on the adsorption and degradation of
MWW were also investigated.

3.3 Results and Discussion

3.3.1 Characterisation studies

3.3.1.1 TEM, SEM-EDX, XRD and FTIR catalyst characterisations

From the TEM images shown in Figure 5, the average particle size of TiO>-ZnO determined
from size distribution histogram was about 35-45 nm, confirming the successful synthesis of
a nanohybrid. The TEM analysis showed that the TiO> nanoparticles had irregular shapes
consisting of both spherical and tetrahedral, while ZnO nanoparticles had regular hexagonal
shapes with large agglomeration. Similar observations were made by Zainudin et al. (2010)
and Prabha and Lathasree (2014).

Figure 5: TEM images of (a) ZnO, (b) TiOz and (¢) TiO2-ZnO
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The SEM image of TiO>—ZnO in Figure 5 shows a possible hybridisation between TiO> and
ZnO nanoparticles as shown by the well-dispersed ZnO on the surface of TiO2, similarly
observed by Jonidi-Jafari et al. (2015).

The elemental composition of nano-sized ZnO, TiO. and TiO>-ZnO composite was analysed
by EDX. As depicted in Table 5, the only elements present in TiO>—2ZnO were Ti, O and Zn,
indicating a distinct hybridisation between TiO2 and ZnO. It is also evident from the EDX
analysis that nano—ZnO was composed only of Zn and O, and nano TiOz consisted only of Ti
and O elements. The SEM image of TiO>—-ZnO/AC, Figure 6, shows the nanohybrid TiO>—ZnO
well attached onto the surface of AC.

Figure 6: SEM images of TiO2, ZnO, TiOz—ZnO and TiO2-ZnO/AC

Table 5: Elemental composition (% weight) from the EDX spectra of ZnO, TiO2 and TiO>-ZnO

Spectrum Ti Zn @]

ZnO 80.34 19.66
TiO2 59.95 40.05
TiO2-ZnO 28.05 42.75 29.2
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A possible hybridisation of TiO2 and ZnO in the hybrid catalyst is also shown by XRD, Figure
7. The XRD patterns show crystalline structure of TiO, and ZnO both before and after
immobilisation of ZnO on TiO. Peaks observed at 26 values of 31.92°, 34.6°, 36.48°, 47.54°,
56.60°, 62.86°, 66.38°, 67.96° and 69.10° for ZnO corresponds to (100), (002), (101), (102),
(110), (103), (200), (112) and (201) planes of hexagonal wurtzite ZnO, respectively (Ba-Abbad
etal., 2014; Zhang et al., 2012). The TiO; pattern has a dominant anatase phase corresponding
to 20 = 25.3° (Liao et al., 2008). In the TiO.—ZnO nanocomposite, both the characteristic
peaks of wurtzite ZnO and anatase TiO2 were gradually decreased. The XRD results indicate a
successful preparation of TiO>—ZnO nanohybrid and its subsequent support onto AC.
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Figure 7: XRD patterns of TiOz, ZnO, TiO>—ZnO and TiO2-ZnO/AC

Successful hybridisation was also confirmed from the FTIR analysis. The IR spectrum of TiO2—
ZnO hybrid was found to contain peaks observed in ZnO and TiO2 spectra, Figure 8,
confirming the formation of a new substance. The peaks observed at 3400 cm ™ and 1650 cm™
were attributed to water bending and OH stretching, respectively. Similar observations have
been made by Wang et al. (2013). The band observed at around 1400 cm™ was attributed to
the vibration mode of Ti—O bond, also observed by Bahadur et al. (2010). The weak band
observed at around 1590 cm™* for ZnO could be attributed to H-O—H bending vibration mode
(Naimi-Joubani et al., 2015), which might have resulted from adsorption of moisture by the
catalyst during sample preparation. The introduction of AC support led to a slight modification
of the TiO2—ZnO-AC spectrum with a new weak and broad peak observed at around
1070 cm™?, which is attributable to C—N stretching vibration. The peak observed at around
1070 cm™* for TiO,—ZnO-AC is a broadened version of the corresponding peak observed for
AC (Laginhas et al., 2016). The broadening could have resulted from the exposure of C—N,
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which might have been inaccessible before the introduction of the hybrid and lengthy drying
of the resultant composite.
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Figure 8: FTIR spectra of (a) TiO2, (b) ZnO, (¢) TiO2>-ZnO, (d) TiO2-ZnO-AC and (e) AC
3.3.1.2 Characterisation of optical properties

Optical properties of the catalyst were determined from UV-Vis and photoluminescence
spectroscopies. The interactions between photocatalysts and photon energies can be sighted by
UV-Vis spectroscopy. It was therefore of absolute importance to investigate the UV-Vis
absorbance properties of the synthesised catalyst in order to determine their response to light
irradiation. The UV-Vis absorbance spectra of TiO2, ZnO and TiO>-ZnO, Figure 9, were
obtained in the wavelength region of 200 nm to 900 nm using methanol as solvent. Change in
energy band gap due to coupling of semiconductors is primarily represented by UV-Vis
absorption spectrum. A significant red shift is observed with TiO>—ZnO as compared with TiO>
and ZnO. This shift is attributable to the energy needs of the three different catalysts. The
hybrid TiO2—ZnO needs lower energy to be excited than both TiO2 and ZnO. The direct band
gaps (E4) of ZnO, TiOz and TiO2-ZnO were determined as:

E, = 1240/2 (16)

where A is the wavelength of the exciting light (Hamal & Klabunde, 2007; Saheed Olalekan
Sanni, 2014). At 380 nm and above, TiO had a higher energy requirement than ZnO as shown
with the crisscrossing curves. The higher energy requirement is attributable to the low
photoactivity of TiO> in the visible region. ZnO with a larger optical band of 425 nm than TiO>
with an optical band of 385 nm can absorb over a wider range of the UV spectrum (Wang et
al., 2013).
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Figure 9: UV-Vis absorption spectra of TiO2 (—), ZnO (——) and Ti0Q2-ZnO (--)

Table 6: Wavelength and calculated band gap of the prepared photocatalysts

Catalyst Wavelength (nm) Band gap (eV)
TiO> 325 3.81
ZnO 380 3.3

TiO~ZnO 410 3.0

Photoluminescence, an optical property of a photocatalyst, plays an important role in
determining the fate of photogenerated species. Photoluminescence is caused by the emission
of photons resulting from electron-hole pair recombination after a photocatalyst is irradiated,
thus there is a correspondence between relative recombination rate of electron-hole pairs and
the photoluminescence intensity (Zou et al., 2014). The higher the recombination, the higher
the photoluminescence intensity. Also, the lower the recombination rate, the lower the photo-
luminescence intensity. On combining TiO2 and ZnO into a nanohybrid, the photo-
luminescence intensity was greatly decreased as observed in Figure 10. The lower photo-
luminescence intensity shown by TiO>—ZnO could be attributed to the reduced recombination
rate of photogenerated pairs resulting from the possible formation of a heterojunction.

In such a heterojunction, electron transfer can occur from the conduction band of TiO> to that
of ZnO; the hole transfer can also take place from valence band of ZnO to that of TiO> (Wang
et al., 2013), causing efficient charge separation and increased lifetime of charged carriers,
which ultimately results in the reduced recombination rate. The further reduction in photo-
luminescence intensity observed after supporting TiO>-ZnO onto AC implies effective
suppressing of recombination of the photogenerated species, and is attributable to the
introduction of AC. Since AC is reported to be a relatively good electron acceptor (Ahmad et
al., 2014), and TiO.—ZnO is a good electron donor, a synergistic effect between the two
components would effectively reduce electron-hole pair recombination, with AC further acting
as an electron sequester.
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Figure 10: Photoluminescence spectra of TiOz, ZnO, TiO2—ZnO and TiO2-ZnO-AC

3.3.2 Adsorption and photocatalytic studies
3.3.2.1 Effect of percentage fraction TiO on the activity of TiO>—ZnO

The effect of TiO2:ZnO ratios was studied by varying the amount of ZnO immobilised on the
surface of TiO. Different fractions of TiO: in the range from 0% to 100% were investigated.
The ratio with the highest activity was determined in the photodegradation of 4000 mg/L
MWW, and it was observed that ratio 3:1 of TiO2:ZnO (corresponding to 75% TiO>
composition by weight) had the highest activity of the ratios (Figure 11a), with the highest
colour removal of 92.45%. A synergistic effect, Figure 11b, was therefore achieved as TiO,—
ZnO nanohybrid with 75% TiO> composition showed the highest colour removal of 92.45%,
higher than TiO2 and ZnO, which had 82.14% and 53.57%, respectively when used on their
own.
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Figure 11: (a) Effect of TiO2 composition by weight, 0% (e), 25% (#), 50% (o), 75% (o) and 100% (4), on
the activity of TiO2—ZnO nanocomposite in adsorption and photodegradation of 4000 mg/L MWW, 1 g/L
catalyst loading at pH 5, and (b) synergistic representation of relative activity
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Synergy is realised when the overall activity of two semiconductor photocatalysts used in a
composite exceeds the sum of activities of each semiconductor (Ohtani, 2010). Synergy was
obtained with an increased ZnO composition from 0% to 50% and was maximum at 25%.
Increase in ZnO composition above 50% in the hybrid only improved the activity of ZnO but
lowered that of TiO.. The improved activity of the hybrid can be attributed to the reduced
electron-hole pair recombination observed in the reduced photoluminescence intensity (see
Figure 10), that resulted in efficient charge separation, increased lifetime of charged carriers
and the enhanced efficiency of interfacial to the adsorbed substrates (Habib et al., 2013).
Moreover, the highest photocatalytic activity observed with 75% TiO, composition can be
related to the amount of ZnO (25%) that has to be sufficient to trap photogenerated holes (Habib
etal., 2013). Low decolonisation efficiency observed for 25% and 0% TiO> composition could
be attributed to the limited amount of TiO, that resulted in low photogenerated holes.
Subsequently in this study, TiO>—ZnO with TiO2:ZnO ratio of 3:1 has been used throughout.

The percentage composition of TiO2 in TiO>—ZnO composite that results in highest synergistic
effect varies from study to study. A 25% TiO2 composition in ZnO-TiO2 nanocomposite
composition showed highest decolourisation in the photodegradation of brilliant golden yellow
dye (Habib et al., 2013). A 50% TiO2 composition in TiO>-ZnO resulted in highest
photocatalytic reduction of hexavalent chromium (Naimi-Joubani et al., 2015), and
photodegradation of diazinon (Jonidi-Jafari et al., 2015). The variation could be due to the
properties of the substrate undergoing degradation as both TiO2 and ZnO have different surface
behaviour towards different substrates, or due to different sizes of the individual semiconductor
photocatalysts in the composites, as is the case in the current study.

3.3.2.2 Effect of AC loading on TiO>-ZnO

Selection of an optimum support loading is important for obtaining the best conditions in which
both adsorption and degradation are achieved simultaneously, resulting in enhanced activity of
the supported catalyst. To compare the activities of the supported catalyst with different AC
loadings, colour removal due to adsorption and photocatalytic degradation was studied
separately.

Colour removal due to adsorption was carried out by monitoring adsorption in the dark for
60 minutes until equilibrium was achieved. Thereafter, the solution was irradiated for
120 minutes to monitor colour removal due to photodegradation. Figure 12 shows that the
supported catalyst exhibited increased colour removal efficiency with increased AC loading up
to 30% during photodegradation, which confirm the effect of AC support as a photocatalytic
activity enhancer (Gao et al., 2011). The low colour removal due to adsorption alone at AC
loading of 30% is catered for by the highest colour removal observed upon light irradiation as
shown by the big difference between colour removal in the dark and in the light. Above 30%
AC loading, the photocatalytic efficiency was decreased with increased support loading. The
decreased efficiency was as a result of the decreased amount of photocatalyst present as more
of the composite catalyst consisted of AC than TiO>—ZnO.

Conversely, colour removal due to adsorption alone in the dark was continuously increased
with increased support loading. This is as a result of more adsorption sites present as a result
of an increased amount of AC. The increased colour removal in the dark due to high adsorbent
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loading, however, is not feasible as the organic pollutants are not fully degraded, but only
transformed from one phase to another on the surface of the adsorbent. Support material
loading of 30% was therefore adopted for use in the subsequent experiments and it is herein
referred to as TiO>—ZnO-AC. Gao et al. (2011) reported a 20% AC loading in TiO2/AC
composite for the photocatalytic degradation of acid red.
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Figure 12: Adsorption (m) and photodegradation (o) of 5000 mg/L MWW with different AC loading on
TiO2—-ZnO at 1 g/L composite loading, pH 5

3.3.2.3 Activity of TiO2—ZnO/AC against TiO,—ZnO, TiO; and ZnO

The adsorption and photocatalytic activity of the supported catalyst was compared against that
of the unsupported TiO>-ZnO, TiO2 and ZnO (Figure 13). The AC support increased both
adsorptive capacity and photocatalytic activity of the hybrid catalyst. Support increases the
illuminated specific catalyst area, adsorption capacity and surface area of the photocatalyst. A
common contact interface is created between AC and TiO2-ZnO, in which AC acts as an
efficient adsorption trap for the organic pollutants, which are then transferred to the TiO>—ZnO
surface, where they are immediately degraded (Slimen et al., 2011). During the first 10 minutes
of irradiation, a high rate of colour removal is observed for all the catalysts. This is due to
enhanced rate of degradation for the already pre-adsorbed organic compounds. Supporting
ZnO-TiO2 onto bamboo charcoal resulted in an improved removal of humic acid through
adsorption and photodegradation (Wang et al., 2013). An improved decolourisation was also
realized by supporting TiO2 on zeolite for the adsorption and photodegradation of MWW
(Apollo et al., 2014).

42



100

0 irradiation

<

v

-
al

Colour removal (%)
3

N
(]

Light irradiation

\4

0 50 100 150 200
Time (Mins)

Figure 13: Adsorption and photodegradation of 5000 mg/L MWW with TiO:z (#), ZnO (e), TiO>—ZnO/AC
and TiO2-ZnO (A) at 1 g/L catalyst loading, pH 5

3.3.2.4 Effect of initial pH on the adsorption and photodegradation of MWW

The pH of a solution is one of the most important parameters involved in adsorption and
degradation of aqueous solutions. The effect of initial pH on adsorption and photodegradation
of MWW using TiO>-ZnO/AC was investigated by varying pH from 3 to 11. The initial
concentration was read after each adjustment to take the resulting changes in MWW
absorbance properties into consideration. The maximum adsorption was first carried out in the
dark for one hour before light irradiation. The highest adsorption-photodegradation efficiency
was achieved at pH 5 (Figure 14), resulting in the highest overall colour removal of 95%. It
can also be seen that the acidic media pH 3 and pH 5, had higher overall colour removal of
89% and 95% respectively, than the basic media, which had the lowest colour removal of 86%
and 73% for pH 9 and pH 11, respectively. The higher colour removal in acidic media than
basic media could be as a result of the amphoteric nature of TiO2 in aqueous solutions.

The point zero charge of TiO2 and ZnO are 6.8 and 5.8-9, respectively. Below the pH value of
6, the surface of TiO>—ZnO is positively charged, resulting in high adsorption of the negatively
charged melanoidin compounds (Prabha & Lathasree, 2014; Apollo et al., 2014). Hence both
the adsorption rate and photodegradation rate increase with decreasing pH. A pHpzc of 7.2 was
reported for TiO>—ZnO supported on bamboo charcoal (Wang et al., 2013). Adsorption alone
in the dark was more enhanced in the acidic than the basic media. At pH above 7, the TiO2—
ZnO surface is highly negatively charged due to the high TiO2 (75%) composition, resulting in
lower adsorption of the anionic substrate due to electrostatic repulsion (Sarkar et al., 2015).
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Figure 14: Effect of initial pH, pH 12 (m), pH 9 (e), pH 3 (0), pH 5 (o) and pH 7 (A) on adsorption and
photodegradation of 4000 mg/L MWW at 1 g/L catalyst loading

The overall reaction is enhanced or hindered depending on whether attractive or repulsive
forces prevail. However, if the pH is very low, the amphoteric metal oxide ZnO cannot exist;
thus the photocatalytic activity of the composite will be greatly affected (Zhang et al., 2007).
The reduced photocatalytic activity at high and low pH can also be attributed to the
photocorrosion of ZnO (Jonidi-Jafari et al., 2015). Apollo et al. (2014) reported an optimum
pH of 4 for the photodegradation of MWW using TiO> supported on zeolite, while pH 3 was
reported to be the optimum for the degradation of anionic methyl orange using TiO2 modified
ZnO nanorods (Xiao et al., 2014). It should be noted that adsorption equilibrium was achieved
after approximately 20 minutes. The solution should therefore be irradiated after 20 minutes of
adsorption to save time. An experiment carried out where adsorption was varied for 20 and 60
minutes before light irradiation for 40 minutes at pH 7 resulted in almost similar overall colour
removal of 84 and 86%, respectively.

3.3.2.5 Effect of initial concentration

The change in initial concentration corresponds to the change in the number of organic
molecules present per unit volume. Colour reduction of MWW was investigated by varying the
initial concentration. Colour removal was decreased from 100% to 82% after 40 minutes of
irradiation (Figure 15) by increasing the initial concentration from 3000 ppm to 6000 ppm. The
trend observed in colour reduction with increased initial concentration leading to a minimal
drop of 18% reduction is an indication of the effectiveness of UV irradiation for colour removal
under a photocatalysed process, even at high concentrations. As the initial concentration
increases, the number of organic compounds, including the colour-causing melanoidins,
increases. This leads to enhanced intramolecular competition by the organic compounds to
reach the surface of TiO>—ZnO-AC, which results in increased molecular movement to the
active site in each unit time for a fixed catalyst concentration. Increased concentration results
in saturation of active sites by the target organic molecules thereby causing an inhibitive effect
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on further photodegradation (Li et al., 2015). A similar observation was made by Jonidi-Jafari
et al. (2015) and Prabha and Lathasree (2014). The reduced colour removal is also attributable
to the reduction in light penetration to the surface of TiO>—ZnO-AC (Habib et al., 2013). The
colour of MWW intensifies as the initial concentration increases.
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Figure 15: Effect of initial concentration on adsorption and photodegradation of 3000 ppm (o),
4000 ppm (o), 5000 ppm (A) and 6000 ppm (¢)MWW at pH 5 with 1 g/L catalyst loading

3.3.2.6 Effect of catalyst loading

Optimum catalyst loading of 1 g/L, Figure 16, was determined from a series of experiments
carried out at varied catalyst loading from 0.25 g/L to 3 g/L. Colour removal was increased
from 74% to 95% with increased catalyst loading from 0.25 g/L to 1 g/L. Colour removal was
slightly decreased above 1 g/L catalyst loading. The amount of photocatalyst present strongly
influenced the rate of degradation (Prabha & Lathasree, 2014). At lower catalyst loadings of
0.25 g/L and 0.5 g¢/L, the rate of MWW photodegradation is photonic adsorption controlled due
to the limited surface area of catalyst available for reaction. A significant increase in rate of
reaction represented by highest colour removal of 95% was observed with increased catalyst
loading to 1 g/L. The catalytic performance was enhanced with increased catalyst loading due
to the increase in number of sites available for adsorption and catalytic processes. Moreover,
at or below 1 g/L catalyst loading there was minimal hindrance of UV light penetration
allowing for maximum irradiation of the surface of catalyst (Apollo et al., 2014).

Increased loading above the optimum value signifying a higher amount of catalyst in the MWW
solution resulted in a possible catalyst aggregation as well as reduction in irradiation field due
to the scattering of light, hence the decreasing colour removal with loading above 1 g/L
(Sakthivel et al., 2003). The reaction rate may also decrease due to loss in surface area
availability at high solid catalyst concentration. At high solid concentration, there is catalyst
agglomeration resulting from particle-to-particle interactions making the solution very turbid,
lowering the transmittance of the MWW solution thus, hindering light penetration. Treatment
processes relying on light irradiation for dissociating Oz or H>O display decreased efficiency
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as turbidity increases. Agglomeration also limits catalyst surface available for photon
absorption.
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Figure 16: Effect of catalyst loading on adsorption and photodegradation of 4000 ppm MWW at pH 5

3.3.3 Photodegradation process

The photodegradation process was evaluated by monitoring formation of nitrates (NO3z") and
reduction of colour and TOC concurrently during the degradation of 3000 mg/L MWW with a
catalyst loading of 1 g/L at pH 5. After 120 minutes of light irradiation, Figure 17, colour
removal of 100% was achieved as compared with a partly 14% TOC removal. Formation of
NOs~ was also observed with increased irradiation time. The superior colour removal is an
indicator of the effectiveness of photocatalysis in colour remediation for MWW. However, the
low TOC removal confirms that photocatalysis alone cannot remove the high organic loading
of MWW effectively. Apollo et al. (2013) found that photocatalysis should be employed as a
post-treatment method for anaerobically treated MWW. In such a system, both TOC and colour
are effectively removed by anaerobic treatment and photodegradation, respectively.

Non-biodegradable melanoidin compounds (responsible for colour) constitute approximately
2% of MWW with a total nitrogen content of 1 g/L to 2 g/L (Tsioptsias et al., 2015). Coloured
organic pollutants are constituted by chromophores such as -C=C—, —-C=N—, -C=0—, -N=N—
and —NO2 having delocalised electron systems with conjugated double bonds that alter the
overall energy of the electron system thus intensifying the colour (Panthi et al., 2015). During
photodegradation of chromophoric substances, the sites near the bonds containing C bonded to
N is generally the attacked area. The formation of NO3™ is thus attributable to the breaking
down of the nitrogen-containing melanoidin compounds (Chandra et al., 2008). Moreover,
since melanoidins are highly negatively charged even in neutral conditions (Wang et al., 2011),
photodegradation by the positively charged photocatalyst is thus expected to prefer the
degradation of melanoidins to other organic compounds present.
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Figure 17: NOs™ (A) formation, and TOC (o) and colour (m) reduction in the photodegradation of 3000 mg/L
MWW using TiO2-ZnO-AC at 1 g/L catalyst loading

3.3.4 Comparison of photolysis vs photocatalysis

Direct UV photolysis and photocatalytic processes involving both commercial TiO2 (Aeroxide
P25) and the synthesised TiO>—ZnO-AC, with identical degradation time, are shown in Figure
18. It was observed that photocatalysis, with 97% colour removal, is a more powerful way to
degrade melanoidin than direct photolysis, which achieved a moderate removal of 57%. The
moderate removal by direct photolysis is an indication of partial instability of melanoidin to
UV-C illumination. This instability further explains the effectiveness of a photocatalysed UV
process for colour removal as compared with the removal of the more UV-C stable organic
compounds responsible for TOC. In the photocatalytic process, the synthesised TiO.—ZnO-AC
showed a better colour removal (97%) than the widely used commercial TiO2, with 87%
removal. The high activity of the composite catalyst in addition to its high settling ability makes
it a better choice than commercial TiOs.
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Figure 18: Comparison of direct photolysis, and TiO2 (Aeroxide P25), and TiO>—ZnO-AC photocatalysed
processes in the adsorption and photodegradation of 3000 mg/L MWW after 60 minutes of irradiation at
pH 5 with 1 g/L catalyst loading
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3.3.5 Comparison of colour and TOC removal against energy requirement

The photo-decolourisation process was evaluated by monitoring reduction in colour and TOC
concurrently. After 60 minutes of light irradiation, Figure 19, colour removal of 96% was
achieved as compared with a paltry 9% of TOC removal. The superior colour removal is an
indication of the effectiveness of photocatalysis in colour remediation. However, the low TOC
removal indicates that photocatalysis alone cannot remove the high organic loading of
industrial wastewater such as vinasse effectively. In the photocatalytic degradation of chromo-
phoric substances such as melanoidins, the sites near the azo bonds, i.e. bonds containing C
bonded to N, are generally the attacked areas (Konstantinou & Albanis, 2004). Since
melanoidin compounds are mostly responsible for the vinasse colour due to their colour-
causing azo bonds, their degradation can be best explained by the high colour removal of 96%.
The high rate of colour removal further demonstrates relative instability of melanoidin to UV
irradiation as compared with the more UV stable organic compounds responsible for TOC. The
slow mineralisation, as depicted by low reduction in TOC, could be due to the formation of
intermediate products such as carboxyl acids, which are more difficult to oxidise than their
parent compounds. Moreover, the intermediate compounds have a much slower rate of reaction
leading to complete oxidation (Trabelsi et al., 2013). For successful removal of TOC using

photocatalysis alone, more aggressive conditions are required than those employed in breaking
down melanoidin chromophores.
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Figure 19: Comparison of percentage removal against energy requirement for colour and TOC after
60 minutes of photo-decolourisation of 3000 ppm MWW using TiO2-ZnO-AC at pH 7 with 1 g/L catalyst
loading

Moreover, from an economic point of view, the electrical energy efficiency of the UV
photocatalysed process was determined from electrical energy per order (E;) given by:
PXtx1000

E, = — X100
Ci
Vx60x10g( /Cf)

(17)
where P is the lamp power (kKW), t is the duration of irradiation (minutes), V' is the amount of

wastewater degraded (L), and Cr and C; are the final and initial concentrations, respectively
(Jonidi-Jafari et al., 2015).

48



It was observed that colour removal of 96% only required 35 kWh/m? of energy as compared
with the 1183 kWh/m? of energy required for the paltry 9% TOC removal, Figure 12, further
demonstrating the high energy requirement for UV photo-reduction of TOC.

For effective treatment of vinasse, photocatalysis should therefore be employed alongside other
treatment methods such as biological degradation. In a strategy for the selection of a treatment
option for industrial wastewater, Oller et al. (2011) suggested that highly biodegradable waste-
water such as vinasse should first undergo biodegradation before being subjected to AOPs to
remove recalcitrant compounds to achieve standard COD discharge guidelines. Similarly, in
an earlier research work carried out in our research laboratory involving combined anaerobic
and photocatalytic treatment of vinasse, Apollo et al. (2013) found that photocatalysis should
be employed as a post-treatment method for anaerobically treated vinasse. In such a system,
both TOC and colour are effectively removed by anaerobic treatment and photo-
decolourisation processes, respectively.

3.3.6 Kinetics analysis
The Kkinetics of heterogeneous photocatalysts reaction in aqueous solutions is widely described
using the Langmuir—Hinshelwood model given by:

r:__dczkrg:M (18)

dt 1+KqqC

where r is the reaction rate and is proportional to surface covered by reactant 6, k,. is the rate
constant (mM/h) and K_,,is the adsorption constant (mM™1). When the pollutant concentration
is low, K,4C becomes negligible and the degradation process follows first-order reaction:

-dc
r = ? = eradC = kappC (19)

where k,,,, is the first-order rate constant (h™). Eq. 19 can be integrated to:

appt (20)

The introduction of AC support and the adsorption process thereof can be best monitored by
the second-order reaction model given by (Jonidi-Jafari et al., 2015):

Co

In==k
c

Lol =t (21)

c G
To obtain the reaction kinetic data from the initial rate of reaction summarised in Table 7, from

the effect of support loading on the first and second-order reaction models, ln% vst and

1 1

= — Vst were plotted, respectively, where kg, is the first-order reaction rate constant
t o

(min™), k, is second-order reaction rate constant (min™?), C, is the initial concentration, ¢ is
time and C is the concentration at time t.

For statistical modelling, relative deviation modulus (P) given by (Eg. 22) was used as a
measure of model adequacy, with P values less than 10% indicating a good fit for practical
purposes (Ozdemir & Devres, 1999; Park et al., 2002).
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P=-"X=—"F" (22)

where C; is the experimental concentration at any time, C,,; is the corresponding predicted
concentration per the model and n is the number of observations. Photodegradation of MWW
with TiO>—ZnO (0% AC) fitted well with the first-order model, Table 7, with the P values
obtained being less than 5%. Support loading of 30% had highest kg, of 0.0229 min~t
indicating highest reaction rate, which agrees with the observed highest colour removal during
photodegradation at a similar loading (see Figure 12).

Table 7: Kinetics data for photodegradation of 5000 mg/L MWW using different AC (% composition)
supported TiO2-ZnO at 1 g/L composite loading and pH 5

AC Composition (%) First Order Second Order
kapp (Min™) R? P(%)  k, (min™) R? P
(%)
0 0.0139 0.9765 3.2 0.0898 0.9549 10
10 0.0126 0.9413 7 0.0921 0.9859 3
20 0.0150 0.9372 8 0.0121 0.9727 4
30 0.0229 0.9227 5.8 0.1811 0.9771 5.2
40 0.0153 0.8175 2.8 0.1686 0.9892 35
50 0.0150 0.4623 4.8 0.2371 0.9973 1.2
60 0.0160 0.4975 5.8 0.2544 0.9937 0.6

Upon the introduction of the support, an increase in AC composition resulted in a decreasing
R? value, indicating that reaction for the supported catalyst does not fit the first-order model.
On the contrary, supported catalyst fitted well with the second-order model as observed with
the increasing R? values. At high AC loading, adsorption predominates over photodegradation,
and since it has been shown that AC adsorption fits the second-order model (Shirzad-Siboni et
al., 2013), the trend shown for R? is therefore expected. At higher AC loading, the amount of
TiO2—ZnO present was greatly reduced hence adsorption was favoured as compared with
photodegradation.

3.3.7 Adsorption isotherms and thermodynamics

Adsorption studies for TiO>—ZnO-AC and AC were carried out with different adsorbent
loading ranging from 0.5 g/L to 3.0 g/L, in the adsorption of 5000 mg/L MWW at a constant
pH of 5. Adsorption was done in the dark until an equilibrium was achieved. Sampling was
carried out at predetermined time intervals and the samples analysed to monitor
decolourisation. The data obtained were fitted to Langmuir and Freundlich isotherms, the two
most commonly used for adsorption with AC, in order to find the isotherm that best fits the
process (Shirzad-Siboni et al., 2013).
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Langmuir isotherm:

_ qmKLCe
qe = 14K Ce (23)

where g, is the adsorbate uptake at equilibrium, g,,is the Langmuir maximum sorption
capacity, K; is the Langmuir adsorption constant and C, is the concentration at equilibrium.
Eq. 23 can be expressed in a linear form as:

Ce 1 1
20 = Kaam T Ce (24)

A plot of C./q. Vvs. C, should produce a straight line with slope /qm and intercept /KAqm'
Also, Eq. 24 can be rearranged as:

T, 1 (25)

de dm KaqmCe

From which a plot of 1/q, vs. 1/C, gives 1/KAq as the slope and 1/qm as the intercept.
m

Freundlich isotherm:
1
qe = KrCy (26)
where Ky and n are the Freundlich isotherm constants representing adsorption capacity and
intensity, respectively. Eqg. 27 shows the linear form of equation Eqg. 26.

1
Ing, = InKy + ;lnCe (27)

Plotting In q, against In C, gives a straight line with 1/n as the slope and InKy as the intercept.
From the graphs obtained in Figure 20, adsorption by AC and TiO>—ZnO-AC fits well with the
Freundlich isotherm, which is used for non-ideal adsorption involving heterogeneous surface
systems (Qjijo et al., 2010), and assumes that adsorption occurs at sites of different energy in
contrast to the Langmuir isotherm that describes adsorption on homogeneous surfaces based
on the assumptions of uniform monolayer adsorption with no interactions between adsorbates
(Sarkar et al., 2015).

On comparing AC and TiO>—ZnO-AC Freundlich isotherm models, a better fit was observed
with the latter than the former. This can be attributed to the heterogeneous surface of TiO2—
ZnO-AC consisting of spherical and tetrahedral TiO, hexagonal ZnO and AC with possibly
different energies.
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Figure 20: Langmuir (i) and Freundlich (ii) adsorption isotherms for 5000 mg/L MWW sorption onto AC
(a) and TiO2-ZnO-AC (b) at 25°C

The thermodynamics parameters for the adsorption of MWW by TiO>-ZnO-AC were
determined using the equilibrium constant, K (q./C.) that is temperature dependent.
Adsorption experiments were carried out at a range of reaction temperatures (298K, 308K,
318K, 328K, 338K and 348K) with 1 g/L catalyst loading and initial concentration of
5000 mg/L. Change in free energy (AG®), entropy (AS°) and enthalpy (AH®) can be calculated
by (Tu et al., 2012):

AG°= -RT In K (28)
where R is the universal gas constant (8.314 Jmol™1-K™) and T is the absolute temperature (K).
The average standard enthalpy change (AH°) and entropy change (AS°) can be determined by:

AS®  AHC
InK =——
R RT

(29)

A plot of In K vs 1/T gives a straight line, Figure 21, with the slope of AH°/R and intercept of
AS°IR. The AH® and AS° parameters had values of 7.56 kJ/mol and 27.97 kJ/mol, respectively.
The positive value of AH° confirmed the endothermic nature of the process of adsorption by
TiO>-ZnO-AC, whereas the positive AS°, which also confirms the endothermic nature of the
process, can be associated with increased randomness at the solid-solute interface (Tu et al.,
2012). Similar attribution of positive value of AS® to increased randomness at the solid-solute
interface was obtained in the adsorption of melanoidin containing wastewater using coal fly
ash (Qjijo et al., 2010). Since the adsorption process by TiO.—ZnO-AC was found to be
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endothermic and it also increased with an increase in temperature; therefore, chemisorption
was the significant and rate controlling process (Ofomaja et al., 2009).
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Figure 21: Plot of In K vs 1/T for 5000 mg/L MWW sorption onto TiO2-ZnO-AC

3.4 Conclusion

A composite photocatalyst was employed for treating MWW. The adsorption and
photodegradation activities of nano-sized TiO2, TiO>—ZnO and ZnO were compared against
that of TiO>—-ZnO supported onto AC (TiO2—ZnO/AC) for the degradation of MWW. It was
observed that TiO>—ZnO/AC exhibited the highest photocatalytic activity, followed by TiO>—
ZnO, then TiOz and lastly ZnO as indicated by overall colour removal of 85%, 71%, 67% and
53%, respectively. The adsorption capacity of TiO.—ZnO-AC was also enhanced by the AC
support material as it resulted in an increased colour removal from 38% to 50% due to
adsorption alone in the dark. The experimental results demonstrated the effectiveness of using
hybrid catalysts for remediation of MWW. Support material is important as it enhances both
the adsorption capacity and degradation activity of the hybrid catalyst. Support materials also
reduce the cost associated with post-treatment activities as the supported nanocatalyst can
easily settle leading to ease of catalyst separation from the treated solution. The remediation of
MWW using UV photodegradation was very effective in colour removal but was ineffective in
TOC removal. The energy required by the photodegradation process for 95% colour removal
was 35 kWh/m3 while it required 1183 kWh/m?for a paltry 9% TOC removal. From the energy
requirement point of view, it was noted that photodegradation is very costly for TOC removal
but more economically viable for colour removal. Therefore, UV photodegradation of MWW
should be employed alongside other treatment methods such as biological degradation.
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4 PERFORMANCE AND KINETICS OF A FLUIDIZED BED ANAEROBIC
REACTOR TREATING DISTILLERY EFFLUENT

4.1 Introduction

The AD process is widely applied in organic load removal and bioenergy recovery from
distillery wastewater (Satyawali & Balakrishnan, 2008). Robust anaerobic digesters such as
FBRs achieve high organic removal efficiency and good energy recovery in terms of
biomethane due to efficient mixing in the reactor (Andalib et al., 2012). Bioconversion of
organic matter into biomethane is a complex process involving consortia of microorganisms.
Due to the complex nature of the process, a poorly operated digester is often prone to inhibition
due to accumulation of VFAs, which may lead to total digester failure (Aiyuk et al., 2006).
During AD, the operating parameters such as organic loading rate (OLR), HRT, pH and food-
to-microorganism ratio needs to be well regulated to avoid a possible digester failure because
these parameters directly affect the microorganisms’ activity in the digester.

Significant research work has been done to improve the performance of FBRs in the treatment
of distillery effluent. One of the improvements is the application of appropriate biomass
support material with large surface area such as zeolite or AC (Fernandez et al., 2008). These
support materials have the advantage that they have high capacity to carry microorganisms,
thereby increasing the contact between the pollutants and the microbes leading to an increased
reaction rate (Montalvo et al., 2012). Also, the effect of superficial liquid velocity has been
studied as this affects both mixing and microbial growth (Jaafari et al., 2014). For instance,
operating an FBR at an excessively high superficial liquid velocity results in dislodging of the
microbes attached onto the carrier resulting in reduced efficiency while operating at very low
velocities hinders adequate mixing (Rabah & Dahab, 2004; Jaafari et al., 2014).

It is therefore important to obtain important information regarding the state of the reactor
during AD to avoid impending reactor failure due to poor operation. Kinetic modelling is an
acceptable approach to determine the condition in the bioreactor based on substrate utilisation
and microbial growth (Senturk et al., 2013). The result of kinetic modelling can be used to
determine suitable system parameters, which leads to stability and therefore high efficiency of
the reactor. Moreover, the results obtained from the kinetic modelling can be used to design an
industrial-scale reactor operating under similar conditions. In this study, AD was carried out in
an FBR and its operation defined using various kinetic models to determine the most suitable
reactor operating conditions.

4.2 Methodology

4.2.1 Experimental setup

The fluidized bed used had an internal diameter of 118 mm and height of 760 mm with a total
and working volume of 8.3 L and 6 L respectively. The reactor was packed with 50 g of zeolite
(particle size 150-300 um) and fluidization was attained by the recycling stream using a
centrifugal pump (Figure 22). The superficial velocity was maintained at about 0.6 cm/s and
monitored by a flow meter. The reactor was fed using a peristaltic pump and the biogas
produced was collected using the water displacement method.
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4.2.2 Start-up and operation of the bioreactor

The start-up of the reactor was first carried out in batch mode followed by continuous mode.
In batch start-up, the reactor was first inoculated with cow dung slurry filtered through 0.3 mm
sieve to remove large particulate solids (Hampannavar & Shivayogimath, 2010). Diluted
distillery effluent (COD = 650 mg/L) and glucose (COD = 400 mg/L) in a ratio of 1:1 was
added to the cow dung slurry in the reactor and digestion was allowed to proceed for 15 days
while monitoring pH, COD, biogas and methane.

Once biogas production had stopped, fresh feed was added to the reactor with the concentration
of distillery effluent gradually increased stepwise as the concentration of glucose was reduced
such that the ratio of glucose to distillery wastewater was reduced progressively in the order
1:1,1:1.5, 1:2, 1:4 and 0:1 for another 15 days. The ratio was changed every time stability had
been achieved. By the 30" day, the reactor could achieve 80% TOC reduction with methane
production of about 65% and the pH and alkalinity were stable. The operation of the reactor
was then changed from batch to continuous at mesophilic conditions with low organic loading
of 0.33 kg COD/m3.d at HRT of six days for three retentions. At this point, the reactor was
very stable as was indicated by constant daily methane production, nearly constant effluent
COD and nearly constant pH (Fernandez et al., 2008). Once stable conditions were attained,
the reactor was operated at OLRs ranging between 0.33 kg COD/m3.d and 9 kg COD/m3.d
corresponding to 0.25 kg TOC/m3.d to 8.1 kg TOC/m3.d at constant HRT of 6 at a feed flow
rate of 1 L/d.

Effluent
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Bioreactor e T
H><t
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H><t
Centrifugal 8 Flow meter LF————
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_Q \_@*_ tank

Peristaltic pump

Figure 22: Setup of the fluidized bed anaerobic digester
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4.2.3 Experimental analysis

Samples were centrifuged before analysis. TOC was analysed using a TOC analyser (Teledyne
Tekmar), gas was analysed using a gas chromatograph (Trace 1310 gas chromatograph) fitted
with thermal conductivity detector, while colour was analysed using UV-Vis
spectrophotometer (T80 + UV/VIS Spectrophotometer, PG instruments Ltd). Alkalinity was
analysed per standard method for wastewater analysis involving titrating samples against a
0.02 N H2SO4 solution. Biomass concentration was determined as volatile suspended solids
(VSS). The VSS were determined by evaporating the residue obtained from centrifuged
samples at 105°C for 24 hours (until constant mass was obtained) and then calcined at 450°C
for an hour.

4.3 Results and Discussion

The TOC and colour reduction efficiencies were found to slightly increase with an increase in
HRT (Table 8). This was because at high HRT, the substrate had higher residence time in the
reactor than at low HRT. Longer time in the reactor means increased contact with
microorganisms leading to higher removal efficiency. The colour reduction efficiency was
found to be much lower than that of the TOC due to the presence of biorecalcitrant components
of distillery effluent, which causes colour. The biorecalcitrant component is mostly melanoidin
(Wang et al., 2011).

Table 8: Parameters and efficiencies of the FBR at constant feed flow rate

Influent Effluent Efficiency
OLR kg  Influent
HRT TOC/ flow,Q tTOC sTOC tTOC sTOC TOC Colour

(d) m®.d (L/d) (/L)  (g/L) (o/L)  (g/L) removal%  removal%
3 1.77 2 582 5.315 1.56 1.151 78 34

6 0.88 1 582 5315 13 0.803 85 40

10 0.53 0.6 582 5315 1.18 0.635 88 50

15 0.35 0.4 582  5.315 1.04 0.552 90 52

20 0.26 0.3 582 5315 0.89 0.472 91 54

4.3.1 Substrate balance model

The substrate balance around the reactor was formulated based on the assumption (Borja et al.,
2002; Rincoén et al., 2006) that the anaerobic reactor operated at steady-state conditions as
depicted by nearly constant effluent substrate concentration and biogas production rate. A
further assumption is that even though the feed carried suspended solids, it was too little as it
was only 2.3% of the feed total TOC. These suspended solids were assumed to be
biodegradable, thus it was considered that the VSS in the reactor and effluent corresponded to
generated biomass.

Therefore, TOC balance for the reactor could be expressed as:

(tTOC)o = (STOC)e + (tTOC)biogas + (tTOCVSS)e + (tTOC)m (30)
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where (tTOC), is the influent total TOC, (STOC)e is soluble TOC in the effluent, (tTOC)piogas
is the fraction of (tTOC), converted into biogas, (tTOCyss)e is the fraction of (tTOC), converted
into biomass and (tTOC)n is the fraction of (tTOC), used for cell maintenance and growth.

Considering feed flow rate and methane flow rate, Eq. 30 can be expressed as:
QSto = QSe + QCH4Ys/g+ q(Ste-Sse) + KmXV (31)

where Q is the feed flow rate (Ld ™), St is the feed concentration (g tTOCL ™), Se is the total
effluent concentration (g tTOCL ™), S is the soluble effluent concentration (g sSTOCL ™), qCHa
is methane production rate (LCHad ™), Ysubstratergas is the coefficient of substrate conversion into
methane (g tTOCL 'CHa), K is cell maintenance coefficient, and X and V are the biomass
concentration and reactor volume (L), respectively.

On rearrangement, Eq. 31 can be written as:

q(Sto—Ste) = qCH4Ys/g + kmXV (32)
Since HRT=V/q, by dividing both sides by V, Eq. 32 becomes:

(Sto—Ste) /HRT = qCH4Ys/g/V + XKm (33)

From Eq. 33, a plot of (St-Ste)/HRT versus qCHa/V gives a straight line with a slope equal to
Ys/g and y-axis intercept equals to XKm. In Figure 23, the plot supports the validity of this
model in describing the anaerobic process in this particular study with a regression coefficient
of 0.996. The y-axis intercept was very small indicating that a very small portion of the feed
TOC was used for cell maintenance. The Ys/g value was found to be 3.58 g tTOC/LCHg4. The
inverse of the Ys/g (which is Yg/s) is the methane yield coefficient which was found to be
0.28 LCHa4/g tTOC corresponding to 0.257 L CHa/g COD. This is close to a theoretical
methane yield of 0.35 LCH4/g tTOC when glucose is used as substrate (Fernandez et al., 2008).
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Figure 23: Determination of methane yield coefficient
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The fraction of influent tTOC converted into biogas, biomass and that which is in the effluent
can be calculated from Eq. 1 by expressing each term in the right-hand side as a fraction of
(tTOC)o. Figure 24a shows the percentages of TOC converted into biogas, biomass and
unremoved TOC. It was found that, generally, most of the feed TOC was converted into biogas.
The percentage converted to biogas increased slightly with an increase in HRT. This suggests
that at high HRT, the feed had higher residence time in the reactor, thus achieving maximum
conversion than at lower HRTs where the residence time is shorter. The proportion of feed
converted into biomass was nearly constant at various HRTs while there was a slight decrease
in the proportion of feed in the effluent with an increase in HRT. However, the proportion of
feed TOC converted into biogas, biomass and that which remained in the effluent do not give
a very clear indication of the possible characteristics of the effluent in terms of residual
pollution load as it only presents percentages. Figure 24b shows the actual amount of TOC
converted and the residual TOC in effluent. The information on the amount of residual TOC in
the effluent is necessary as it determines whether a post-treatment technique is required or not.
Moreover, determination of the amount of biomass in effluent is necessary; more so if photo-
degradation is to be applied as a post-treatment. This is because for photodegradation as a post-
treatment technique, quantification of the biomass generated in AD step is necessary as
suspended biomass may lead to light attenuation during UV photodegradation. Besides,
determination of biomass yield is necessary in designing a system for sludge handling.
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Figure 24: (a) Fraction and (b) actual amount of feed TOC converted into biogas, biomass and that which
remained in the effluent

4.3.2 Biorecalcitrant component of distillery effluent

Distillery effluent is considered as fairly biodegradable with traces of biorecalcitrant
compounds such as melanoidins (Acharya et al., 2008). The biodegradability of the distillery
effluent was measured by determining the BODs/COD ratio, which was found to be 0.41. This
indicates that the distillery effluent is biodegradable. Good biodegradability is achieved when
BODs/COD is greater than 0.25 (Sankaran et al., 2014). However, the recalcitrant parts of
distillery effluent, which are majorly melanoidins, often pass through anaerobic treatment
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without being degraded and they impart a dark colour to biomethanated effluent (Satyawali &
Balakrishnan, 2008; Kalavathi et al., 2001). The amount of non-biodegradable component can
be determined by the relationship between the organics remaining after digestion and HRT. It
is proposed that a plot of Ln(CODeffiuent Or TOCefriuent) against 1/HRT gives a straight line, and
the recalcitrant component can be calculated at infinite HRT. A similar model has been applied
to determine the biodegradable component of some food waste wastewater (Rincon et al., 2006;
Borja et al., 2002). In Figure 25, the amount of non-biodegradable component is calculated as
TOC or COD equivalent at y-axis intercept when HRT is infinite.

It was found that the non-biodegradable TOC and COD were 477 mg/L and 756 mg/L,
respectively, under prevailing digestion conditions. The amount of non-biodegradable COD
was higher than TOC because TOC only caters for carbons while COD caters for all oxidisable
compounds in wastewater. Apart from organics, distillery effluent has high concentrations of
cations and halogen ions (Satyawali & Balakrishnan, 2008). Considering that the influent TOC
was 5318 mg/L, the non-biodegradable TOC only formed ~9% of the feed TOC indicating that
distillery effluent is biodegradable. However, the non-biodegradable portion is mostly
melanoidins that impart a dark-brown colour to distillery effluent (Kalavathi et al., 2001,
Satyawali & Balakrishnan, 2008). Thus, anaerobic treatment of distillery effluent is not
effective for colour removal as shown in Table 8.
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Figure 25: Determination of recalcitrant component of distillery effluent, TOC (e) and COD (A)

4.3.3 Substrate utilisation kinetics

The kinetics of degradation of total and biodegradable constituents of the effluent was
compared applying first-order rate model:

In (z—z) = kt (34)

where S, and S, are feed and effluent TOC respectively, k is rate constant (d %) and t is HRT
(days). For the biodegradable component, So and Se were modified to Son and Sep for
biodegradable feed and effluent, respectively. Figure 26 shows that the rate of uptake of
biodegradable constituent was four times faster than that of the total organic compounds in the
wastewater sample. The uptake of the biodegradation component fitted first-order Kinetics
better than that of total organic substrate with R? values of 0.9754 and 0.9096, respectively.
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The difference can be attributed to a larger proportion of undigested TOC when considering
total feed TOC than in the case of biodegradable TOC due to the slow degradation of the
recalcitrant components.
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Figure 26: First-order reaction kinetic of biodegradable and TOC, biodegradable TOC (A) and total
TOC (o)

4.3.4 Michaelis—Menten kinetic model

According to the Michaelis—Menten kinetic model, the specific substrate utilisation rate and
biodegradable substrate concentration can be related by the following equation:

_ kSp
(Ks+ Sp)

(35)

where r is the specific substrate utilisation rate, k is the maximum substrate utilisation rate

(g sTOCg1VvSSd?), Sy is the concentration of the biodegradable substrate in the reactor and

Ks is the Michaelis constant. The non-biodegradable TOC obtained in Figure 25 was subtracted

from the experimental total TOC to obtain the biodegradable TOC in this experiment (Rincén

et al., 2006). The specific substrate utilisation rate can be expressed as (Rincon et al., 2006):
r= (So—Sp) (36)

HRT.X

where S, is the biodegradable feed concentration and X is the biomass concentration in the
reactor (g VSSL ™). By combining Eq. 35 and Eq. 36, we obtain Eq. 37. The specific substrate
utilisation rate (r) is plotted against Sy (Figure 27).

_ (So—Sp) _ kS
"= HRTX T~ (Kot Sp) (37)

The plot was found to represent a hyperbolic function, which is an indication that the substrate
utilisation followed the Michaelis—Menten model (Borja et al., 2002).
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Figure 27: Specific substrate utilisation rate against biodegradable TOC in the reactor

To determine k and Ks, Eq. 37 was linearized as Eq. 38 and 1/r was plotted against 1/Sp where
Ks was determined from the slope and k from the y intercept. Accordingly, from Figure 28, the
values of k and Ks were found to be 0.2916 sTOCg VSSd ™ and 0.166 g sSTOC L. Senturk et
al. (2013) reported a maximum substrate utilisation rate (k) of 0.106 g SCOD g vSSdtand a
Ks value of 0.535 g sSCODL ™.
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Figure 28: A plot of 1/r against 1/Sp to determine K and Ks

If the values of K and K; are substituted in Eq. 6, the theoretical rate of substrate uptake can be
determined (Rincon et al., 2006). Figure 29 shows that the model predicts the kinetic activity
of the microorganisms involved in the degradation well. The model strongly depicts the
behaviour of the reactor at experimental r values greater than 0.09 g sTOC g VSSd ™.
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Figure 29: A comparison of the theoretical and experimental specific substrate utilisation rate

4.3.5 The mean cell residence time

The mean cell residence time (MCRT) or sludge retention time, also known as the sludge age,
is the average amount of time the anaerobic microorganisms are retained in the reactor. The
MCRT directly affects the kinetics of substrate utilisation, biogas production and sludge
production. It also affects microorganisms’ growth kinetics since the time spent in the reactor
determines feed-microbes contact time that affects growth. It is a function of biosolids in the
system and rate of biosolids loss from the system. MCRT is calculated as (Ng et al., 2006):
By.V

- Q-Beff (39)

where 6 is MCRT (days), By is the concentration of biomass in the reactor (g VSS/L), V is the
reactor volume (L), Q is the effluent flow rate (L/d) and Bes is the biomass concentration in the
effluent (g VSS/L). The MCRT can be related to the specific substrate utilisation rate as
(Nweke et al., 2014):

S=Yr— Kq (40)

where r is the specific rate of substrate utilisation, Y is the microbial growth yield (biomass
yield) and Kgq is the endogenous decay coefficient (d™). This correlation helps to calculate Y
and Kg. These two parameters are significant as biomass yield can be applied to estimate the
amount of sludge produced during anaerobic treatment, while Kq is used to calculate the nett
amount of sludge to be handled. This information can be useful in choosing and designing a
post-treatment system. In case UV photodegradation is to be applied as an appropriate post-
treatment method, then sludge production should be minimised or an appropriate method
should be applied to remove the sludge produced. If not regulated or removed, suspended
sludge will lead to light attenuation thereby reducing the efficiency of the UV post-treatment
process.

A plot of 1/6 against r gives a straight line with Y as gradient and y-axis intercept as the Kq. In
Figure 30, the Y value was found to be 0.4658 g/g while Kq was 0.0293 d*. This compares well
with the values in literature of 0.357 g/g and 0.083 d* for Y and K, respectively (Enitan &
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Adeyemo, 2014). The specific rate of substrate utilisation has an inverse relationship with the
MCRT because low MCRT is achieved at high feed flow rate, which translates into a higher
OLR. Therefore, there is significantly more substrate available as feed at low MCRT than at
high MCRT. However, this also depends and interlinks with microorganisms’ growth kinetics
and food-to-microorganism ratio at any time in the reactor.
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Figure 30: Correlation between sludge age and specific substrate utilisation rate

4.3.6 Microorganisms’ growth Kinetics

Substrate utilisation rate and methane production rate are functions of the microorganism
population in the reactor. Microorganisms present in sufficient numbers effectively convert
substrate into methane whereas the process can be inhibited if the number of microorganisms
is below a given limit compared with the available feed. It is therefore important to monitor
the growth rate of microorganisms in the reactor, which is a function of biomass vyield.
Maximum specific microorganisms’ growth rate (Umax) (d™*) can be determined using Y (g/g)
and K (g sTOCgtVvSSd™).

_ Hmax
K = tmex (41)

The maximum microorganisms’ growth rate was found to be 0.1358 d™X. Consider Monod
equation that relates the specific microorganisms’ growth rate with substrate concentration as
follows (Yu et al., 2013);

S
U= HUmax m — Kq4 (42)

where 1 is the specific growth rate of the microorganisms, umax is the maximum specific growth
rate of the microorganisms, S is the concentration of the limiting substrate for growth, Kq is the
endogenous decay coefficient, and K is the substrate utilisation constant, which is numerically
equal to the substrate concentration when u = % timax.
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Figure 31: Specific microorganisms’ growth rate as a function of HRT at constant feed concentration

In Figure 31, the nett specific growth rate of microorganisms reduced with an increase in HRT.
This may because at low HRTs, more feed was available in the reactor due to the high flow
rates applied than at high HRTs when less food is available. At low HRT, the high OLR, which
did not show any substantial organic loading shock (as indicated by pH and alkalinity in Table
9) led to increased activity of the microorganisms resulting in a higher specific growth rate.
The slight increase in pH can be due to the consumption of VFAS, which results in a
corresponding slight increase in alkalinity.

Table 9: pH and alkalinity values during AD process

HRT (d) 3 6 10 15 20
pH 721 734 75 74 714
Alkalinity (mg/L) 2320 2840 3020 3040 3018

4.3.7 Food-to-microorganism ratio

The food-to-microorganism ratio (F:M) is the amount of biodegradable substrate exposed to
microorganisms per day. The F:M can be used as a parameter to evaluate the performance of a
digester as it can directly affect the TOC conversion efficiency (substrate utilisation rate),
methane production rate and sludge production (Perez et al., 2001). The F:M can be calculated
as:

(43)

where Q is the feed flow (L/d), So is the feed concentration (g TOC/L), Br is the biomass
concentration in the reactor (g VSS/L) and V is the volume of the reactor. Table 10 shows the
effect of the F:M on biogas production rate and methane yield. Biogas production increased
with an increase in F:M while methane composition of the biogas reduced slightly after F:M
values were 0.16 g TOC/g VSS.d and above. The increase in gas production with an increase
in F:M can be due to more feed being available for digestion at higher F:M ratios. The reduction
in methane composition at higher F:M values cannot be attributed to organic overloading as
the VFA-to-alkalinity ratio (Table 10) showed that it was at a value under which the reactor
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was stable. The reactor is stable when this ratio is below 0.3 to 0.4 (Hampannavar &
Shivayogimath, 2010). According to Cardinali-Rezende et al. (2013), variation in the F:M has
an impact on the diversity of microorganisms in the reactor, which directly affects
methanogenic activity. The study reported that shifts in the composition of the methanogenic
community at different F:M values can lead to variation in the pathway of methane formation.
The study showed that at high F:M, acetotrophic methanogens are in abundance and methane
is produced mostly via the acetate route. At low F:M there is a mixture of hydrogenotrophic,
methylotrophic and acetotrophic methanogens; therefore, methane production is through
multiple pathways. This can explain the superior methane quality at lower F:M compared with
higher F:M values.

Table 10: Performance of the reactor at different F:M values

FIM VFA/alk Biogas (L/d) CH4% TOCeffiuent/ TOCfeed
0.27 0.34 3.3 70 0.22
0.21 0.26 1.75 71.6 0.15
0.16 0.24 1.1 75 0.12
0.11 0.23 0.74 75 0.10
0.09 0.22 0.58 74.5 0.09

There was a slight decrease in TOC reduction with an increase in F:M. This observation may
be due to high organic load at high F:M, which means there was excess feed for microbes to
degrade, while at low F:M the microorganism population was sufficient to consume most of
the feed. A similar observation has been reported by Perez et al. (2001). Alternatively, the
reduction in efficiency at high F:M could be attributed to the low MCRT attained (Figure 32)
due to high flow rate. Moreover, even though there is an increase in feeding rate at high F:M,
there is also a corresponding increase in biomass as compared with that at a low F:M due to
the increase in the available food, which results in rapid cell growth. Therefore, the relative
increase in biomass at a fixed reactor volume can increase the viscosity of the wastewater in
the reactor due to the increase in VSS leading to mass transfer hindrance. Cardinali-Rezende
et al. (2013) reported a decrease in bacterial cell density at lower F:M than at higher F:M;
however, a higher bacterial diversity was recorded at a low F:M than at a higher F:M.
Therefore, the high bacterial diversity at low F:M could degrade more diversified substrates
leading to high substrate conversion. Generally, at high F:M the amount of biomass available
was not sufficient to remove a substantial amount of TOC; similar observations have been
reported (Hafez et al., 2012; Perez et al., 2001).

4.3.8 MCRT and HRT

The total duration that the biomass resides in the reactor as compared with liquid retention time
is an important factor in anaerobic wastewater treatment. In Figure 32, the MCRT was
compared with HRT at various F:Ms. Generally, the MCRT was always at least 2.5 times
higher than the HRT. The higher MCRT than HRT can be attributed to the biomass being
attached onto zeolite thus being retained in the reactor instead of being washed out by the
effluent. The advantage of attached biomass is that the biomass is able to reside in the reactor
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for a longer time fostering adaptation to the environment than if old cells are frequently
replaced by new ones in a case where the biomass is not attached in the reactor. Attachment
also ensures that a sufficient amount of biomass is usually in the reactor, thereby ensuring high
efficiency.
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Figure 32: A comparison of HRT and MCRT at different F:M values, HRT (A), MCRT (©0) and
corresponding OLR (e)

The specific rate of substrate utilisation, r (g TOC/gVSS.d), at various F:M values was
evaluated. In Figure 33 it was found that r increased linearly with an increase in F:M. This is
an indication that at low F:M the microorganisms were near starvation as the feed was little.
As the feed increased, thus an increase in F:M, the TOC uptake per unit biomass increased as
there was sufficient feed.
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Figure 33: Effect of F:M on specific substrate utilisation rate
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4.3.9 Effect of OLR on AD

The effect of OLR at fixed HRT was studied and the kinetics of biogas production and organic
removal was analysed. The influent COD was varied as: 2 g/L, 5.8 g/L, 19.7 ¢g/L, 37.1 g/L and
54.2 g/L at constant feed flow rate of 1 L/d corresponding to an HRT of six days. This
corresponded to OLRs of 0.33 COD/m?®.d, 0.97 COD/m3.d, 3.3 COD/m3.d, 6.1 COD/m?3.d and
9 kg COD/m?.d respectively, as shown in Table 11.

Table 11: Feed and effluent characteristics at various OLRs and fixed HRT

Feed Effluent
OLR (kg COD/m3.d) COD (mg/L) TOC (mg/L) COD (mg/L) TOC (mg/L)
0.33 2108 1384 306 252
0.97 5 807 4230 740 520
3.3 19 700 12 680 4620 2 300
6.2 37100 30900 10 400 6 030
9 54 200 41700 19 800 13500

4.3.10 Effect of OLR on biogas production rate

During the study, steady state in each OLR was indicated by constant biogas production,
constant methane production, constant pH and constant effluent COD concentration for at least
three consecutive days after running the experiments for two to three HRTs for each OLR
(Fernandez et al., 2008). Figure 34 shows that the biogas production rate increased with an
increase in OLR. This was due to the increase in the available organic substrate that could be
consumed by microorganisms. This may be an indication that the activity of the consortia of
biogas-producing bacteria was not hampered within the OLR range studied (Fernandez et al.,
2008). Figure 34 further shows that for low OLRs (0.33-3.28 kg COD/m?3.d), the stability of
the reactor was achieved faster than for higher OLRs (6.2-9 kg COD/m?.d) as indicated by the
effluent load. This implies that at higher concentrations, microorganisms need a longer time to
adapt. An increase in effluent COD with the increase in OLR was observed, which has been
reported in continuous AD of distillery effluent and various other effluents (Acharya et al.,
2008; Borja, 2001; Wang & Wu, 2004).
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Figure 34: Effect of OLR (m) on biogas production rate (A) and effluent load (e)
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4.3.11 Effect of OLR on methane production

Analysis of the methane proportion of the biogas produced at different OLRs showed that
biogas with a methane content of above 63% was produced up to an OLR of 6 kg COD/m?
while at 9 kg COD/m?3 it dropped to 33% (Figure 35). This indicated that high OLR inhibited
methanogenesis due to organic overloading. Organic overloading may lead to production of
high amounts of VFASs, which cause acidity as shown in Figure 40. Consequently, high acidity
in the reactor compromises the ability of the digester to buffer itself as methanogenesis is
hindered while acidogenesis is favoured.
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Figure 35: The effect of OLR on methane composition

4.3.12 Methane production rate and methane yield coefficient

In Figure 36, methane production rate was found to increase with an increase in OLR up to
9 kg COD/m?3. Below this OLR, the reactor was stable and the organic load feed could be
converted efficiently into biogas, indicating that methanogenesis was not inhibited.
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Figure 36: Effect of OLR (—) on volumetric methane production rate (m) and methane yield coefficient (o)

A methane yield of between 0.29 L/g COD and 0.23 L/g COD was recorded during steady
operation; however, at 6 kg COD/m® the methane coefficient dropped to 0.124 L/g COD.
Generally, the theoretical methane coefficient is 0.35 L/g COD, assuming that all of the COD
fed into the reactor is transformed into methane and that there are no biorecalcitrant
components of the feed, also assuming further that there is no COD used for cell growth and
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cell maintenance (Borja et al., 2004). Moreover, the presence of other substances, such as
sulphates that consume COD without producing methane via the sulphate-reducing bacteria
pathway, are not accounted for as ideal in the case (Fernandez et al., 2008). Values close to the
theoretical yield can be obtained if a biodegradable substrate like glucose is used (Borja, 2001).

4.3.13 Effect of OLR on COD and colour reduction

The performance of wastewater treatment system is evaluated based on the pollution-reduction
efficiency. The efficiency of the system in COD and colour reduction was evaluated at different
OLRs (Figure 37). A COD reduction of 85% was achieved at lower OLRs while the efficiency
reduced to 64% at high OLRs. At an OLR of 6 kg COD/m?.d, COD reduction of 73% could
still be achieved. However, colour reduction was always low ranging between 56% and 21%,
from low to high OLRs. The low colour reduction is attributed to the presence of biorecalcitrant
melanoidins in distillery effluent.
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Figure 37: Effect of OLR on COD (A) and colour-reduction efficiency (m)

4.3.14 COD reduction model

The investigation into the variation in COD removal rates with OLR showed that the removal
rate increased linearly with OLR (Figure 37). The effect of feed concentration on the COD
removal rate can be described by Eq. 44 (Fernandez et al., 2008; Borja et al., 2004):

Rs = K(S) (44)

where Rs is the COD removal rate (kg COD/m3.d), K is the reaction constant (d2), S is the feed
substrate concentration (kg COD/m®) and n is the reaction order. Considering first-order
reaction kinetics, n is equal to unity. Therefore, a plot of Rs against S gives a straight line with
slope equal to K and the y intercept equal to zero. This describes the influence of feed
concentration on COD reduction rate. In Figure 38, the experimental data fitted the theoretical
model with a reaction constant equal to 0.67 d™* and R? equal to 0.9806. A similar model has
been used to describe AD in FBRs (Borja et al., 2004; Fernandez et al., 2008). The observed
increase in COD removal rate with an increase in OLR can be attributed to a corresponding
increase in the concentration gradient between the fluid and biofilm (Fernandez et al., 2008).
The increase in COD removal rate with an increase in feed concentration can also be attributed
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to the stability of the anaerobic FBR attributed to the immobilisation of microorganisms to
small fluidized zeolite particles (Borja et al., 2004).
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Figure 38: The effect of feed concentration on COD removal rate

A model has been proposed to determine methane yield coefficient using experimental data of
volumetric methane production rate and COD removed. Based on the assumption that the
volume of methane produced per day is proportional to the amount of COD consumed, the
following equation can be used to relate the parameters (Fernandez et al., 2008);

n= YpQ(So—Se) (45)

where 7 is methane production rate (L/d), Y, is the methane yield coefficient, Q is feed flow
rate (L/d), and So and Se are feed and effluent concentrations (g COD/L), respectively.
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Figure 39: Variation of methane production rate with substrate removal

A plot of Vcha against Q(So—Se) in Figure 39 gives a straight line with a slope 0f 0.236 g COD/L
corresponding to Y, for the first four OLRs studied. However, the point corresponding to OLR
of 9 kg COD/m?® was out of the model limit. This is due to reactor instability caused by organic
overloading, which results in accumulation of VFAs (Figure 19). A Yp value of 0.29 g COD/L
was reported for the anaerobic treatment of distillery effluent in an FBR (Fernandez et al.,

2008).
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Figure 40: Alkalinity (0), VFAs (o) and pH (A) profile during AD

4.3.15 Alkalinity, VFAs and pH

The balance between VFAs, alkalinity and pH can be used as a measure for biodigester
stability. A stable reactor will operate at a pH range of between 6.7 and 8 with total alkalinity
higher than VFA concentration. Figure 39 shows that the anaerobic process was stable until
day 65, which marked the onset of operation at OLR of 9 kg COD/m®. The reduction in
methane composition (Figure 35) and the reduction in total alkalinity and pH with a
corresponding increase in VFAs at high OLR (Figure 40) are indications that the process was
unstable at 9 kg COD/m3. In Figure 39, the pH dropped from stable value of about 7.3 to 6.4
at high OLR while alkalinity reduced from 3100 mg/L to 2500 mg/L as a result of VFAs
increasing from 1020 mg/L to 1620 mg/L. The decrease in pH was as a result of the high VFA
production rate. The increase in VFA production led to an increase in the consumption of
alkalinity, causing a significant drop in alkalinity. Normally, the VFA:alkalinity ratio is used
to evaluate reactor stability, with a ratio below 0.3 to 0.4 indicating a stable operating reactor
(Hampannavar & Shivayogimath, 2010; Borja et al. 2004). The VFA:alkalinity ratio was
always below 0.3 but it increased to above 0.5 at OLR of 9 kg COD/m3, indicating instability.

4.3.16 Effect of OLR on biomass density

Determining the amount of biomass in the reactor and in the effluent is important for two major
reasons. Firstly, the microbial mass in the reactor is responsible for substrate conversion and
maintaining their density is very important. Secondly, the amount of biomass in the effluent
can be used as an indication of microbial washout capacity. Moreover, information about
biomass in effluent can be used when designing a post-treatment facility.

Figure 41 shows the amount of biomass in the reactor and in the effluent where it was observed
that the amount of biomass (g VSS/L) in the reactor and in the effluent increased with an
increase in OLR. However, the amount of biomass expressed as g VSS/g feed COD.d decreased
with an increase in OLR in the reactor while it was always almost negligible for the effluent.
The wide difference in the amount of biomass in the reactor from that in the effluent indicates
biomass retention in the reactor, which can be attributed to zeolite, which is a good biomass

75



support. A further comparative study was conducted using abattoir wastewater to analyse bio-
degradability of aromatic compounds in such wastes (Appendix B). It was shown that COD
reduction was influenced by the degree of mixing.
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Figure 41: Effect of OLR on microbial density in the reactor and in the effluent

4.4 Conclusion

The kinetics of a fluidized bed anaerobic digester treating distillery effluent was evaluated.
Degradation in the reactor followed first-order rate kinetics and the recalcitrant component of
the effluent was determined to be ~10% TOC of the feed. The amount of biorecalcitrant organic
compounds suggested that a post-treatment method is required. The biorecalcitrant compounds
were found to be the major colour-causing compounds in distillery effluent. This was because
AD was ineffective in colour reduction despite a superior TOC reduction. The bioreactor was
found to be stable when operating at an OLR of below 6 kg COD/m3d; above this, VFAs
accumulated in the reactor. The zeolite applied in the reactor was very effective in biomass
retention as the sludge retention time was 2.5 higher than the HRT. The maximum growth rate
of the microorganisms was 0.136 d* and the biomass yield was 0.4658 g/g. The
microorganisms’ decay coefficient of 0.03 was an indication that the bioreactor effluent needed
a settling tank to remove suspended biomass if photocatalysis is to be applied as a preferred
post-treatment method.
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5 COMBINED AD AND PHOTOCATALYTIC TREATMENT OF DISTILLERY
EFFLUENT IN BATCH FBR

5.1 Introduction

The AD process is effective in converting huge amounts of organic load of distillery effluent
into biomethane. However, it is ineffective in colour reduction (Satyawali & Balakrishnan,
2008) due to the presence of colour-causing biorecalcitrant melanoidins (Wang et al., 2011).
Therefore, different post-treatment methods for biomethanated distillery effluent have been
proposed for colour removal. Physico-chemical methods such as coagulation (Arimi et al.,
2015; Chaudhari et al., 2007), adsorption (Onyango et al., 2011), catalytic thermolysis and wet
oxidation (Chaudhari et al., 2005) have been applied with varying degrees of success.

Recently, studies have been carried out on AOPs such as the application of photodegradation
in the treatment of distillery effluent and good colour removal has been reported (Apollo et al.,
2014b; Vineetha et al., 2013). Photodegradation has an advantage in that it can rapidly degrade
organic contaminants to mineralisation without producing sludge. Even though photo-
degradation can be used as pre-treatment before the AD process to enhance the biodegradability
of recalcitrant compounds (Apollo et al., 2014a), this step is not recommended for wastewater
with a high proportion of biodegradable components with traces of biorecalcitrant components
such as distillery effluent. This is because biodegradable components will compete with
recalcitrant compounds during photodegradation, leading to unnecessary consumption of
chemicals and longer irradiation times (Oller et al., 2011). In such a case, an initial step
involving biological treatment to remove biodegradable components followed by an AOP post-
treatment as a polishing step is more economical due to reduced energy and chemical
consumption (Hoérsch et al., 2003; Vidal et al., 2004). Moreover, photodegradation was found
not to significantly improve biodegradability of distillery effluent towards anaerobes (Apollo
etal., 2013). It is therefore more effective to apply photodegradation as a post-treatment to AD
pre-treated distillery effluent.

The application of FBRs in a combined AD and photodegradation process can result in better
pollution removal due to the good mixing attained by FBRs, which promotes mass transfer and
thereby increases the reaction rate. Due to the achievable fast reaction rates, chemical dose and
the energy requirement of the UV, photodegradation could be reduced while the bioenergy
from the AD process could be enhanced. This may result in improvement on the overall
efficiency of the integrated process. In this study, the efficiency of FBRs in a combined AD
and photodegradation process was investigated for TOC and colour reduction when treating
distillery effluent.

5.2 Methodology

5.2.1 Materials

Distillery effluent with the characteristics listed in Table 12 was outsourced from a local
treatment plant and stored in a fridge at 4°C before use. Titanium dioxide catalyst, Degussa
P25, was purchased from Acros Organics.
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Table 12: Characteristics of distillery effluent

Parameter Value
COD (mg/L) 2600 + 250
TOC (mg/L) 1807 + 120
TSS (mg/L) 43 £ 5
Total sulphates (mg/L) 249 + 21
Total phosphates (mg/L) 35+ 4
pH 5.5

5.2.2 Experimental setup

An anaerobic fluidized bed reactor (AFBR) and fluidized bed annular photoreactor assembled
as shown in Figure 42 were used. The dimensions of the anaerobic digester were 760 mm
height and 118 mm in diameter, resulting in a total volume of 8.3 L and a working volume of
6 L. The volume of the photoreactor was 0.45 L. The detailed photoreactor description can be
found in our previous work (Apollo et al., 2013).
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Figure 42: Experimental setup for the integrated AD and photodegradation
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Fluidization in the AD reactor was achieved by a centrifugal pump (Foras Veronilla, Italy) that
was used to circulate the effluent in the reactor while fluidization in the photoreactor was
achieved by air from a compressor (Jun-Air OF302). The effluent from AFBR was fed into a
settling tank to remove suspended solids, which resulted from flocs formed by biomass in the
bioreactor. Prior to photodegradation, the sample was further centrifuged and the pH was
lowered to 4 using 0.1 M H>SO4 solution, which was the best pH for photodegradation of
distillery effluent (Apollo et al., 2014b). For the photoreactor, the catalyst and wastewater were
thoroughly mixed using a magnetic stirrer to ensure uniform catalyst distribution. The mixture
was then fed into the reactor using a peristaltic pump. Air from the compressor was passed
upward through a column of distillery wastewater containing suspended TiO: catalyst via a
flow distributor compartment at the bottom of the reactor.

5.2.3 Experimental procedure

The optimum superficial gas velocity or liquid velocity for the photoreactor and bioreactor,
respectively, were determined from hydrodynamic studies. However, preliminary experiments
were carried out to find the best operating conditions such as the amount of TiO in the
composite catalyst, catalyst loading and hydrogen peroxide dose as indicated in Table 13.

Table 13: Operating parameters for the photoreactor and AD reactor

Photoreactor Biodigester

Parameter Value Parameter Value
Average catalyst size 57 um Zeolite particle size 150-300 um
TiOy/silica ratio of catalyst  10-95% Zeolite amount 50¢
Catalyst amount 0.5-5¢g/L Superficial liquid velocity (U.) 0.6 cm/s
Superficial air velocity (Ug) 0.92 cm/s Bed height at U, 500 mm
H.0, dosage 1.2-19.6 mM

After establishing these conditions, firstly, the anaerobic process was conducted in batch mode
at 37°C and biogas was collected by the water displacement method. The biogas was analysed
for methane content using a gas chromatograph. The anaerobically treated effluent was
centrifuged and then fed into the photoreactor for further colour and TOC reduction. The
electrical energy efficiency of the photodegradation process was analysed using electrical
energy per order (EEO). The EEO (kwWhm2order™?) is defined as the electrical energy (kWh)
required to degrade a contaminant by one order of magnitude in 1.0 m® water, which is
expressed as (Shu et al., 2013):

Pt
EEO = : 46
Vlog(ch (46)

where P is the lamp power (kW), t is the irradiation time (hours), V is the volume (m®) of water
treated, and Ci and Cs are the initial and final concentrations of the target contaminant. The
energy consumption of the photodegradation process was compared with the energy produced
by the AD process.
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5.2.4 Experimental analysis

The performance of each treatment process was monitored by analysing aliquot samples after
a specific period of treatment. For AD, samples were centrifuged before analysis while for
photodegradation process, samples were filtered using a 0.45 um filter syringe. The TOC was
analysed using a TOC analyser (Teledyne Tekmar), and sulphates, nitrates and ammonium
were analysed using ion chromatography (882 Compact IC Plus fitted with an 863 Compact
auto-sampler), gas was analysed using a gas chromatograph (Trace 1310 gas chromatograph)
fitted with a thermal conductivity detector, while colour was analysed using a UV-Vis
spectrophotometer (T80 + UV/VIS Spectrophotometer, PG instruments Ltd). Alkalinity,
VFAs, COD and BODs were analysed per standard methods. According to the standard method
for wastewater analysis, VFAs and alkalinity were analysed by titration (Lahav & Morgan,
2004) while COD was analysed by nano-colour calorimeter after digestion using potassium
permanganate.

5.3 Results and Discussion

5.3.1 TOC, sulphates and colour reduction

After the reactor had acclimatised/stabilised, its efficiency in TOC, colour and sulphates
reduction was evaluated. A high TOC reduction of 78% was achieved after seven days with a
corresponding colour reduction of 41% (Figure 43). The AD process in FBRs has been reported
as an efficient treatment technology for TOC reduction when treating distillery effluent because
the major component of distillery effluent is biodegradable (Satyawali & Balakrishnan, 2008).
Despite containing large amounts of biodegradable organic substances, distillery effluent also
contains melanoidins, which are biorecalcitrant. Melanoidins form about 2% of distillery
effluent and are responsible for the intense dark-brown colour (Kalavathi et al., 2001). Due to
the biorecalcitrant nature of melanoidin, AD treatment of distillery effluent has been reported
to result in low colour reduction (Satyawali & Balakrishnan, 2008).
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Figure 43: Colour, TOC and sulphate reduction during AD: TOC (A), colour (o), sulphates (o)

82



Sulphate reduction was also observed during the AD process. In anaerobic conditions,
sulphate-reducing bacteria use sulphate as a terminal electron acceptor to degrade organic
compounds and hydrogen. Therefore, in the presence of sulphates, methanogens compete with
sulphate-reducing bacteria for available organic substrates. This competition may result in low
methane production in cases where sulphate-rich wastewater is treated as hydrogen sulphide
will be produced (Acharya et al., 2008). In this study, the methane content of biogas produced
(Figure 44) was within the expected range, suggesting that substrate utilisation by methanogens
predominated that of sulphate-reducing bacteria. Under stable conditions and when the
sulphate concentration is much lower than TOC, sulphate reduction can mostly be due to the
use as nutrients by microorganisms (Vijayaraghavan & Ramanujam, 2000).

5.3.2 Biogas production and methane yield

Figure 44 shows that the AD produced about 4.82 L of biogas after seven days. This
corresponded to a biogas production rate of 0.57 L of biogas/g TOC. The methane content of
the biogas produced within the first day was 41%; its production increased with time reaching
a maximum of 66% on day 5. The mean methane production was therefore calculated as
~0.35 L CH4/g TOC while the value in literature varies between 0.29 CHa/g and 0.4 CHa/g
(Fernandez et al., 2008; Zupancic et al., 2007).
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Figure 44: Biogas and methane production during the anaerobic process: biogas production (m), methane
yield (o)

The low methane content of the biogas during the onset of the anaerobic process could have
been due to the acclimatisation of microorganisms to the fresh organic load. Also, it could have
been because acidogenesis proceeded faster than methanogenesis at this stage leading to the
production of carbon dioxide. However, by day 2, stability was achieved between acidogenesis
and methanogenesis; thus acidogenesis products were consumed in the methanogenesis process
producing CHs. From day 6, biogas production reduced remarkably and nearly came to a stop.
The reduction in biogas production during this period could have been because most organic
carbon had been removed, therefore little substrate was available for the microorganisms.
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5.3.3 Alkalinity and pH

Alkalinity and pH analysis showed that there was adequate buffering in the reactor (Table 14).
The AD process is pH sensitive with an optimum operational pH of about 7 (Acharya et al.,
2008). Stable operating bioreactors often have the ability for self-buffering since the acid
produced by acidogenesis is neutralised by methanogenesis, which is an alkalising step as it
consumes hydrogen and H3O™ ions (Patel & Madamwar, 2000).

Table 14: Alkalinity and pH during the AD

Time (days) 0 1 2 4 6 7 8
pH 7.11 7.18 7.29 7.44 7.58 7.62 7.62
Alkalinity (mg/L) 4760 4114 4100 4160 4060 4100 4100

5.3.4 Photodegradation of distillery effluent

The efficiency of photodegradation on the decolourisation of the distillery effluent was studied.
This was necessary because AD was not effective in colour removal. Firstly, various factors
that affect photodegradation were investigated to establish the best operating conditions.
Secondly, the possible mechanism of melanoidin photodegradation was investigated.

5.3.5 Catalyst loading and catalyst composition

The experiments were conducted with catalyst loading ranging from 0.5 g/L to 5 g/L while
keeping other parameters constant (air velocity of 0.9 cm/s and initial effluent concentration of
120 mg/L TOC). Initially, adsorption studies were conducted in the dark before photo-
degradation. Generally, adsorption concentrates the pollutants on the catalyst surface, thus
facilitating the photodegradation process. In Figure 45, the adsorption equilibrium was
achieved after 20 minutes for all catalyst loadings. However, catalyst loading above optimum
value led to a reduction in adsorption due to hindered mass transfer. Similarly, the photo-
degradation efficiency increased when catalyst loading was increased from 0.5 g/L to 2 g/L,
after which there was a decrease in the photodegradation efficiency when the catalyst loading
was increased to 5 g/L. This may be attributed to the light scattering effect caused by the
catalyst at high loading, leading to a reduction in reaction rate. Moreover, at very high catalyst
loading, mass transfer is reduced due to the increased viscosity of the solution (Zhu et al., 2011;
Nawi et al., 2012).

Silica materials such as silica gels have commonly been applied as photocatalyst supports to
facilitate the separation of the photocatalyst after the photocatalytic reaction in aqueous
systems due to the high sedimentation ability of silica gel (Shan et al., 2010). Moreover, silica
gel has become famous for supporting TiO> as it is an adsorbent; therefore, it concentrates the
pollutants on the catalyst surface and it also allows penetration of photons to the catalyst due
to its transparent nature (Lim & Kim, 2005).
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Figure 45: Effect of catalyst loading on adsorption (A) and photodegradation (B) using 50% wt/wt TiO2/
SiO2 composite catalyst 5 g/L (e), 2 g/L (m), 1 g/L (A), 0.5 g/L (o)

In Figure 46, colour removal by the photodegradation process increased with an increase in the
amount of TiO2 in the TiOz/silica composite catalyst. However, removal by adsorption
decreased with an increase in TiO2 composition, suggesting that the SiO. had a higher
adsorption ability than the TiO>. It has been reported that an increase in the amount of TiO2 in
the composite leads to a reduction in the surface area and pore size of the silica gel, therefore,
resulting in a reduction in adsorption (Lim & Kim, 2005; Shan et al., 2010). Generally, silica
gel is mainly used to bind TiO- to facilitate post-treatment separation, which can be expensive
if TiO2 is used as slurry since it has poor settling ability.

100

N o) o)
o o o

colour removal, %

N
o

0.1 0.3 0.5 0.9

Fraction of TiO,

[N

—O6—ads —B—photo —&—Total

Figure 46: Effect of catalyst composition on adsorption (), photodegradation (o) combined adsorption-
photodegradation ( A) using catalyst loading of 2 g/L
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5.3.6 Colour removal mechanism via NO3~ and NH4" evolution during photocatalysis

More insight into the degradation of organic compounds such as melanoidins, which have
heteroatoms, can be obtained by monitoring the formation of inorganic ions formed in solution
due to the degradation of the associated heteroatoms (Alberici et al., 2001). Melanoidins in
distillery effluent are formed because of a reaction between amino acids and glucose; therefore,
melanoidins contain a nitrogen atom as heteroatom (Wang et al., 2011). In Figure 47a, the
colour removal efficiency by the photodegradation was higher than that of TOC reduction. This
suggests that photocatalysis degraded the colour-causing bonds (chromophores) of the
melanoidin faster than organic carbon mineralisation. Since the colour in melanoidin is caused
by C-N and C=C bonds (Chandra et al., 2008), it is therefore inferred that the photogenerated
radicals attacked the chromophores faster than the C—C bond due to the highly reactive centres
in the chromophore compared with those in C—C bonds.
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Figure 47: (a) Colour (m) and TOC (o) reduction; (b) NOs™ (o) and NH4* (0) formation during photo-
degradation

Figure 47 shows the production of nitrate and ammonium during photodegradation indicating
the mineralisation of nitrogen in the melanoidin structure, which led to colour reduction.
Photocatalytic degradation of nitrogen-containing organic compounds like melanoidins
depends largely on the position and oxidation state of the nitrogen atom within the organic
structure (Jing et al., 2011). In the degradation of such compounds, NHs+" and NOs™ are
produced in different proportions depending on the degradation pathway. If a nitrogen atom
exists in a high oxidation state, the nitrogen constituent degrades through a reductive pathway
and NH4" is formed from unstable intermediates. However, if the initial oxidation state of
nitrogen in organic compound is low, the nitrogen constituent is degraded through the initial
oxidation step to produce NOs™ (Jing et al., 2011). In this study, more NH4" evolved than NOs™,
indicating that more nitrogen atoms in melanoidin structure had a high oxidation state, and
therefore they were degraded through the reductive pathway.

5.3.7 FTIR analysis of the photodegradation process

To further analyse the effect of photodegradation in breaking down the organic molecules in
the distillery effluent, the photodegraded samples were analysed using FTIR after a 20-minute
interval of UV irradiation. The appearance and disappearance of some peaks and the shift in
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peaks are indications of degradation. In Figure 48, the FTIR spectrum of melanoidin shows
peaks mostly at 3400 cm ™ due to the stretching vibration of OH and NH; bonds, at 2850 cm™
due to CH stretching vibration, and at 1620 cm™ due to amide (Dolphen & Thiravetyan, 2011;
Kim et al., 1985; Olennikov & Tankhaeva, 2012).
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Figure 48: FTIR spectra of distillery effluent at different times of photodegradation

Generally, the peak at 3400 cm™ reduced after 60 minutes of irradiation while the peak at
2850 cm ! increased suggesting a likely reduction in OH and/or NH2 groups and an increase in
CH groups, respectively. The absorption due to amide at 1620 cm™ (Kim et al., 1985) also
decreased during photodegradation. The increase in the C—H peak with a decrease in NH> or
amide peaks may explain the high colour reduction with a corresponding low TOC reduction
recorded during photodegradation since colour in melanoidin is caused by C—N and C=C bonds
(Chandra et al., 2008). The emerging of absorbance peaks at 1250 cm™* and 1050 cm™ may
indicate C—H deformation and C-O stretching, respectively (Dolphen & Thiravetyan, 2011,
Olennikov & Tankhaeva, 2012). It was observed that photodegradation was effective in colour
reduction but was inefficient in TOC reduction. However, AD was effective in TOC reduction
but performed poorly in colour reduction. Therefore, integration of the two processes is
necessary for both colour and TOC reduction. From these observations, AD treatment can be
applied in the initial step to remove the TOC with bioenergy recovery while photodegradation
can be employed as the final step to remove the colour resulting from low concentration of
biorecalcitrant compounds (melanoidins).

5.3.8 Effect of hydrogen peroxide addition

Hydrogen peroxide improves the photodegradation process as it acts as an additional source of
the hydroxyl radical that degrades organic contaminants. However, it is important to determine
the most suitable amount of hydrogen peroxide required to achieve optimum degradation as a
very low hydrogen peroxide concentration does not improve photodegradation as it generates
insignificantly low amounts of peroxide radicals. In contrast, at very high hydrogen peroxide
concentrations, the reaction is retarded due to the scavenging effects of the excess peroxide
radicals produced (Huang et al., 2008). In this study, colour removal efficiency was used to
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determine the optimal hydrogen peroxide dosage for the reactor used under the prevailing
conditions of 2 g/L, 95% TiOx/silica composite catalyst and 120 mg/L TOC of the wastewater.
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Figure 49: Effect of hydrogen peroxide dose on colour reduction of distillery effluent

In Figure 49, it was found that the optimal hydrogen peroxide dose was 9.6 mM, which could
remove total colour within 10 minutes of irradiation. The optimal hydrogen peroxide dose was
used to study TOC reduction under similar reactor conditions. In Figure 50 it was observed that
a TOC reduction of 81% was achieved using hydrogen peroxide while without adding
hydrogen peroxide only 31% of TOC was removed. Hydrogen peroxide and UV irradiation
alone achieved TOC reduction of about 20%. The increase in TOC reduction efficiency by the
TiOo/silica catalyst/UV/H20. system compared with that of the TiOx/silica catalyst/UV and
UV/H20: is an indication that hydrogen peroxide increased the number of peroxide radicals
produced by the TiOg2/silica catalyst/system resulting in improved degradation efficiency.
However, TOC reduction was much slower than colour reduction, indicating that
photodegradation is most suitable for colour reduction.
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Figure 50: Effect of hydrogen peroxide on TOC reduction (o) UV/H20: (o) TiOz/silica catalyst/UV (A) TiO2/
silica catalyst/UV/H20:2
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5.3.9 Photodegradation post-treatment of AD pre-treated effluent

The AD treated effluent, though it had low TOC, was still very dark as the AD process achieved
only 41% colour reduction. Therefore, even though the AD process is efficient in TOC
reduction, it cannot be applied as a stand-alone process for distillery effluent treatment; a post-
treatment method is necessary (Travieso et al., 2008). The anaerobically treated effluent from
the AD reactor was centrifuged and then treated by UV photodegradation since photo-
degradation is very effective in colour reduction. Due to the intense dark colour of the
anaerobically digested effluent, dilution may be required for effective colour reduction during
UV post-treatment depending on the photoreactor design. To study the effect of dilution of the
AD effluent on the ensued photodegradation process, the dilution factor was calculated as;

DF = Ve:;_VW (47)

where DF is the dilution factor, Ve is the effluent volume (L), and Vy is the volume of dilution
water (L). From the equation, a DF value of 1 indicates no dilution since Vw = 0. Colour and
TOC reduction rates increased with an increase in dilution (Figure 51a and Figure 51b) because
dilution reduced the colour intensity leading to a reduction in light attenuation effect caused by
the dark colour. Dilution is generally not an encouraged approach; however; in this case, part
of the treated effluent can be used for dilution to reduce the water requirement of the process.
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Figure 51: Effect of dilution on colour and TOC reduction during photodegradation: (a) colour (b) TOC;
x10 v/v (0), x3.3 v/v (O), X2 v/v (A), x1v/v (@)

Irrespective of the dilution, colour removal was always higher than TOC reduction. This could
be an indication that the UV radiation process is more rapid in cleaving the chromophore bonds
of melanoidin but that it is slower in mineralisation of the melanoidins. Photodegradation has
been reported to result in better colour reduction but low TOC reduction when treating distillery
effluent (Vineetha et al., 2013). It was also observed that photodegradation could remove 77%
and 11% colour and TOC, respectively, when treating undulated (x1 v/v) effluent.

5.3.10 Combined AD and UV photodegradation

As mentioned earlier, AD was found to perform better in TOC reduction while it had a low
performance on colour reduction due to the biorecalcitrant melanoidins in distillery effluent.
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However, photodegradation was found to be effective in colour reduction but performed low
in TOC reduction. A combined treatment in which photodegradation was used as post-
treatment for the AD treated effluent was found to be very effective in both colour and TOC
reduction as shown in Figure 52. It was found that AD as a first treatment step removed 78%
of TOC and 41% of colour; photodegradation post-treatment resulted in additional 5% TOC
reduction and additional 46% colour reduction of the original effluent. Therefore, the combined
process resulted in an overall efficiency of 83% and 87% TOC and colour reduction,
respectively.
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Figure 52: Overall performance of the combined AD and UV photodegradation process after seven days of
AD and 30 minutes of photodegradation

Table 15 summarises the pollution load removal by each step and the final effluent
concentration. The AD process produces energy by breaking down organic molecules while
UV photodegradation consumes energy to degrade organic molecules. Thus, it is necessary to
do an energy analysis of the integrated process to determine the specific energy demand.

Table 15: Characteristics of wastewater after two-stage treatment

Parameter Before After initial AD  After UV post-
treatment treatment treatment

COD (mg/L) 2600 728 650

TOC (mg/L) 1807 405 325
BODs (mg/L) 1079 162 122

Total suspended solids (mg/L) 43 — —

Total sulphates (mg/L) 249 92 92

Total phosphates (mg/L) 35 7.5 7.5

pH 55 7.62 4.4
Colour (abs at 475 nm) 0.235 0.141 0.032
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5.3.11 Energy analysis

The specific energy (kJ/g TOC) production rate of AD and the specific energy consumption
rate of UV photodegradation were determined. In the UV case, the energy required by the lamp
to degrade unit mass of pollutant was considered. In this study, the average methane production
of the AD process was 0.35 L/g TOC removed, which had an energy content of 14.2 kJ/g TOC
removed, taking the reported energy value of methane as 38 mJ/m3 (Duerr et al., 2007).

Methane production from brewery slurry or molasses effluent has been reported to be in the
range of 0.23 L CH4/g COD to 0.42 L CH4/g COD (Jiménez et al., 2004; Zupancic et al., 2007)
resulting in energy of 8.74 kJ/g COD to 15.96 kJ/g COD. The specific energy consumption for
photodegradation was found to be about 900 kJ/g TOC, leading to colour reduction of between
52% and 100% depending on dilution (Table 16).

Table 16: Energy analysis and performance of the combined process

Dilution factor x10 x3.3 x2 x1
Colour reduction (%) 100 90 64 52
TOC reduction (%) 62 24 14 6
Energy UV lamp (kJ/g TOC) 970 900 900 1000
AD (kJ/g TOC) 14.2 14.2 14.2 14.2

Table 16 further observed that, unlike colour reduction, the energy requirement of the UV lamp
to degrade a unit mass of pollutant was constant and did not depend on dilutions. Dilution only
led to a faster reaction rate due to lower concentrations but did not lead to reduction in energy
consumption per unit mass of pollutants removed. Considering the faster colour removal rate
than TOC reduction rate (Figure 47), colour reduction can consume less energy than TOC
reduction. Considering the fact that UV photodegradation post-treatment is mostly for colour
reduction since most of the TOC had been removed by the initial AD step, energy analysis for
colour reduction is necessary.

5.3.12 EEO analysis of the combined process for colour reduction

The EEO is a key scale-up parameter for photodegradation systems at it combines the key
design variables (UV radiation time, effluent volume, concentration and the targeted number
of orders of magnitude of contaminant concentration to be removed) into a single function.
Application of EEO in this work can give an insight into the performance of the integrated AD-
UV system in a scaled-up process for colour reduction. The EEO was calculated as shown in
Eq. 46. Since the initial anaerobic treatment step had removed 78% and 41% of TOC and
colour, respectively, the UV post-treatment was evaluated based on removing a further 75% of
colour. Inthis case, the EEO was calculated for 75% colour reduction. The study was conducted
for raw effluent from the biodigester and for diluted effluent. The electrical energy required to
power the UV lamp to treat 1 m® effluent to 75% colour reduction was compared with the
energy content of the biogas produced in the AD unit (Figure 53). It was found that the energy
required to treat 1 m® of the effluent almost increased linearly with a reduction in dilution
factor.
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Figure 53: Electrical energy consumption of the UV lamp at various dilutions (m) and energy content of the
biogas produced by the AD process (- --)

Based on biogas production of 4.82 L with an average methane production of 65% recorded,
the energy content of the biogas produced was calculated as 5.5 kwhm™ of wastewater treated.
It was found that at dilutions of 20% v/v and less, the energy produced by the AD system was
equivalent or lower than the energy required by the UV lamp to treat the diluted wastewater to
a further 75% colour reduction. However, as the dilution factor reduced, more energy was
required since more concentrated effluent has a darker colour, which leads to light attenuation
in the reactor. Energy analysis further showed that the bioenergy produced could subsidise up
to 20% of the energy required by the UV lamp to photodegrade undiluted pre-AD-treated
effluent up to 75% colour reduction. Therefore, integrating the two processes has a potential of
lowering the operational cost of photodegradation while ensuring effective pollution reduction.

5.4 Conclusion

A study on combined AD and photodegradation treatment of distillery effluent in batch FBRs
was carried out. It was found that AD as a single unit was efficient in TOC reduction but not
in colour reduction while photodegradation was efficient in colour reduction but not in TOC
reduction. However, a combined process resulted in about 85% colour and TOC reduction.
During photodegradation, nitrate (NO3~) and ammonium (NH4*) were formed, which indicated
the degradation of the biorecalcitrant melanoidins.

Energy analysis showed that AD produced 14.2 kJ/g TOC of energy while the UV lamp
consumed 900 kJ/g TOC to further treat biodigested effluent. The EEO analysis showed that
the bioenergy produced by AD was equivalent to that required to photodegrade 1 m® of pre-
digested distillery effluent diluted by 20% to achieve 75% colour reduction. The energy
analysis further showed that the bioenergy produced could subsidise up to 20% of energy
required by the UV lamp to further photodegrade 1 m® undiluted biodigested effluent up to
75% colour reduction. Therefore, AD can subsidise the cost of UV photodegradation when
applied combined in the treatment of distillery effluent. However, process optimisation needs
to be done to determine the best combination of factors, such as organic load and retention time
on overall performance of the integrated process. Furthermore, the performance of a
continuously operated integrated process needs to be investigated to better assess the potential
of its applicability in large-scale wastewater treatment units.
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6 MODELLING THE ENERGY EFFICIENCY OF THE INTEGRATED SYSTEM
USING SURFACE RESPONSE METHODOLOGY

6.1 Introduction

The AD process has been the preferred process for treating distillery effluent due to its good
performance in organic load reduction and bioenergy recovery potential in the form of
biomethane (Satyawali & Balakrishnan, 2008). The AD treatment of distillery effluent has
electricity generation potential of up to 74 kWh/m3 and 50 kg/m? of steam in a cogeneration
process (Yasar et al., 2015). However, AD is not effective to remove colour from distillery
effluent since melanoidins, which impart dark-brown colour to distillery effluent, are
biorecalcitrant. The UV photocatalysis process has been proposed for the post-treatment of
anaerobically treated distillery effluent for colour removal.

Photocatalysis has the advantage that it can rapidly degrade the pollutant without generating
sludge; unlike the case of other treatment methods such as adsorption, coagulation and
flocculation. However, photocatalysis is costly as the UV lamp used for irradiation is energy
intensive. Oller et al. (2011) reported that electricity forms about 60% of the cost of operating
a UV photoreactor with the UV lamp being one of the most energy demanding components.
This was evidenced in a comparative study by Yasar et al. (2006) on energy requirements of
various AOPs in wastewater treatment where it was reported that UV photolysis and UV/H20:
required 160 kWh/m? and 86 kWh/m?, respectively, to treat mixed industrial wastewater with
COD of 108 mg/L and colour absorbance of 0.085. The UV energy requirement compares well
with the electricity production potential of AD treatment of distillery wastewater, which is
about 74 kWh/m?® (Yasar et al., 2015). This suggests that the AD process has the potential to
produce energy to offset the energy requirement cost of UV photocatalysis in an integrated
AD-photodegradation treatment system.

The challenge facing studies on the integrated wastewater process is that most studies have
been conducted without considering the impact of the operating parameters of the initial step
on the performance of the ensuing post-treatment step (Chaudhari et al., 2007; Yasar et al.,
2007). This trend has led to the modelling of the individual processes forming the integrated
system instead of modelling the whole integrated system as a single unit as asserted by Oller
etal. (2011). Therefore, Oller et al. (2011) recommended that modelling the effects of operating
parameters of an integrated biological and chemical process as a unit for wastewater treatment,
besides considering the individual processes, is necessary for process optimisation and scale-
up. In the case of an integrated AD-UV system, the OLR and HRT employed in the initial AD
step are significant in evaluating the overall process performance. This is because these factors
not only determine the AD stability and biogas production rate but also affect the characteristics
of the AD treated effluent, which in turn affects the efficiency of the post-treatment process.

To obtain the best operating conditions for the integrated process, response surface
methodology (RSM) using factorial experimental design is an appropriate technique. The RSM
methodology enables determination of the optimum operating conditions in an effective
manner and evaluates the effect of interaction of multivariable systems using statistical
methods compared with a one-variable-at-a-time experimental design, which is time-
consuming and does not cater for the interactive effects of variables (Chen et al., 2011). In this



work, the performance of an integrated AD-UV system was evaluated in COD and colour
reduction. Further, the bioenergy production of the initial AD step and the energy utilisation of
a UV lamp in the photodegradation process were modelled using RSM. The interactive effects
of HRT and OLR applied in the initial AD step on the overall process efficiency and best
operating conditions were established.

6.2 Methodology

6.2.1 Experimental procedure

The experimental setup for the combined AD and photodegradation shown in Figure 42 of
Chapter 5 was applied in this study. The FBB was operated in continuous mode where the OLR
was varied between 0.33 kg COD/m3d and 9 kg COD/m3d. The HRT was varied between
three days and 20 days. The effects of OLR and HRT in the anaerobic digester (OLRap and
HRTap respectively) on the subsequent batch photodegradation process were studied.
Subsequently, energy analysis of the integrated process per unit wastewater treated was carried
out based on the effect of the OLRap and HRT ap on the energy production by the initial AD
step and energy use by the final UV step. Finally, the energy efficiency of the integrated process
was modelled using RSM.

6.2.2 Energy analysis

The energy production of the anaerobic unit was compared with the energy demand of the
photodegradation process with a view of developing a system in which the AD step could
provide energy for UV photodegradation. The energy production by the AD process was
calculated as (Moraes et al., 2014):

Epio = LHVcy, X Ecop X Ceop X Qcp, (48)

where Epjo is the AD energy production KWh/m?, LHVy, is the low heating value of methane,
which is 38 MJ/m? (10.55 kWh/m?) (Duerr et al., 2007), Ecop is the COD removal efficiency,
Ccop is the feed concentration (kg COD/m?) and acy,is the methane production coefficient
(m3/kg COD removed). EEO was used to calculate the energy consumption of the UV photo-
degradation process (Euv). The EEO (kWhm2order?) is defined as the electrical energy (kwh)
required to degrade a contaminant by one order of magnitude in 1.0 m®water and it was adopted
from Shu et al. (2013):

= —n (49)

= o
A% log(c—;)

where P is the UV lamp or compressor power consumption (kW), t is the irradiation time

(hours), V is the volume (m®) of water treated, and Ci and Cs are the initial and final

concentrations of the target contaminant. The calculation was based on additional colour

reduction after the initial AD step by UV treatment after 30 minutes irradiation. Wastewater

samples were diluted as appropriate and the dilution factors were incorporated in Eg. 48.

Energy ratio (8), which is the efficiency indicator of the integrated system, was calculated as:
B = [222] x 100 (50)

uv
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where Eyy is the UV lamp energy consumption (KWh/m?) and Eni is the bioenergy production
(KWh/m?3).

To evaluate the energy efficiency and the environmental impact of the integrated process, the
electricity from the national grid that was saved as a result of the application of electricity from
bioenergy was determined. The conversion of biomethane to electricity was estimated
assuming a generator with an overall output efficiency of 78% of which 33% was electricity
and 45% was heat in a cogeneration process (Moraes et al., 2015). Therefore, electricity
generated from biomethane was given as:

Elpip = 0-33[Ebio] (51)

where Elpio is the electricity generated from biomethane per unit effluent volume (kwh/m?) and
Ebio is the total bioenergy from the AD (KWh/m3seeq). The energy consumption of the centrifugal
pump in the AD system was approximated as (Bagheri & Mohseni, 2015):

Ep — Qcphg (52)

w

where Ep is pump power (W), Qc is the flow rate of the recycle stream (m3/s), p is fluid density
(kg/m®), g is the gravitational acceleration (m/s?), h is the head (m) and w is the pump
efficiency, which was assumed to be 0.6 (Bagheri & Mohseni, 2015). The carbon dioxide
emission (when electricity from the national grid was applied to power the UV lamp of the
photoreactor) was calculated as a product of the electricity requirement of the UV lamp
(kWh/m?®) and the base line grid emission factor of 0.957 kg CO2e/kWh of electricity used
(Spalding-Fecher, 2011). The carbon dioxide emission reduction (CER) when electricity from
biomethane was presumably used to power the UV lamp as an alternative energy source,
replacing that from national grid was calculated as:

CER = GEF X Ely;, (53)

where CER is the carbon dioxide emission reduction (kg CO2e/m>xeed), GEF is the grid emission
factor (0.957 kg CO2e/kWh) and Elyio is the electricity generated from biomethane
(KWh/m?®¢eq) and presumably applied to power the UV lamp.

6.2.3 Experimental design and modelling

To analyse the interaction between HRTap and OLRap regarding energy production of AD
process and energy utilisation by the UV lamp in the photodegradation post-treatment process,
Design expert software (version 6.0.6) was used. In the software, RSM using three-level
factorial experimental design with four centre points was applied. Different OLRap values
were obtained by varying feed concentrations by diluting the raw distillery effluent as
appropriate at fixed feed flow rates over the ranges of OLRap and HRTap studied, ensuring
that OLRap and HRT ap were independent variables (Zinatizadeh et al., 2010). For instance, at
HRT of 6 days, the feed concentrations were varied as 2 g/L, 10 g/L and 19 g/L to obtain OLR
of about 0.3 COD/m3d, 1.7 COD/m3d and 3 kg COD/m?d, respectively, at a fixed feed flow
rate of 1 L/d. This procedure was repeated for other HRTSs studied according to Eq. 54 and the
ranges of the variables studied are shown in Table 17.
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OLR = =% (54)

where S is the feed concentration kg/m?3, Q is the feed flow rate m3/d and V is the reactor volume
(m3).

Table 17: Experimental range and level of variables

Range and variables

Parameters Code -1 0 1
OLR (kg COD/m3d) A 0.3 1.7 3
HRT (days) B 6 13 20

In the RSM study, the responses were bioenergy production by the AD process, UV lamp
energy consumption of the photodegradation process, and energy ratio of the two processes. In
each case, the data obtained was used to develop a mathematical model that best correlates
HRTap and OLRAp to the various responses in the form of a quadratic polynomial equation:

Y =b, + X bixi + T, bix? + X, T byxix; (55)

where Y is the response, b, is the offset term, biis the linear effect, bj; is the quadratic effect
and bijj is the interaction effect.

6.2.4 Data analysis

The response data was analysed using the Design expert software and the fitting of the models
was determined based on analysis of variance (ANOVA). Parameters such as F value,
probability > F and adequate precision, which is a measure of error or the signal-to-noise ratio,
were used as indicators of how the quadratic models fit the experimental values. A probability
> F value < 0.05 indicates that the model term is significant while an adequate precision value
of > 4 is desired.

6.2.5 Experimental analysis

AD samples were centrifuged before analysis. For the photodegradation process, samples were
filtered using a 0.45 um filter syringe. The TOC was analysed using a TOC analyser (Teledyne
Tekmar) while biogas was analysed using a gas chromatograph (Trace 1310 gas
chromatograph) fitted with a thermal conductivity detector using helium as carrier gas. Colour
was analysed using a UV-Vis spectrophotometer (T80 + UV/VIS Spectrophotometer, PG
instruments Ltd) at 475 nm. The BOD and COD were analysed per standard procedure (APHA
1998), in which the COD was analysed using the closed reflux method where a potassium
dichromate solution was used as oxidant and a Nanocolor colorimeter was used for colour
analysis. Alkalinity was analysed according to the standard method for wastewater analysis
involving titrating samples against 0.02 N H2SO4 solution using methyl orange indicator
(Wilson, 2013).
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6.3 Results and Discussion

6.3.1 Characteristics of distillery effluent

Distillery effluent is considered as fairly biodegradable with traces of recalcitrant compounds
such as melanoidins (Acharya et al., 2008). The biodegradability of the distillery effluent was
measured by determining the BODs/COD ratio (Table 18); it was found to be 0.41, indicating
that the distillery effluent is biodegradable. Good biodegradability is achieved when the BODs/
COD is greater than 0.25-0.4 (Sankaran et al., 2014; Al-Momani et al., 2002). However, the
biorecalcitrant part of distillery effluent, which is mostly composed of melanoidins (which
form a small proportion of the total effluent), often pass through anaerobic treatment without
being degraded and they impart a dark colour to biomethanated effluent (Satyawali &
Balakrishnan, 2008; Kalavathi et al., 2001).

Table 18: Characteristics of distillery wastewater

Parameter Mean value
COD (mg/L) 68 062 + 320
TOC (mg/L) 45 175 + 147
BOD (mg/L) 28 066 + 237
BODs/COD 0.412 + 0.002
Total sulphates (mg/L) 7525+ 78
Total phosphates (mg/L) 1009 £ 59
pH 5.45+0.35

6.3.2 Determination of the recalcitrant component of distillery effluent

The amount of non-biodegradable component can be determined by the relationship between
the organics remaining after digestion and HRT. The AD process was carried out at various
HRTs in the AFBR at constant feed concentration and the recalcitrant component was
determined from data in Table 19.

Table 19: Anaerobic digestion at different HRT and constant feed concentration

HRT COD feed COD effiuent LN (CODeffluent)

3 5810 1415 7.25
6 5810 1120 7.02
10 5810 980 6.88
15 5810 871 6.76
20 5810 760 6.63

It is proposed that a plot of Ln (CODesfiient) against 1/HRT gives a straight line, and the
recalcitrant component is calculated at infinite HRT. A similar model has been to determine
the biodegradable component of some food waste wastewater (Rincon et al., 2006; Borja et al.,
2002). In Figure 54, the amount of non-biodegradable component was calculated as COD
equivalent at y-axis intercept when HRT is infinite. It was found that the non-biodegradable
COD was about 756 mg/L constituting ~13% of the feed and corresponding to a TOC of
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477 mg/L under the prevailing digestion conditions. The low value suggests that distillery
effluent was fairly biodegradable.

Kalavathi et al. (2001) reported that melanoidins constitute about 2% of distillery effluent with
the rest being mainly biodegradable organic compounds. Removal of melanoidins from
distillery effluent can be achieved by applying photodegradation.
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Figure 54: Determination of the recalcitrant component of distillery effluent

6.3.3 Performance of the continuously operated fluidized bed anaerobic bioreactor

The stability of the bioreactor at various OLRs was studied at a fixed HRT of six days. In
Figure 55, the reactor was stable up to an OLR of 6 kg COD/m3d as shown by the VFA:
alkalinity ratio of below 0.3 (Hampannavar & Shivayogimath, 2010). Under stable conditions,
the COD and colour reductions were 86-73% and 56-40%, respectively. This indicates that
the anaerobic process has good efficiency in COD reduction but is not efficient in colour
reduction due to the presence of melanoidins. However, at a high OLR, acidogenesis takes
place faster than methanogenesis, which leads to the accumulation of VFAs that reduces
performance as indicated by low COD and colour reduction as well as low methane production.
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Figure 55: Effect of OLR on AD: (a) colour (o), COD (A), VFA/alkalinity (0); (b) methane production (A),
methane proportion of the biogas (o)

101



The effect of HRT on the performance of the reactor at a fixed OLR of 3 kg COD/m?3d showed
that an increase in HRT led to a corresponding increase in COD and colour reduction as well
as an increase in methane production (Figure 56). This is due to sufficient contact time between
the microbes and the substrate at a high HRT compared with that at a low HRT.
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Figure 56: Effect of HRT on the AD process: (a) CHa proportion of the biogas (o), CH4 production (A);
(b) COD reduction (e) and colour reduction (A)

The substantial increase in colour reduction with an increase in HRT could be an indication
that melanoidins need a long degradation time. The increase in methane production per unit
feed volume with an increase in HRT at fixed OLR is due to an increase in feed concentration
at low flow rates.

6.3.4 Effects of biodigester parameters on the UV post-treatment

The AD effluent characteristic is important when considering the design of a post-treatment
process. It affects the performance of the post-treatment facility because it determines the
reaction kinetics, energy requirement and the overall size of the post-treatment facility required
to handle the discharge. Figure 57a shows the effects of applied AD OLR (OLRap) on the
subsequent UV photodegradation process at a constant HRTap of six days. Generally, the
photodegradation process was more efficient in colour reduction than TOC reduction for all
OLRAap studied. This is contrary to the AD treatment, which had a higher organic load reduction
but a low colour reduction; therefore, integration of these two processes is necessary as they
complement each other.

It was further established that the efficiency of the photodegradation process reduced with an
increase in OLRap applied in the preceding AD process (Figure 57a). This was because at a
high OLRap the AD effluent had a higher concentration and more intense colour than at a low
OLR. This led to light attenuation in the preceding photodegradation process.
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Figure 57: Effect of biodigester operating parameters on photodegradation post-treatment: (a) OLRap and
(b) HRT b, Colour (i), TOC (£, reaction constant (A)

When the OLRap was fixed at 3 kg COD/m3d while the HRT ap was varied from six to 20 days
(Figure 57b), it was found that the photodegradation efficiency increased with an increase in
applied HRT ap from 75% to 98% colour removal. The longer time the wastewater spent in the
AD reactor, the more the biodegradable organic pollutants were removed due to sufficient
contact time between pollutants and microorganisms. Moreover, the AD effluent had a more
intense colour at a low HRTap than at a high HRT ap. The overall performance of the integrated
process is shown in Table 20 where photodegradation post-treatment complemented AD
process in colour removal.

Table 20: Overall efficiency of the integrated process at various HRTap at fixed OLRapb of 3 kg COD/m3d

Initial removal by Additional removal by Combined process,
AD, % UV, % %
HRT
(d) Colour TOC Colour TOC Colour TOC
6 28 81 54 4.5 74 84.5
10 44 90.4 48 3 92 93.4
20 57 95.7 42 1.4 99 99

6.3.5 Kinetics of the integrated process

Both AD and photodegradation were found to follow the first-order rate model. Therefore, the
first-order rate model was used to study the effect of the AD rate on the rate of ensued
photodegradation process at various OLRap. In Table 21, the rate of substrate utilisation in the
AD process increased with an increase in OLR. However, the rate of the succeeding photo-
degradation process decreased with an increase in OLRap.

The observed increase in organic removal rate (AD rate) with increasing OLRap in AD could
be attributed to a corresponding increase in the concentration gradient between the fluid and
biofilm due to an increase in available feed (Fernandez et al., 2008). It could also be attributed
to the stability of the AFBR owed to immobilisation of microorganisms to small fluidized
zeolite particles (Borja et al., 2004). In contrast, the reduction in photodegradation rate with an
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increase in OLRAap could be attributed to light attenuation caused by high colour intensity when
the system was operated at high OLRap. The performance of the photodegradation post-
treatment process increased with an increase in the colour and COD removal efficiency in the
initial AD step but reduced with an increase in substrate utilisation rate (Figure 55 and Figure
58). At high OLRap the substrate utilisation is high due to the available feed and the effluent
has a higher colour intensity than at low HRT ap.
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Figure 58: Organic removal rate by the AD process () and reaction rate constant of photodegradation
post-treatment (A) at various OLRap

6.3.6 Energy efficiency of the integrated AD-UV process

The photodegradation process is energy intensive mainly due to the energy demand of the UV
lamp while the AD process produces energy in the form of methane. The effect of OLRap at a
fixed HRTap of six days showed that the energy demand of the UV lamp always increased
with an increase in OLRap due to increasing AD effluent concentration. In the case of AD, the
energy production was at maximum at OLRap of 6 kg COD/m3d, after which it dropped due
to inhibition caused by accumulation of VFAs as a result of organic overloading (Figure 59a).
The energy ratio of the integrated process () was highest between an OLR of 3 kg COD/m3d
and 6 kg COD/m3d (Figure 6.6b). The low efficiency at OLRap of 9 kg COD/m3d was due to
both low bioenergy production due to organic overloading and high effluent load with intense
colour, which hindered photodegradation.
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Figure 59: Effect of OLRab on the energy efficiency of the integrated process: (a) (o) Bioenergy production,
(A) UV lamp energy consumption and (b) Energy ratio
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To increase the efficiency of the integrated process, the HRT ap was increased stepwise from
six to 20 days at a constant OLRap of 3 kg COD/m3d. The OLRap of 3 kg COD/m3d was
chosen due because it had good organic removal efficiency for both the processes and the best
energy ratio was attained at this OLR. In Figure 60 it was found that increasing the HRT ap
from six to 20 days at a constant OLRap of 3 kg COD/m?d increased the energy efficiency
from ~9% to 93%. There were two combined factors that led to the high increase in efficiency
with an increase in HRTap. Firstly, the high HRT in the AD unit led to a high degradation of
biodegradable constituents as well as better colour reduction, resulting in a relatively easy to
photodegrade effluent due to low concentration or colour intensity thus leading to lower Euv
than at low HRTap. Secondly, to achieve high HRTap at constant OLRap, a feed with a high
concentration was fed into the digester at a very low flow rate. This led to a higher methane
production per unit feed volume than at the low HRTap where relatively low concentrated feed
was applied at high flow rate. However, increasing the HRTap may lead to an increase in the
cost of operating the AD unit, which may compromise the overall efficiency of the integrated
process (this is discussed in Section 6.3.11 and 6.3.12, which deals with cost analysis).
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Figure 60: Effect of HRT ap on energy efficiency of the integrated process: (o) Bioenergy production, (A) UV
lamp energy consumption and (e) Energy ratio

Generally, operating a bioreactor at an appropriately high OLRap (which the bioreactor can
handle without shock) and high HRT ap means a higher biogas production per unit feed volume
and lower effluent volume with less concentration than operating it at the same OLRap but at
a low HRTap (Zinatizadeh et al., 2010). This can easily or effectively be handled by the UV
post-treatment. However, this study could not investigate an HRTap of beyond 20 days at an
OLRAap of 3 kg COD/m?d due to limitations in available feed concentration and reactor size.

6.3.7 RSM and ANOVA

Per the experimental design, 13 experimental runs were conducted including four centre points
(Run 10-13) as indicated in Table 21. The responses of the centre points showed little variation
indicating the consistency of the experimental runs. In all experimental conditions studied,
biogas production ranged from 0.714 L/Lfeed t0 20.6 L/Lteed coOrresponding to bioenergy
production in the range of 4.96 kwh/m? to 180.5 kWh/m? while the energy consumption of the
UV lamp ranged from 93 kWh/m? to 496 kwWh/m? corresponding to overall efficiencies of
between 2.5% and 93% as shown in Table 21.
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Table 21: Experiments conducted according to design and the corresponding responses

HRT Biogas
Experiment  OLR (xi) (xii) (L/Ltee) CH4% Ebio Euv £
1 0.3 6 0.714 66 4.96 200 2.5
2 1.65 6 3.1 74 24.3 135 18
3 3 6 5.7 68.5 38 496 7.6
4 0.3 13 1.85 75 14,5 105 13.8
5 1.65 13 5.08 74 40.1 115 34.8
6 3 13 94 71 70.6 352 20
7 0.3 20 1.93 73.5 14.7 87 16.9
8 1.65 20 10.1 71 76 100 76
9 3 20 20.6 83.7 180.5 194 93
10 1.65 13 5.08 74 40.1 119 33.7
11 1.65 13 5.1 73.8 40 115 34.8
12 1.65 13 5.12 73.5 40 115 34.8
13 1.65 13 5.08 74 40.1 110 36.4
Table 22: ANOVA for response surface models
Response Polynomial Source Sum of DF Mean Fvalue Prob>F Adeq.
model squares square precision
Bioenergy 2 Fl Model 23 510.75 3 7 836.92 1774  <0.0001 44.25
A 13 088.46 1 13088.46  296.28 < 0.0001
B 7715.97 1 7715.97 17467 <0.0001
AB 4962.38 1 4 962.38 112.33 < 0.0001
Residual 397.58 9 44.18
UV lamp energy ~ Quadratic Model 1.65E+05 5 32 962.17 22.67 0.0003 16.23
A 60 122.16 1 60 122.16 41.36 0.0004
B 33750 1 33750 23.22 0.0019
A2 40 681.72 1 40 681.72 27.98 0.0011
B2 4601.6 1 4601.6 3.17 0.1184
AB 9612.48 1 9612.48 6.61 0.0369
Residual 10 176.25 7 1453.75
Ebio/Euv (€, %) Quadratic Model 7948.3 5 1589.66 69.41  <0.0001 27.89
A 1746.88 1 1746.88 76.28  <0.0001
B 4144.88 1 4144.88 180.99 < 0.0001
A2 895.37 1 895.37 39.1 0.0004
B? 1.76 1 1.76 0.077 0.7898
AB 1543.44 1 1543.44 67.4 <0.0001
Residual 160.31 7 22.9
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Based on the probability > F values, the summary of ANOVA for various polynomial models
relating the variables to the responses (Table 22) indicates that a two-factor interaction model
(2F1) described the interaction of OLRap (A) and HRTap (B) in bioenergy production while
the quadratic model described UV lamp energy requirement and the energy efficiency. All
variables and their linear interactions were significant in the proposed models except the
quadratic term of the HRTap (B) as indicated by probability > F value being greater than 0.05.
A significant interaction between OLRap and HRTap means that the effect of each of the
variables depends on the value of the other variable. Adequate precision for all the models was
greater than 4, which suggests a high signal; hence, the models can be used to navigate the
design space.

6.3.8 Energy production by the anaerobic process

By applying multiple regression analysis, the bioenergy production was correlated to the
operating parameters as described by Eq. 56. The predictive 2FI model that correlates
bioenergy production to the applied OLRap and HRTap in the reactor in terms of coded values
IS presented as:

Ebio=55.90 + 47.37 A+ 34.21B + 34.19AB (56)
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Figure 61: A plot of the predicted values from the models against the experimental values: (a) Energy
production by the anaerobic process; (b) UV photodegradation energy consumption; (c) Energy ratio

The coefficients of all model factors contributed positively to the model equation. The most
influential parameter was OLRap (A) as it had the highest coefficient and F value (Salam et
al., 2015). The model was validated by plotting the predicted values against the experimental
values (Figure 61a). An R? value of 0.9778 was obtained, which imply that the model
accurately describes the effect of OLRap and HRTap in the digestion process. A response
surface plot depicting the effects of OLRap and HRTap on bioenergy production is shown in
Figure 62a. The plots show that at a low HRT ap of six days, the bioenergy production did not
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increase significantly with an increase in OLRap. Likewise, at a low OLR of 0.3 kg COD/m?d,
the bioenergy production did not significantly increase with an increase in HRTap. However,
at higher HRT ap values, there was a massive increase in bioenergy production with an increase
in OLRAp. Similarly, at higher OLRap, there was improved bioenergy production with an
increase in HRTap because when OLRap was kept constant at high values (without shock
loading) and operated at high HRTap, the reactor was able to handle effluent with higher
concentration, leading to higher biogas production per unit effluent volume, than if operated at
a low OLRap or low HRTap. Moreover, at a low HRTap, the reactor experienced significant
microbial washout. A similar trend has been reported for biogas production during anaerobic
treatment of various industrial wastewaters (Rastegar et al., 2011). The slight reduction in
bioenergy production when HRTap was reduced at high and fixed OLRap could be attributed
to the development of non-methanogens at these conditions (Zinatizadeh et al., 2010). The
increased trend in bioenergy production with an increase in OLRap at fixed HRTap showed
that the rate of substrate conversion to biogas increased with an increase in OLRap. This could
be attributed to an increase in microbial community due to an increase in available feed, which
leads to reactor stability even at high OLRap in the range studied (Rastegar et al., 2011).
Alternatively, the observed increase in organic conversion rate to biogas with an increase in
feed concentration could be attributed to the stability of the AFBR owed to immobilisation of
microorganisms to small fluidized particles (Borja et al., 2004).
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Figure 62: Response surface plot indicating the effects of OLRap and HRTap on (a) Bioenergy production;
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6.3.9 UV photodegradation energy consumption

The analysis of the interaction between the applied OLRap and HRT ap in the bioreactor and
the energy used by the UV lamp in photodegradation post-treatment was described by a
quadratic model (Eqg. 57).

Euv=69.02 + 101.54 A — 75.00B + 121.37A2 + 52.07B2 — 47.59AB (57)

From the model, the quadratic term of the OLRap had the strongest effect on the energy
consumption of the photodegradation process as indicated by its high coefficient while the
linear interaction between the OLRap and HRTap had the least effect as indicated by its low
coefficient. Furthermore, the linear term of OLRap and the quadratic terms of both OLRap and
HRTap were additive to the response while the linear term of HRTap and the interaction
between the two variables had a reducing effect on the response. The model depicts a convex
plot attributed to by the quadratic effect of OLRap (A) since the quadratic effect of HRT ap (B)
was not significant as shown by the ANOVA (Table 22). The quadratic model was validated
by plotting the predicted values against the experimental values (Figure 62b). A straight line
with an R? value of 0.9418 was obtained, indicating that the model described the dependence
of Euv on OLRap and HRT ap accurately.

Figure 62b shows that generally the energy required by the UV lamp for photodegradation
post-treatment increased with an increase in OLRap at various HRTap values studied as the
AD effluent concentration increased with an increase in OLRap applied, leading to a high
energy requirement for photodegradation post-treatment. At low OLRap (0.3 kg COD/m3d),
an increase in HRTap did not significantly affect the energy requirement due to low AD
effluent concentration at low OLRAp.

However, at high OLRap (3 kg COD/m3d), there was a significant reduction in the energy
required with an increase in HRT ap from six to 20 days due to low AD effluent concentration
at high HRT ap (Zinatizadeh et al., 2010). Generally, a high HRT ap ensures long contact time
between microbes and pollutants, leading to effective removal of biodegradable constituents.
Thus, the discharged AD effluent does not contain many biodegradable constituents that could
compete with the biorecalcitrant constituents during the photodegradation process, leading to
high efficiency. Moreover, operating an AD reactor at high HRT at fixed OLRap leads to more
colour reduction due to the increased contact time between the reactants. Therefore, an AD
effluent with a low colour intensity can be degraded faster than effluent with a high colour
intensity, which causes light attenuation during photodegradation.

6.3.10 Energy ratio

A quadratic model in terms of coded factor that describes the relationship between overall
energy efficiency of the integrated system and the variables, was expressed as:

£=46.64+17.31 A+ 26.28B — 18.01A2 + 1.02B2 + 19.07AB (58)

This model suggests that the dependence of the response on the variables is described by a
concave-like curvature attributed to by the quadratic term of OLRap (A). The quadratic term
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of HRTap (B) did not considerably contribute to the curvature since it was not significant (as
shown in Table 22).

Figure 62c¢ shows a plot of the predicted values against the experimental values where the data
points are distributed along a line with a unit slope indicating the validity of the model. Figure
62c shows that at a low HRT ap (six days), the energy ratio increased with an increase in OLRap
up to an OLRap of 1.65 kg COD/m?d, and then it reduced as OLRap was further increased to
3 kg COD/m3d. This trend was partly because at a lower OLRap of 0.3 kg COD/m?3d, the bio-
energy production was low compared with that at a higher OLRap of 1.65 kg COD/m3d
(Rastegar et al., 2011), leading to a low energy ratio. At the same time, at a high OLRap of
3 kg COD/m?d, the colour intensity of the AD effluent was higher than that at an OLRap of
1.65 kg COD/m?d; therefore, higher energy was required for photodegradation, which resulted
in a decreased energy ratio. Due to these two pulling factors, the best energy efficiency at low
HRTap was attainable midway between a low and high OLRsap, which was at a value of
1.65 kg COD/m?d.

At a high HRT (20 days), the energy efficiency increased with an increase in OLRap — mainly
due to an increase in bioenergy production per unit volume with an increase in OLRap. In
related studies on AD of wastewater, higher methane production per unit feed flow rate was
recorded at high OLRap and high HRT ap than at low OLRap and low HRT (Zinatizadeh et al.,
2010). Moreover, high HRTap at high OLRap lead to more digestion efficiency, therefore,
eliminating most biodegradable constituents that would otherwise compete with the recalcitrant
component during photodegradation post-treatment.
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Figure 63: Perturbation plot for energy efficiency

An increase in HRTap at low OLRap did not significantly improve the energy efficiency
because at low OLRap, bioenergy production per unit feed volume was usually low irrespective
of the HRT ap applied under this study. Operating a bioreactor at low OLRap and high HRT ap
is considered uneconomical since a low organic load could be degraded within a short time. It
therefore follows that there was no substantial difference in the photodegradation energy
requirement for effluent discharged by the bioreactor operating at low OLRap at either low or
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high HRTap as shown in Figure 62b. In fact, operating the bioreactor at high HRT ap and low
OLRAap can lead to cell death due to starvation.

Perturbation, which indicates the deviation of the energy efficiency from the reference point
caused by the variables, is shown in Figure 63. The reference point considered was at OLR of
1.7 kg COD/m3d and HRT ap of 13 days, which is the mid-point. Holding one factor constant
at the mid-point while varying the other helps to compare the effect of the variables at a point.
In Figure 63, at the reference point, an increase in HRTap (B) led to an increase in energy
efficiency. Similarly, an increase in OLRap led to an increase in efficiency up to a point where
further increase in OLRap did not increase the efficiency. From the perturbation plot it could
also be seen that the effect of OLRap was concave-like due to its significant quadratic term, in
contrast, the effect of HRTap was linear due to its insignificant quadratic term (Table 22).

6.3.11 Electrical energy and CER analysis

The environmental sustainability of the integrated process was evaluated based on the electrical
energy generation from the biomethane produced by the AD process and CER associated with
the application of the generated electrical energy in the ensued photodegradation process. The
conditions for this study were an OLRap of 3 kg COD/m3d and an HRTap of six to 20 days.
The fixed OLRap of 3 kg COD/m3d was chosen as it was the highest OLRap at which the
bioreactor was still stable with a good performance. Assumed biomethane conversion
efficiency of 45% to heat and 33% to electricity in a cogeneration process was considered
(Moraes et al., 2015). To estimate the CER, a base line emission factor (electricity is used from
the national grid) of 0.957 kg CO2e/kWh of electricity generated was applied (Spalding-Fecher,
2011). The CER achieved by applying the electricity generated from the biomethane was
compared with the carbon emission when electricity from the grid was applied to power the
UV lamp in the photodegradation post-treatment (Figure 64).

In Figure 64a and Figure 64b, the electricity consumption of the UV lamp and the carbon
emission reduced with an increase in HRTap while the energy generation and the CER
increased with an increase in HRTap. This was because at a low HRTap, the effluent
discharged by the AD process had a higher concentration or colour intensity than the effluent
at a high HRTap. Therefore, it demanded more electrical energy to drive the UV lamp for the
photodegradation post-treatment. Moreover, there was low biogas production per unit feed
volume at a low HRTap compared with that at a high HRTap, leading to low electricity
generation. In Figure 64a it was also found that the UV lamp was the most energy-consuming
component of the photoreactor as it constituted 80% of electricity requirement while the
compressor used for mixing constituted the remaining 20%.

In Figure 64b, the bioenergy application as electricity source for UV lamp led to CER of
57 kg CO2e/m3eeq, corresponding to a 31% CER compared with the case when electricity from
the grid was applied. The CER could go up to 134.7 CO2e/m3seq O 72.5% if the heat produced
was used for other activities in the process, such as heating the digester. Yasar et al. (2015)
applied a baseline emission factor of 0.4829 kg CO2/kWh and obtained a CER of about
55 kg CO2e/m® when energy generated from anaerobic treatment of distillery effluent in an
industrial scale was applied instead of the energy from the conventional grid. Apart from the
difference in the applied baseline emission factor, which varies significantly with regions
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(Spalding-Fecher, 2011), the CER values obtained by (Yasar et al., 2015) were close to those
of this study.
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Figure 64: (a) Electricity consumption of: (a) UV lamp (o) compressor used for mixing in the photoreactor
(A), pump for the AD process (0). Electricity (w) and heat (A) generated from biogas. (b) Carbon dioxide
emission due to electricity consumption by the UV lamp (o) and CER when biomethane was applied as
electricity (m) as heat (A) and a combination of electricity and heat (o)

Figure 64a shows that increasing the HRTap reduced the electricity requirement of the
photoreactor, in contrast, it led to an increase in electricity demand of the bioreactor. However,
limitations due to the available feed concentration and reactor size could not enable an
investigation of HRTap of more than 20 days at OLRap of 3 kg COD/m3d. Therefore,
economic analysis was used to investigate cost reduction by applying renewable energy in the
integrated system at various HRT ap.

6.3.12 Cost analysis of application of renewable energy in photodegradation

The possible cost reduction due to the application of electricity from biomethane to drive
various components of the photoreactor was analysed applying cost of electricity unit of
0.08 USD/kWh (Yasar et al., 2015). Figure 65 shows that the operation cost due to electrical
consumption of the photoreactor components reduced with an increase in HRTap due to a
reduction in colour intensity of the AD effluent with an increase in HRT ap. However, the cost
of operating the AD reactor increased with increased HRT ap due to the long digestion time.

Considering the electricity requirement of the UV lamp (which is the major electric component
of the photoreactor) and that of the AD unit, it could be considered that it was more economical
to operate the integrated process at a high HRTap than at a low HRT ap in this study. Although
increasing the HRTap from six days to 20 days led to an increase in operation cost of the AD
process, the increase was only 9 USD/m® compared with a reduction of 28 USD/m? for the UV
lamp operation cost when HRTap was increased from six days to 20 days. Besides, there was
a better colour and TOC reduction at high HRT ap than at low HRT ap.
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Figure 65: Electricity consumption cost of operating the photoreactor, UV lamp (0) compressor (A),
electricity consumption for bioreactor (A) and the electricity cost subsidised by applying bioenergy (o)

The possible cost subsidised by renewable energy applied in photodegradation could be 31%
for the UV lamp at a HRTap of 20 days while it was as low as 2% for a low HRT ap of six days.
The low value at a low HRTap was due to the low bioenergy production coupled with a
discharge of high colour intensity from the bioreactor, which hindered photodegradation post-
treatment. Generally, the electricity from biomethane could subsidise up to 24% of the total
electricity cost for the photodegradation unit, which corresponds to a cost reduction of USD
4.7Imesmuent. Fuess and Garcia (2015) reported a cost reduction of 5-15% when energy from
distillery effluent was utilised in the distillery industry.

6.4 Conclusion

The pollution removal and energy efficiency of an integrated AD and photodegradation
treatment process for distillery effluent were studied. The interaction between the OLR and
hydraulic retention of the initial AD step on the efficiency of the combined process was
modelled using RSM. It was found that AD as a stand-alone process was effective in TOC
reduction but that it was ineffective in colour removal. In contrast, photodegradation as a stand-
alone process was efficient in colour removal but performed poorly in TOC reduction.
Therefore, it was necessary to combine the two technologies in such a way that AD preceded
photodegradation as it led to both colour and TOC reduction of above 95%.

The integrated process was found to be efficient in energy utilisation as the renewable energy
from the AD could supply up to 31% of the electricity requirement of the UV lamp in the
photodegradation process, leading to an operational cost reduction of USD 4.8/m3effiuent. AS a
result, the process led to environmental conservation as the CER when electricity from
bioenergy was used to power the UV lamp was 28.8 kg CO2e/m®. This reduced the carbon
dioxide emission by 30% compared with when electricity from the grid was used to power the
UV lamp. Therefore, the integrated process is suitable for treating distillery effluent.
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7 CFD MODELLING
7.1 Introduction

South Africa, as a water-stressed nation, is faced with the great challenge of addressing the
water crisis (Nastar & Ramasar, 2012). Several South African regions are highly dependent on
summer rainfall. With the current dwindling water supplies, South Africa needs robust and
efficient technologies to treat the current available water. One of the primary causes of human,
animal and aquatic health problems is the increase in contaminated water caused by industries
such as petroleum, pharmaceutical, beverages and mining. Petroleum refineries are very large
and complex chemical processes that provide us with useful products that include jet fuel,
petrol, kerosene, diesel and feedstock for the petrochemical industry. Wastewater from
petroleum refineries often contain high concentrations of organic pollutants, which are often
released into the environment. These organic pollutants include aliphatic, aromatic and poly-
aromatic compounds. Phenol and phenolic derivatives are among the mostly found organic
pollutants present in petroleum wastewater. They are extremely harmful to microorganism life,
aquatic life, the environment and humans (Zulfakar et al., 2011).

Commonly applied wastewater treatment techniques (such as coagulation, bio-decomposition,
chemical precipitation, adsorption and catalytic wet air oxidation to remove toxic organic
compounds) are quite often inadequate (Abhang et al., 2011). These processes have the
disadvantage of transferring the pollutant from one phase into another, thereby producing
secondary wastes (Primo et al., 2007). Applying AOP to degrade organic pollutants is efficient
as it converts the pollutants into less harmful products. FBRs, often used in the AOP, consist
of three phases (gas, liquid and solid) and quite often the mixing inside the reactor is a
challenge. Therefore, analysis of mixing inside the reactor is often conducted by using CFD as
it is a low-cost reactor optimisation technique. The aim of this study was to apply RSM and
CFD techniques to optimise the operating conditions of the photodegradation of petroleum
wastewater.

7.2 Methodology

The study involved investigating the treatment of petroleum wastewater by means of the
heterogeneous photocatalytic oxidation process. To understand and optimise hydrodynamics
and homogeneity inside the fluidized bed photoreactor, CFD simulations were done. Photo-
degradation experiments were conducted to determine the efficiency of this process, moreover,
RSM was applied to optimise the photodegradation operating parameters. The reaction kinetics
were investigated to understand the reaction mechanism of the photodegradation. The methods
of experimentation, simulation and statistical modelling are described in this section.

7.2.1 Mathematical modelling
7.2.1.1 Governing equations

Three-dimensional transient CFD models were used to solve the local hydrodynamics inside
the photocatalytic bubble column reactor. The Eulerian—Eulerian approach was used to
describe the flow characteristics of each phase. In this approach, liquid is the continuous phase,
whereas gas is dispersed. This means that both phases (liquid and gas) are treated as
interpenetrating continua (Qi et al., 2011). Furthermore, this approach permits the modelling
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of multiple separate, yet interacting phases for which equations such as mass and momentum
are solved for each phase (ANSYS, 2010; Boyjoo et al., 2014). The governing differential
continuity equation, which neglects the interphase mass transfer, for each phase in the
photocatalytic bubble column reactor is given as:

0 .
a(ek pk)+v(€k pkuk): 0 (59)

where €., p, and U, are the volume fraction, density and velocity vector of phase k,

respectively. The subscript k represents liquid, gas or solid phase. The momentum equation is
given as:

0 _
—(e, p U, )+Vie plUl, )=—¢, VP-VIe, 7. e p.G+F
at(k kk) (k kkk) k (k k)+ k k k (60)

where g and p are the gravitational acceleration and pressure gradient, respectively. F

represents the interfacial forces exerted on phase k due to the presence of phase j. 7 is the
stress term of gas bubbles and is given by:

_ N 2
o=ty (70570 =157
(61)
where g IS the effective viscosity of the liquid, which in turn consists of three terms,
namely, molecular viscosity, turbulent viscosity and bubble-induced turbulence.

Heft | = M+ Hr )+ Uity

(62)
In addition, the gas phase effective viscosity is given as:
Yo,
Hett 6 = Heit ) =
PL (63)

Bubble-induced turbulence is as a result of the displacement of the liquid phase caused by the
gas flowing through the liquid phase (Zhang et al., 2006). Sato et al. (1981) used this model
(Eq. 64) to predict the bubble-induced turbulence in bubble column reactors:

Hgry = pLC/z,BIT €6 dB‘uG _UL‘ (64)

where d, is the bubble diameter and C, 57 is @ model constant set to 0.6 in accordance to

previous studies (Masood et al., 2014; Pourtousi et al., 2015). The interphase force term is due
to phenomena such as cohesion, friction, pressure and other effects; therefore, a suitable
expression linked to the interphase force term is needed to close Eq. 60.

Zn:'fk :Zn:Kgl(ﬁg _HI) (65)

where i and G, are the gas and liquid phases velocities and Kg is the interphase momentum

g
exchange coefficient.
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In fluid-fluid flow scenarios, the secondary phases are bubbles or particles. For example, when
modelling a bubble column reactor consisting of a liquid phase and a gas phase (unequal
number of phases), the liquid phase is modelled as the primary fluid due as the gas phase will
form bubbles or droplets (dispersed). The momentum interphase exchange coefficient in such
processes is described by:

Kg = ’Zi: dg A (66)

where f is the friction function and is expressed based on the respective interphase exchange

coefficient model, Ai is the interfacial transfer area and 7 is the particulate relaxation time:

2
_ Pgdg

Ty = 1841, (67)

where . and dg are the viscosity and diameter of the secondary phase, respectively.

The interfacial area is a cross-sectional area that exists when two different phases come into
contact and is expressed per unit volume of mixture. The modelling of this variable is essential
due as it assists in predicting the transfer of energy, momentum and mass from one fluid to
another. Therefore, when modelling a multiphase reactor using the Eulerian model, the
interfacial area was calculated by resolving the algebraic relationship between the interfacial
area concentration and the bubble diameter specified (ANSYS, 2010). The interfacial area
model originates from the surface area to volume ratio of the particle (Eg. 68).
2
=g b (689
¢

However, there are various algebraic interfacial area models that can be used to model the
interfacial area. In the current study, the symmetric model was used (Eq. 69). The diversity of
this model is that it includes the volume fraction, which directs the interfacial area
concentration to approach 0 as the volume fraction approaches 1 (ANSYS, 2010).

n 850 l-<g) (69)

i
d 9

7.2.1.2 Interfacial forces

In the current study, a combination of all interfacial forces was used as recommended by
literature. The source of the drag force is caused by the resistance experienced by the bubbles
as they move through the liquid. The pressure distribution that surrounds the bubble creates
form drag and the viscous stress creates skin drag (Tabib et al., 2008). The interphase

momentum transfer due to the drag force is given as:
— D — E CD,Ig

"4 d

9

p <, [0, -, -u) (70)
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where Cp is the drag coefficient and dg is the bubble diameter. The superficial gas velocity in

this study was varied between 5.77 mm/s and 23.1 mm/s, signifying a homogeneous flow
regime. In this regime, the bubbles are assumed to be spherical, and to have similar sizes,
shapes and velocities, and the bubble breakup, collision and coalescence are negligible
(Pourtousi et al., 2015). Therefore, the Grace et al. (1978) relation was chosen to compute the
drag coefficient and is given by:

4 gd, Ap

Co=g (72)
3u p

where dp is the mean bubble diameter, Ap is the density difference between the liquid and gas

phases and Y is the terminal rise velocity of the bubble and is given by (ANSYS, 2010):

U =—21 Mo %1% —0.857) (72)
pidy

where Mo is the Morton number related to the fluid property and is defined by:

4
Mo = 24922 (73)
pro

where ¢ is the surface tension and J is given by the piecewise function:

_ {0.94H 0757 9 < H <50.3 72
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where 4, = 0.0009 kg/(m.s) is the reference viscosity of water at a specific temperature and
pressure (Qi et al., 2011). Eo is the E6tvos number defined as:

_ gApd

o

Eo (76)

The lift force acts on the particles of the secondary phase (bubbles) and is mainly due to the
velocity gradients in the primary phase. Therefore, the lift force becomes more significant for
larger bubble sizes. This force is created by the net effect of pressure and stress exerted on the
surface of the secondary phase. The lift force acting on the primary (I) and secondary (g) phases
can be calculated as:

lEIg =—CLp & (ﬁg -0y )X(anl) (717)

The sign convention of this force depends on the orientation of the slip velocity with respect to
the gravity vector. Cy is the lift coefficient, which was computed using the Saffman—Mei lift
model (ANSYS, 2010):
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where c', = 6.46 and 0 < Rep< Re, < 1. Here, Rey is the particle Reynolds number and is the

voracity Reynolds number. In addition, the model was extended by Mei and Klausner (1994)
by empirically representing it as:

6.46x f (Re,,Re,) Re, <40
L= 12 (79)
6.46x 0.0524 (BRe,) 40 <Re, <100
where
Re
B= 0.5( %e pj (80)
f(Re, Re, )=(1-033145°5 p % . 0.3314 50 (81)

The wall lubrication force can be used to model bubbly flows (liquid-gas) using the Eulerian
approach. The wall lubrication force drives the secondary phase away from the wall, resulting
in the secondary phase concentrating in the area near but not immediately to the wall. The wall
lubrication force exerted on the secondary phase is given by (ANSY', 2010):

IEW,I = Cw.pl Eg ‘(UI _l_jg }2 ﬁ (82)

w

where r,, is the unit normal pointing away from the wall; Cy, is the wall lubrication coefficient
and is computed using the Antal et al. (1991) model:

C, = max[o,ﬂ + %j

dy Yw (83)

where Cw1 and Cw. are the non-dimensional coefficients. For the current study, they were
specified to be —0.0064 and 0.016 (Krepper et al., 2005), respectively. yw is the distance nearest
to the wall and when:

x-S oy (84

where the values of Cw2 and Cy1 become default when:
yw < 5db (85)

The effects of turbulent fluctuations on the liquid velocity, caused by the turbulent eddies in
the continuous phase, interact with the bubbles by transporting them from a region of high
concentration to a region of low concentration (ANSY'S, 2010). This phenomenon is described
by the turbulent dispersion force that encapsulates the interphase turbulent momentum transfer
and acts as a turbulent diffuser for the dispersed flow. The turbulent dispersion force, which
was modelled using the Burns et al. (2004) model in the current study, can be derived from the
Favre averaging of the drag term:
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where Crp is the turbulent dispersion coefficient, which was assigned a value of 0.2 for the

current study. 0, is the Schmidt number; a value of 0.9 is typically used (ANSY'S, 2010).

q
7.2.1.3 Turbulence modelling

Modelling turbulence in a multiphase fluid flow problem is an extremely complex task due to
the increase in the number of terms that require closure in the momentum equations. Closure
models are essential in turbulence modelling as they assist in unfolding the effects of turbulent
variations of velocities and scalar variables (ANSYS, 2010). The standard k-¢ model was used
in the current study to capture the turbulence characteristics in the liquid phase. The choice of
using the standard k-¢ model is due to its simplicity, its low computational requirements, being
relatively inexpensive and being preferred to predict the liquid velocity and gas hold-up profiles
under low superficial gas velocity (Pourtousi et al., 2015). Furthermore, it has been shown that
it gives a fair prediction of the flow field. When the standard k-¢ model is applied, the turbulent
eddy viscosity model is used to determine the averaged fluctuating turbulent characteristics
(length scale and characteristic time). The turbulent eddies can be defined in terms of the
characteristic time as:

Tt,l = gcy E
&

(87)

where 7,, is the characteristic time. In addition, the energetic turbulent eddies can be described

by the length scale (L;,) as:

%
L \Ecﬂ - (39)

The turbulent eddy viscosity ( £, ) can be shown by the following equation:

2

/LITJ :plcy_ (89)
&

where k and ¢ are the turbulent kinetic energy and turbulent kinetic energy dissipation rate,
respectively, and are calculated from their governing equations:

0 Heff, |
—\p, € k]+Vip, €, uk|]=-Vle, ——VKk |+, (G—p, & (90)
ot v 1l (I I & | |
k
L B e e
p Al S 8+Vp| S Y e)= \% g . Ve € " CglG ngpls (91)
g

122



where ¢, =1and o, =1 are the Prandtl numbers. The standard values of all the model constants
are C,=0.09, c, =1.44and c,,=1.92. The term G in Eq. 90 and Eq. 91 is the production of
turbulent kinetic energy and is formulated by:

G=1,:Vu, (92)

In the current study, the effect of the dispersed phase on the turbulence of the multiphase
equations was considered since the Eulerian multiphase approach was used along with the

standard k-¢ turbulence model. The terms (I;;and 1) are representation of the source terms

and are due to the influence of the dispersed phase. The instantaneous equation which is linked
to the continuous phase is derived from the source term I1;.

MoK -
H| :Cszﬁ X|g|:k|g_2k| +Ulg'Udr] (93)

p=1 |

where kjg is the covariance of the velocities for both the liquid and gas phase, Cs is a user-
modifiable model constant which was specified as 1 (default value), U|g is the relative velocity

and ljdr is the drift velocity computed as:

- Ve \V4
Udr=—D.g-{ ; _j]

& g (94)
where D,g is the fluid-particulate dispersion tensor.
kig = 2K, [Ei;‘:’] (95)
ky = k,[kf:—ﬂ”m'gJ (96)
Xg = m (97)

where Xig ~1 for granular flows.

The formulation of the turbulence models for the dispersed phase is shown by the characteristic
particle relaxation time (TgFl), which is associated with the inertial effects exerted on the
dispersed phase.

2
184, f (Re,€| ) Py

The energetic turbulent eddies can be represented by the time scale (7 .t ), described as:

o= Lk (99)
2¢
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The cross-trajectory is the main characteristic that affects the eddy particle interaction and is
described as:

t
t 7

R - (100)

al,/i1+cﬁ§3i

where o, is equated to 1 and C; is described as:

C, =1.8-1.35c05°0 (101)
£2 can be calculated as:
g -4

%
3

&= (102)

7.2.2 Numerical approach

CFD has a substantial contribution in the modelling of chemical industrial equipment due to
its ability to model complex hydrodynamic phenomena efficiently. The shortfalls regarding the
application of CFD are the endless parameters that need to be adjusted to achieve accuracy and
convergence at minimal expense. Previous simulations have shown that the most influential
parameters that affect accuracy and convergence in transient simulations are: grid size,
discretization scheme and time step size. Furthermore, 12 simulations were carried out by
varying the aforementioned parameters comparing to experimental results from Kulkarni et al.
(2007) as a reference case.

In the current study, a set of governing equations, explained in Section 7.2.1, were solved
numerically by following these stages:

(i)  Generating the appropriate grid domain.

(i) Transforming the governing equations into algebraic equations.
(ili)  Choosing the discretization schemes.

(iv) Formulating the discretized equation at every grid location.

(v)  Formulating the pressure equation.

(vi) Developing a suitable iteration scheme to obtain a final solution.

These solution steps were carried out using ANSYS Fluent 16.0 software. The equations of
motion and continuity were solved, coupled with k-¢ equations, to obtain a complete flow
pattern by scrutinising the gas hold-up, liquid velocity and turbulence modelling profiles.

7.2.2.1 Geometry

The geometry studied is similar to that discussed in the Reactor operation section. It consists
of a cylindrical body comprising four side ports and a conical top section suited for degassing.
The cylindrical section has an inside diameter of 40.8 mm with a height of 600 mm. The conical
section has an inside diameter of 80 mm with a height of 100 mm. The three-dimensional
geometry was sliced into half, thereby reducing the computation domain and time and imposing
an assumption of symmetrical flow.
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7.2.2.2 Grid generation

A grid-independent study was conducted using three types of grid (fine, medium and coarse).
The grids were created using an ANSY'S mesh as shown in Figure 66, where all grids consisted
of hexahedral cells structurally placed throughout the computational domain. When compared
with the tetrahedral or triangle mesh, the hexahedral mesh can estimate a complex geometry
resulting in fewer cells, lower computational cost and better numerical analysis (Pourtousi et
al., 2015). The finer grid consisted of 500 000 elements with an element size of 1.2 mm. The
medium grid consisted of 166 000 elements with an element size of 2.56 mm. The coarser grid
consisted of 80 000 elements with an element size of 25 mm.

The inflation feature was activated to capture the boundary layer at the walls and consisted of
a maximum of five layers. Inflation is a boundary layer capturing method in CFD that is useful
for resolving gradient variations at the wall of a variable of interest (ANSYS, 2011). The
orthogonal quality of the fine, medium and coarse grids were 0.253, 0.245 and 0.247
respectively; these values are well within the acceptable range (ANSYS, 2010). Grid-
independent studies are still essential for multiphase contacting equipment such as fluidized
bed (photo)reactors. Detailed grid-independent studies have revealed the relationship between
particle size and cell size. Cloete et al. (2014) reported that small particle sizes require finer
grids, whereas larger particle sizes (~500 um) are less strict to grid sizes. Overall, grid-
independent studies are useful in reducing the number of simulations and computational time.

Figure 66: Simulation grid for an FBR : (a) Fine cells; (b) Medium cells and (c) Coarse cells

7.2.2.3 Initial and boundary conditions

All simulations were carried out using air as the gas phase and deionised water as the liquid
phase. The walls were set as stationary walls with a no-slip condition for both phases (Kulkarni
etal., 2007). The air inlet was defined as a fully open inlet where the gas velocity was computed
based on the superficial gas velocity of 20 mm/s with an air volume fraction of 1. The pressure
outlet boundary condition was applied at the liquid outlet and the degassing for the gas outlet
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(Li et al., 2009). The initial conditions specified are essential because they influence the
direction and accuracy of the solution. Therefore, to initialise the solution, parameters such as
turbulence, volume fraction, axial, radial and tangential liquid and gas velocities were assigned
the value of 0 at t = 0 s as shown by Table 23.

For all the simulations, the gas distributor (which is a sintered plate) was modelled as a uniform
gas inlet with a superficial gas velocity being specified (Li et al., 2009). The bubble diameter
at the inlet of the gas distributor was assumed to be 1.96 mm based on experimental data
(Kulkarni et al., 2007). The use of a single mean bubble size in bubble columns is a reasonable
assumption when operating within the homogeneous flow regime (Liu & Hinrichsen, 2014).
The backflow volume fraction was specified as 1 to reduce the entrainment of liquid.

Table 23: Solution initiation

Parameter Value
ui, Vi, Wi, Vg, Wg (Mmm/s) 0

ug (mm/s) 20
3 1x107%8
k (J/kg) 0

£ (m?/s®) 0

7.2.2.4 Numerical procedure

All simulations were carried out using ANSYS Fluent 16.0 software, which uses the finite
control volume discretization method. There are several discretization methods: finite
difference, Lattice Boltzmann and finite control volume; however, the finite control volume
method can compute single and multiphase flow accurately inside a computational domain
consisting of uniform and non-uniform grid (Pourtousi et al., 2015). The equations of
continuity and momentum balance were solved, together with k-¢ equations, using the Euler
two-fluid approach to obtain a complete flow pattern. This approach captures water (primary
phase) as a continuous phase and air as a secondary dispersed phase thereby solving the
continuity and momentum equations for each phase. The CFD simulations were carried out by
varying the number of cells, discretization scheme and time step size to determine the
combination that would produce the best accurate simulation data with minimal simulation
time. The interfacial forces were kept constant in all simulations and are listed in Table 24.

Table 24: Interfacial forces obtained from literature

Force Law Constant Source

Drag Grace Qietal. (2011)

Lift Saffman Qietal. (2011)

Wall lubrication Antaletal. cwl1 =0.0064, cw2 =0.016 Krepper et al. (2005)

Turbulent dispersion Burnsetal. 0.2
Turbulent interaction Sato 0.6 Default
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The phase coupled semi-implicit method for pressure-linked equations (SIMPLE) algorithm,
which is an extension of the SIMPLE algorithm for multiphase flow, was used for pressure-
velocity coupling and correction. The time step size was varied and all simulations were
computed for 30 s to obtain pseudo-steady state. The pseudo-steady-state period was obtained
by allowing the fluctuations of the surface monitors to stabilise, which occurred after 30 s of
simulation time. The under-relaxation parameters were kept constant along with the
convergence criteria of 1.0 x 1079 (Kulkarni et al., 2007). The CFD simulations were validated
by comparing them to experimental data obtained from Kulkarni et al. (2007) and the average
sum of square errors was used as a response parameter. The average sum of square errors data
between simulation and experiment was computed as:

Ei= z (5-%F (103)

E=(E,+E,+..+E,)/n (104)

where g, x, and i are the relative error, predicted and experimental values of point i,

respectively. E is the average of all the relative errors (average sum of square errors).

7.2.3 Experimental
7.2.3.1 Materials and chemicals

The photocatalyst that was used in the current study was the commercially available titanium
dioxide Degussa P25 due to its affordability, availability, insolubility in water, resistance to
various chemicals and non-toxicity (Shahrezaei et al. 2012a). Titanium dioxide mainly consists
of anatase (+98%) with a particle size of 30 nm (nano-sized) and a surface area of 49.2-50 m?/g
(Shahrezaei et al., 2012b; Ohno et al., 2001). It was purchased from Sigma Aldrich (South
Africa). Hydrochloric acid [32% (v/v)] and sodium hydroxide (solution) were used to adjust
the pH level of the stock solution, and were purchased from Labchem and Associated Chemical
Enterprises, respectively. Phenol, which was used as a model pollutant to simulate wastewater,
was purchased from Labchem. The chemicals used were of analytical reagent-grade quality
and were used without any further purification. All photodegradation and hydrodynamics
experiments were conducted using deionised water obtained from a Milli-Q® Direct Water
Purification System that purified the tap water to reach a resistivity of 18.2 MQ-cm (25°C) and
a TOC value of 5 ppb.

7.2.3.2 Catalyst and wastewater preparation

For economic reasons, a catalyst should be able to be recycled or regenerated in order to be
reused to reduce the cost of the catalyst loading. A limiting factor with the TiO2 photocatalyst
IS its nano-size character, which makes it difficult to separate from the petroleum wastewater
post-treatment. Due to this limiting factor, the TiO2 photocatalyst in the current study was
agglomerated to form denser particle sizes using colloidal silica, consequently, enhancing
separation after treatment. The petroleum wastewater was simulated by synthesising a stock
solution consisting of phenol (model contaminant) at a specific concentration (30 ppm). Phenol
was used as a model pollutant because it is the most common pollutant present in petroleum
and/or industrial wastewater systems.
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A catalyst composite, containing 60% TiO> in silica solution, was synthesised based on a study
by Khune et al. (2014). Specific amounts of TiO2 and colloidal silica solution were mixed by
hand together inside a beaker to form a Bingham plastic mixture (non-Newtonian). The mixture
was then laid on a glass bowl and oven-dried at 60°C to remove moisture. The dried sample
was crushed and screened to a particle size range of 300-1000 pm. The screened particles were
washed with 0.1 M HCI to eliminate left-over alkalinity. The acidified particles were
neutralised several times using deionised water and air-dried for 24 hours to obtain the final
composite catalyst. During the neutralisation process, the pH level of the wash was monitored
until it reached a neutral value (~6.8).

7.2.3.3 Analytical methods

Phenol was used as a model pollutant. The samples were filtered through a 25 mm syringe filter
consisting of a 0.45um glass fibre prefilter (GHP) membrane before analysis. The
concentration of phenol was determined using a PerkinElmer Flexar™ FX-10 ultrahigh
performance liquid chromatography (UHPLC) system. The system consisted of a PerkinElmer
Series photodiode array plus detector, auto-sampler, Brownlee Validated C8 column
(150 mm % 4.6 mm, 5 um particle size) and two UHPLC pumps. The PDA detector operated
at specific excitation and emission wavelengths of 275 nm and 313 nm, respectively. The
mobile phase was made up of methanol and pure water at 60% and 40% (v/v), respectively,
which was pumped at a flow rate of 1.0 mL/min. The injection volume was 50 pL and the
detection response time was 0.1 s.

The TOC was analysed using a Teledyne Tekmar TOC Torch analyser. The Torch analyser
uses static pressure concentration to analyse TOC using high temperature combustion. It has
an auto-sampler with three vial rack choices, automated calibration and inter-dilution that
dilutes overrange samples to within the working calibration, PC driven control and has a carbon
detection level range of 50 ppb to 30 000 ppm.

7.2.3.4 Experimental design

There are five operating variables (reaction time, pH level, initial concentration of pollutant,
superficial gas velocity and catalyst loading) that mostly influenced the photodegradation of
organic pollutants as shown in literature (Shahrezaei et al., 2012a; Cheng et al., 2012).
Therefore, the influence of these reaction conditions on the photodegradation of phenolic
wastewater was investigated using RSM. The experimental design used in the current study
was full factorial with axial points. It was selected due to its ability to examine the results,
changing several variables simultaneously thereby revealing the interdependency of the
parameters. While this design is complex, its advantages are less costly and less time-
consuming. Table 25 shows the factorial design setup consisting of four variables (k = 4) and
the coded variables, determined by using Eq. 105 were set at five levels:

e —2 (minimum)

e —1(low)
e 0 (central)
e +1 (high)

e +2 (maximum)
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After conducting the experiments according to the experimental matrix (Table 2), RSM was
conducted by applying the central composite design using Design Expert® Software of Stat-
Ease Inc. (version 6.0.6) to model and optimise the reaction conditions.

" {Zi —2/ ] (105)

Az,

where Xx; is the coded level, Az is the distance between the real value at the central point and

the real value in the low or high level of a variable (step change), zi is the real value and ZiO is
the real value in the central point.

Table 25: Experimental design

Levels
Parameter
—a (—2) -1 0 +1 +a (+2)
Initial pH level 2 3.5 5 6.5 8
Catalyst loading (g/L) 0 1 2 3 4
Reaction time (min) 60 120 180 240 300
Superficial gas velocity (mm/s) 577 8.66 11.55 17.32 23.10

Accordingly, the overall experimental design consisted of 30 experiments, determined by using
Eq. 25, which were made up of eight axial points (na), 16 full factorial points (ng) and six
replications at the centre (nc). In central composite design, the major operating parameters,
namely, pH level (A), catalyst loading (B), superficial gas velocity (C) and reaction time (D)
were considered as independent variables, whereas phenol degradation (%) was observed as a
response variable. A sequential model fitting test was conducted to select a suitable model. A
second-order polynomial model (Eg.20) was used to fit the data found from the 30
experiments. ANOVA was used to attain the interaction between the process variables and the
response parameter, determine the statistical significance and reliability of each term in the
polynomial model, and determine the graphical analysis of the data. The regression coefficients
in the polynomial equation were used to produce three-dimensional surface response and
contour plots. The process variables were optimised by solving the regression equation and
analysing data graphically.

7.2.4 Photodegradation experiments

The photocatalytic degradation of phenol was performed using a solar photocatalytic FBR. All
photodegradation experiments were conducted outdoors (rooftop from 09:00 to 15:00) to use
sunlight as the UV source. The reactor was operated in batch mode. Figure 67 shows a
schematic diagram of the reactor, which is cylindrical (H = 600 mm and di = 40.8 mm) with a
top conical section (H = 100 mm and di = 80 mm) that was used for degassing. The reactor
consisted of four strategically placed side ports, where the top (wastewater outlet) and bottom
(wastewater inlet) side ports were used for wastewater recirculation by a peristaltic pump. The
purpose of wastewater recirculation — although it somewhat complicated the hydrodynamic
behaviour as opposed to having a static column of liquid — was assisting in the hydrodynamic
mixing within the reactor.
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The reactor was made out of borosilicate glass, a material which has been used extensively by
researchers for solar photocatalysis (Boyjoo et al., 2013; Shahrezaei et al., 2012b). Shiota et al.
(2016) demonstrated that borosilicate (Pyrex type) has good photon emission capabilities.
During all experiments, 850 mL of aqueous phenol feed solution with a concentration of
30 ppm was transferred into the reactor. The initial pH of the feed solution was adjusted
accordingly using HCI (1.0 M) or NaOH (1.0 M) and the pH level was measured using a pH
meter (Inolab model no. 7110). The composite catalyst was loaded into the reactor and a
peristaltic pump was used for wastewater recirculation. A compressor was used to feed air into
the reactor, through the bottom, where it was evenly distributed by a sintered plate type
distributor with a pore size of 10-15 um. The bed was fluidized by the air.

(5)

m__ | (10)

(8).

(D[]

Wastewater flow line (10)

Figure 67: Experimental setup of a solar photocatalytic FBR: (1) Compressor; (2) Flow meter; (3) Non-
return valve; (4) Peristaltic pump; (5) Degassing zone; (6) Fluidized bed photoreactor; (7) Catalyst
particles; (8) Air bubbles; (9) Gas distributor; and (10) Ball valves

(4)

7.2.5 Reaction kinetics experiments

The Langmuir—Hinshelwood (L-H) model (Eq. 106) is generally used to determine the reaction
kinetics of organic water impurities such as aniline, phenol and its derivatives. It was reported
that the L—H model follows pseudo-first-order decay Kkinetics (Shahrezaei et al., 2012a). Many
researchers prefer the L—H model due to its ability to account for both adsorption (b) and photo-
degradation (k) kinetics. The adsorption and photodegradation reaction kinetics were evaluated
by monitoring the TOC as a response variable for the degradation of phenol.

dC _, _bC_ (106)
dt 1+bC

The kinetic experiments were set up (Figure 67) and operated similarly to the photodegradation
experiments. However, the TOC analyses were conducted in 30-minute intervals for a period
of three hours. The optimum operating conditions obtained from the photodegradation
experiments were used to conduct the reaction kinetic experiments. The TOC reduction (.9, )

was determined by:
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Croc. -C
9o =—12%  7TOC 4 100% (107)
TOC

where CTOCO and CTOC are the concentrations of TOC initially and after, respectively.

To evaluate the results of Bechambi et al. (2015) and Kim Phuong et al. (2016), where it was
reported that when the initial concentration of a pollutant is low and/or adsorption is relatively
weak, then Equation 108 can be employed. The adsorption study was conducted first by
covering the reactor with a dark black plastic to prevent light energy from penetrating into the
reactor. As soon as TOC reached equilibrium, the plastic was removed and photodegradation
commenced.

C
In (Ej =kbt=K,t (108)

where Co and C are the initial and final concentration of organic pollutant and Kapp is the
apparent rate constant used as a simple kinetic variable for different photocatalysts (Bechambi
etal., 2015).

Samples of 50 mL were taken from the agitated wastewater solution at 30-minute intervals,
filtered through a 25 mm syringe filter consisting of a 0.45 um glass fibre prefilter membrane
and analysed using the Teledyne Tekmar TOC Torch analyser. The TOC data was used to fit
both the linear and second-order models to determine the reaction order. In addition, the
coefficient of regression (R?) was used to determine the best fitting empirical model and the
chosen empirical model was used to determine the apparent reaction rate constant.

7.3 Results and Discussion

7.3.1 CFD simulation

The influence of CFD setting methods (time step size, discretization scheme and grid size) that
significantly affect simulation accuracy and convergence have been discussed and presented in
this section. Optimisation of these setting methods has been examined using four response
variables, namely, axial liquid velocity, local gas hold-up and turbulence profiles. The model
developed was validated by studying the effect of superficial gas velocity on the global gas
hold-up where the CFD simulations were compared with experimental results.

7.3.1.1 Grid independence

A grid-independent study was conducted as shown previously in Figure 66. Three types of grid
(coarse, medium and fine) were generated using ANSYS mesh. For all the cases of this study,
the setting methods such as discretization scheme, time step size, turbulence model and
interfacial forces were kept constant. It is worth noting that the purpose of the grid-independent
study was not to confront the comparison between simulation and experimental results but
rather to evaluate how grid resolution affects simulation results. This was done by computing
the sum of square errors for each grid size as shown in Table 26. The results obtained show
that the fine grid size gave the lowest error (0.0308) whereas the coarse grid size gave the
highest error (0.0524).
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A grid size with finely structured cells produces reasonable accuracy because the grid is aligned
with the discretization of the governing equations of each cell (Laborde-Boutet et al., 2009).
Furthermore, fine grid structures work well for studies consisting of particle sizes similar to
the grid in size (Cloete et al., 2014). There was no significant difference between the medium
and coarse grids; therefore, to simplify and reduce the number of simulations to be conducted,
only fine and coarse grids were considered in the numerical optimisation study.

Table 26: Grid independence study

Grid resolution Error
Fine (500 000) 0.0308
Medium (166 000)  0.0506
Coarse (80 000) 0.0524

7.3.1.2 Response surface analysis

Contour plots are a good approach to obtain insight into the effect of each variable in a factorial
experiment (Fakhri et al., 2016). The current experiment consisted of several factors, which
therefore makes it a quantitative experiment: contour plots are useful to visualise the effects of
several factors on a response parameter. Figure 68 shows a contour plot of the effect of a
discretization scheme and number of cells on a response parameter (error), whereby the time
step size was kept constant (0.001). Literature has shown that an increase in the number of cells
results in a more accurate (less error) solution at a cost of prolonged computational time,
whereas a decrease in the number of cells produces a less accurate solution with less
computational time (Laborde-Boutet et al., 2009).

DESIGN-EXPERT Plot

Lig. velocity QuIcK —|
X = A: No. of cells o-081 o086
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Actual Factor
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N
a
o
a
o
|

0.169 0.066

B: Scheme

st oder = 0.089 0.121
\ \

80 000 500 000

A: No. of cells

Figure 68: Effect of discretization scheme and number of cells on a response parameter (error) where the
time step size was kept constant (0.001)
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This can be seen in Figure 68 where the second-order scheme obtained an error of 0.169 for
80 000 cells, which decreased to 0.066 for 500 000 cells. However, the first-order and QUICK
scheme did not display the same trend because the QUICK scheme is refractory to converge,
particularly in a fine mesh, which results in an erroneous solution (Li & Zhong, 2015). The
first-order scheme is quite straightforward to converge and requires less computational time,
however, it results in a less accurate solution. The misalignment between the grid and the flow,
particularly, in the liquid recirculation zones increases the numerical diffusion error in the first-
order scheme (Laborde-Boutet et al., 2009). It is evident when observing the difference
between the first-order and QUICK scheme for both number of cells. There is a decrease in
error, which signifies that the QUICK scheme is more accurate than the first-order scheme.

7.3.1.3 Axial liquid velocity profiles

Figure 69 compares CFD and experimental data for axial liquid velocity profiles at different
axial locations (H/D = 0.2, H/D =2.6 and H/D = 5.0) of the reactor. The plot for axial liquid
velocity profile displayed a radial variation for all three graphs; the liquid velocity had an
upward movement at the centre and a downward movement near the wall, which was caused
by the recirculation of the liquid as the gas flows up the column (Kulkarni et al., 2007). Bubbles
tend to move at higher velocities than liquid in the central region, therefore, the dissipation rate
is less than the energy input rate. This form of energy transfer maintains the liquid recirculation
rate (Kulkarni et al., 2007). The experimental data in Figure 69a shows a vortex trend between
0.2 and 0.5 (normalised radial distance), which is towards the distributor region where gas is
introduced into the reactor. This was accurately captured by the second-order scheme.

It has been reported that the second-order scheme uses a multidimensional linear reconstruction
method thus resulting in second-order accuracy (ANSYS, 2010) and good convergence. This
method uses the vortex value of a cell to compute the gradients of scalar variables at the cell
centre. The QUICK scheme uses the weighted average of the central interpolations and the
scalar quantity of the second-order upwind, thereby resulting in a more accurate solution but
which is tougher to converge and requires more processing power. Laborde-Boutet et al. (2009)
studied the influence of numerical discretization schemes. They reported that high-order
schemes reduce the numerical diffusion errors significantly. However, higher-grade numerical
schemes (QUICK and third-order MUSCL scheme) are recommended for rotating and swirling
flows (Laborde-Boutet et al., 2009) and are persistent in converging.
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Figure 69: Comparison between the simulated and experimental axial liquid profiles at different axial
positions: (a) H/D = 0.2; (b) H/D = 2.6 and (c) H/D =5.0

The central upward movement of the liquid varied in the axial direction due to change in the
gas hold-up profile from the distributor to the disengagement zone. The second-order scheme
accurately captured the axial liquid velocity profiles in all three locations and gave the best
prediction. However, the CFD prediction of the axial liquid velocity was poor towards the wall,
which was due to the presence of small eddies that limit the ability of the standard k-¢ model
to model near the wall turbulence. The axial liquid velocity data showed a volatile unstructured
profile towards the bottom of the reactor (H/D = 0.2) and the profile developed well at distances
away from the distributor region. The volatile unstructured profile obtained in Figure 70a is
due to the turbulence introduced by the bubbles as they entered the reactor. A suitable way to
visualise eddy turbulence in the liquid phase, shown in Figure 70a, is by using a contour plot.
Figure 70 compares an XY plot (Figure 70a) and a contour plot (Figure 70b) where both plots
represent the axial liquid velocity at an axial location of H/D = 0.2. The axial liquid velocity
shown in Figure 70a was drawn from the black line shown in Figure 70b and represents data
drawn from the centre of the reactor all the way to the wall.
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Figure 70: Comparison between (a) XY plot and (b) vector plot of axial liquid velocity profile

As stated earlier, Figure 70a exhibits a vortex trend between the normalised radial distances of
0.2 to 0.5. This kind of trend was captured properly by the contour plot. In Figure 70b,
specifically on the black line towards the centre of the reactor, there is recirculation of the
liquid that is caused by entering bubbles. As you move near the wall of the reactor, there is a
downward flow of the liquid velocity as shown by the downward facing vector line arrows.
This downward flow shown by the contour plot can also be seen in the XY plot (Figure 70a)
where the liquid velocity is negative at normalised radial distances of 0.75 to 0.95. Therefore,
the contour plot has supported the trend that was shown by the XY plot.

7.3.1.4 Gas hold-up profiles

An efficient and simple way to understand mixing within the reactor is to study the variation
of gas hold-up. Figure 71 shows the plot of gas hold-up at different axial locations with a
superficial gas velocity of 20 mm/s. The simulations were carried out in the homogeneous
regime, implying that the bubbles move with virtually similar velocities, sizes and with
minimal coalescence and breakup. This creates an added advantage of specifying a single
bubble diameter (1.96 mm). The simulation results (Figure 71) gave a high gas hold-up towards
the centre and a radial decrease when approaching the wall with an average radial gas hold-up
of ~0.116.
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Figure 71: Comparison between the simulated and experimental gas hold-up profiles at different axial
positions : (a) H/D =0.2; (b) H/D = 2.6 and (c) H/D =5.0

It is stated in literature (and shown in Figure 69) that the liquid velocity varies at different axial
locations of the reactor. Therefore, the lift force induced by the liquid causes the bubbles to
rise faster towards the centre of the reactor and lower towards the wall (Kulkarni et al., 2007).
This is comparable to the results of Kulkarni et al. (2007) and Tabib et al. (2008) who obtained
an average radial gas hold-up of ~0.085 and ~0.10, respectively. The prediction of the gas hold-
up was poor towards the distributor region (Figure 71a) and developed well at distances away
from the distributor (Figure 71b and c), which imply that the free surface modelling was
suitable towards the top. The gas hold-up radial profile develops due to the axial changing
reduced the pressure gradient, which increases the bubble free area towards the disengagement
zone. This results in more gas bubbles towards the centre and less near the wall. The CFD gas
hold-up profile for second-order compared well with the experimental data in Figure 71b and
Figure 71c. Similar to the axial liquid velocity data, the gas hold-up data was flat towards the
distributor region (H/D = 0.2) due to the gas being introduced, and developed a radial profile
at distances away from the distributor region. The second-order scheme predicted gas hold-up
the best, particularly at distances away from the distributor region.

Figure 72 compares an XY plot and a contour plot for radial profile of gas hold-up. The data
for Figure 9a was obtained from the black line shown in Figure 72b at an axial distance of
H/D = 2.6. Figure 72b shows an aerial view of the gas hold-up: the gas hold-up is ~0.115 at the
centre of the reactor and radial decreases to a value less than 0.02 near the wall of the reactor.
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As the bubbles rise, they entrain some of the liquid and due to mass conservation, an equal
amount of liquid needs to fall back. The falling liquid pushes the bubbles towards the centre,
which causes the bubbles to concentrate towards the central region. In addition, is it pleasing
to see the contour plot in agreement with the XY plot.
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Figure 72: Comparison between: (a) XY plot and (b) contour plot of radial gas hold-up

7.3.1.5 Turbulent kinetic energy profiles

Modelling turbulence is often a complex task. Turbulent models can be investigated by
comparing the turbulent Kinetic energy (k) and turbulent dissipation rate (¢) where the bubble-
induced turbulence is modelled. In the current study, the standard k-¢ model coupled with near-
wall enhancement treatment were investigated.

The flow patterns predicted by the CFD simulations need to satisfy the energy balance. It has
been shown in literature that the energy, E, supplied by the bubbles to the liquid is described
by (Kulkarni et al., 2007; Tabib et al., 2008):

E=%D2(p| ~pgJoH e IV, +(Cs -1)5, V] (109)

where Vs is the slip velocity, <, is the liquid volume fraction and Cg represents the influence
of the bubble-induced turbulence that is transported to the liquid phase.

As the bubble moves through the liquid phase, it transfers its pressure energy to the liquid. This
energy is converted into turbulent kinetic energy due to the drag force. At steady-state
conditions, the total energy carried by a swarm of bubbles is mostly used to pump the stagnant
liquid, from bottom to top, resulting in an intense liquid recirculation (Kulkarni et al., 2007).
This is also confirmed by the axial liquid profiles (Figure 69). Thus, the energy related with
the liquid is less at the bottom than at the top. This is shown by Figure 73 where the turbulent
Kinetic energy increases at distances away from the distributor region. However, the induced
turbulent liquid motion is locally dissipated (turbulent dissipation rate) through eddies found
in the liquid phase.

The turbulent Kinetic energy showed an overall trend of constant value towards the centre,
which decreased near the wall (Figure 73). At distances away from the distributor region, there
was an increase in the turbulent kinetic energy, which corresponds to literature. Since the
energy provided by the bubbles to the liquid is due to the drag force and the lift force causes

137



the bubbles to concentrate towards the central region, the turbulent kinetic energy tends to be
higher in the centre of the reactor than near the wall.

The second-order curve accurately predicted the turbulent kinetic energy towards the
distributor (Figure 73a) and deviated slightly at distances away from the distributor region
(Figure 73b and Figure 73c) but predicted the overall trend of the experimental data better than
QUICK. The standard k- model is grounded on the assumption of isotropic flow. This suggests
that it assumes that the normal stress components are equal to each other (Tabib et al., 2008).

This causes the turbulent characteristics to be equally distributed resulting in inaccurate
turbulence profiles.
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Figure 73: Comparison between the simulated and experimental turbulent kinetic energy profiles at
different axial positions: (a) H/D = 0.2; (b) H/D = 2.6 and (c) H/D = 5.0

7.3.1.6 Turbulent dissipation rate

Figure 74 shows the radial variation of the turbulent dissipation rate at different column heights.
The radial and axial variation of the turbulent dissipation rate is obtained from the turbulent
model used and subsequently computed by suitable volume integration (Tabib et al., 2008).
Since the turbulent dissipation rate is the rate at which the turbulent kinetic energy is dissipated
by the small eddies, it should equate to the energy introduced by the bubbles (Eq. 109). The
dissipation rate profiles showed a constant value towards the centre and an increase from
r/R=0.2 to r/R = 0.8 and a sharp increase near the wall. This identical trend was reported by
Liu and Hinrichsen (2014), and Kulkarni et al. (2007). Similar to turbulent kinetic energy, the
dissipation rate increased away from the distributor due to an increase in the turbulent kinetic
energy away from the distributor. The turbulent dissipation rate data corresponds well with the
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turbulent Kinetic energy data. The second-order curve gave the best prediction while QUICK
deviated significantly from experimental data away from the distributor.
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Figure 74: Comparison between the simulated and experimental turbulent dissipation rate profiles at
different axial positions: (a) H/D = 0.2; (b) H/D = 2.6 and (c) H/D = 5.0

7.3.1.7 Bubble size distribution

Fluidized bed photoreactors often use air mainly for mixing, along with other factors. It is
therefore necessary to model and understand bubble distribution in a fluidized bed photo-
reactor. The first few bubbles that enter the reactor through the distributor often determine the
formulation of the initial bubble size. As the bubbles travel up the reactor, the initial bubble
size range changes due to factors such as vorticity caused by shear flow, varying bubble rise
velocities, wake entrainment, size deformation and liquid phase turbulence (Li et al., 2009).
The bubble size deformation, which is usually referred to as bubble breakup or coalescence, is
caused by turbulent eddies that result in non-uniform bubble sizes and shapes.

The population balance model or multiple size group model is often used to model and capture
the phenomena of bubble breakup, coalescence and bubble size distribution. In the current
study, which uses a quantitative approach, the bubble size distribution was experimentally
determined at four different superficial gas velocity size ranges (8.66 mm/s to 23.10 mm/s). It
is worth noting that the superficial gas velocity range studied is well within the homogeneous
regime and bubble size deformation (bubble breakup and coalescence) is therefore
insignificant. Figure 75 shows that the superficial gas velocity significantly affects the bubble
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size. An increase in the superficial gas velocity (from 8.66 mm/s to 23.10 mm/s) resulted in an
increase in the bubble size (from 3 mm to 11 mm).

Figure 75d shows that the bubbles have a spherical cap-like shape, which is formed at high
superficial gas velocities. The superficial gas velocity range used in the current study is well
within the homogeneous regime, although a superficial gas velocity of 23.10 mm/s gave a
bubble size of 11 mm. Besagni and Inzoli (2016) referred to this characteristic as the pseudo-
homogenous regime; they further stated that at this regime, the bubbles entrain the smaller
swarm of bubbles through their wake causing the breakup phenomenon. This high bubble size
obtained at a low superficial gas velocity is a result of the type of distributor used (sintered
plate). According to Li et al. (2009), the bubble size distribution along with the gas hold-up is
strongly influenced by the distributor design. Furthermore, these two parameters are used to
determine the interfacial area between the gas and liquid phases. They further reported that the
sintered plate distributor results in higher average gas hold-up and bubble sizes than other
forms of distributors (pipe and orifice).

8.66 mm/s - 3mm 11.55 mm's - Smm 17.32 mm/s -6mm  23.10 mm's - 11mm

@ (®) (c) (d)

Figure 75: Effect of superficial gas velocity on the bubble distribution

7.3.1.8 Effect of superficial gas velocity

The mathematical model developed in this study predicted the experimental data of Kulkarni
et al. (2007) fairly well using the optimised setting methods. To verify the effectiveness of the
model, it was further employed to study the effects of superficial gas velocity on the global gas
hold-up. The simulation data was compared with the experimental global gas hold-up results
determined by us in reference. The optimal setting methods, as shown by Table 27, were used
for all the simulation cases from here onwards.
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Table 27: Optimum setting methods for CFD simulations

Parameter Setting
Grid size 500 000 cells, 1.2 mm

Discretization scheme  Momentum: second-order upwind
Volume fraction: QUICK
Turbulence equations: second-order upwind

Time step size 0.001

The global gas hold-up measurements were carried out to validate the effectiveness of the
developed model and to characterise the hydrodynamic behaviour of the reactor. The global
gas hold-up (<_) is defined as the average volumetric gas fraction present in the entire domain

of the reactor, which was determined by observing the displaced height of the clear liquid

(Ellenberger & Krishna, 2003; Li & Zhong, 2015).
H-H,

G H

where Hp is the displaced height during gas sparging and H is the static clear liquid height with

no gas sparging.

S (110)

Figure 76 shows the effect of superficial gas velocity on the global gas hold-up in the reactor.
The simulation data was compared with the experimental results. The simulation data showed
a good prediction of the experimental results from a superficial gas velocity of 11.55 mm/s to
17.32 mm/s. The reactor was operated in the homogenous regime based on the superficial gas
velocities studied. Therefore, literature has shown that as the bubbles travel to the top surface
of the reactor, gas properties such as size, shape and velocity are constant and can be specified
easily in the simulation (Pourtousi et al., 2015). It was found that an increase in superficial gas
velocity results in an increase in the global gas hold-up. The increase in global gas hold-up is
due to an increase in the number of bubbles present in the reactor. The increase in superficial
gas velocity increases the number of bubbles, resulting in an increase in the interfacial drag
force on the bubbles, which in turn reduces the bubble rise velocity (Rollbusch et al., 2015).
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Figure 76: Effect of superficial gas velocity on the global gas hold-up: Comparison between CFD simulation
and experimental results
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A similar trend was also found by Pourtousi et al. (2015) where they determined the effect of
superficial gas velocity on the overall gas hold-up. At a superficial gas velocity of 15 mm/s,
they obtained an overall gas hold-up of ~0.048, whereas in the current study, a superficial gas
velocity of 14.44 mm/s gave a global gas hold-up of 0.052 and 0.050 for experimental and
simulation, respectively. This agreement of the simulation data with the experimental results
shows that the developed model is effective and may be applied to study other phenomena such
as mass transfer.

7.3.2 Photodegradation
7.3.2.1 Model fitting and statistical analysis

RSM seeks to find the relationship between the process variables and the response variable.
The process variables that predominantly affect the efficiency and performance of the system
were selected based on past experiments. The central composite design was used to determine
the collective effects of the process variables on the photodegradation of phenol. The response
variable (photodegradation percentage) for both experimental and predicted along with the
combination of the respective process variables are shown in Table 28. Based on the
experimental response, the maximum degradation of phenol achieved was 65.9%, whereas the
minimum degradation obtained was 7.83%. The photodegradation efficiency obtained in the
current study was relatively low compared with literature, which was due to increasing the
particle size.

Shahrezaei et al. (2012b) conducted a process modelling and kinetic study on the photo-
degradation of petroleum wastewater using TiO. catalyst. The maximum degradation they
obtained was 80.84% using a nano-sized catalyst. Zulfakar et al. (2011) used a nano-sized TiO>
catalyst, similar to Shahrezaei et al. (2012b), to photodegrade phenol. The catalyst was
immobilised and they achieved a maximum degradation of ~100%. In the current study, the
maximum degradation (65.9%) was achieved in three hours with a particle size range of 300—
1000 um and a catalyst loading 1 g/L.

Table 28: Full factorial central composite design experimental matrix with experimental and expected
responses

A B C: b: Degradation (%)
o Reaction Superficia
Run Initial Catalyst time I'velocity  Experimental Predicted
pH level  loading (g/L) (min) (mm/s) P
1 3.5 1 120 8.66 35.94 34.20
2 6.5 1 120 8.66 40.52 47.28
3 3.5 3 120 8.66 53.55 43.60
4 6.5 3 120 8.66 42.82 57.64
5 3.5 1 240 8.66 38.13 43.99
6 6.5 1 240 8.66 54.27 54.51
7 3.5 3 240 8.66 50.34 31.52
8 6.5 3 240 8.66 36.15 43.00
9 3.5 1 120 17.32 51.90 41.25
10 6.5 1 120 17.32 48.10 44.36
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A B: C: D: Degradation (%)

Run Initial Catalyst Reaction Superficia

pH level  loading (g/L) (tr:nr?r?) I(vrfllr%r;‘;y Experimental Predicted
11 35 3 120 17.32 55.57 52.78
12 6.5 3 120 17.32 56.50 56.84
13 35 1 240 17.32 65.90 68.83
14 6.5 1 240 17.32 52.92 59.07
15 35 3 240 17.32 58.74 48.18
16 6.5 3 240 17.32 50.50 46.69
17 2 2 180 11.55 58.80 53.64
18 8 2 180 11.55 56.71 58.23
19 5 0 180 11.55 7.83 9.63
20 5 4 180 11.55 31.80 39.09
21 5 2 60 11.55 28.31 38.61
22 5 2 300 11.55 45.20 41.25
23 5 2 180 5.77 34.97 44.79
24 5 2 180 23.10 42.00 58.54
25 5 2 180 11.55 46.00 46.15
26 5 2 180 11.55 45.00 48.25
27 5 2 180 11.55 46.20 44.32
28 5 2 180 11.55 46.80 46.15
29 5 2 180 11.55 46.00 47.36
30 5 2 180 11.55 46.90 48.15

Accordingly, literature studies using TiO2 as a photocatalyst achieve high photodegradation
efficiency with nano-sizes whereas the current study obtained a relatively low photo-
degradation efficiency at micrometre sizes. This is an indication that an increase in the particle
size of the catalyst results in a decrease in the performance of the system as an increase in the
particle size (from nanometre to micrometre) causes a decrease in the surface area and available
active sites for adsorption and photodegradation of pollutants. Therefore, it is recommended to
find a balance between the catalyst particle size and the photodegradation performance. In
addition, a study on the effect of catalyst particle size on the photodegradation performance
should be conducted to obtain the optimum particle size.

The two responses, predicted and experimental, were determined through the combination of
the process variables as shown in Table 28. The predicted values were computed using the final
second-order empirical model (Eq. 111) in terms of coded factors using the Design Expert®
Software of Stat-Ease Inc. The predicted values presented a sufficient correlation to the
experimental values, although there was a slight deviation in some other experimental runs.
The experimental data was fitted to several models (cubic, factorial and linear); however, it
was found through their subsequent ANOVA that the photodegradation of phenol was best
described by the second-order empirical model. From 111, the main effects of initial pH level
(A) had a significant negative influence on the photodegradation of phenol. This shows that an
increase in the initial pH level will result in a decrease in the photodegradation efficiency.
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y =46.15—-4.77A + 3.60B + 0.16C +1.85D + 2.95A% — 4.04B? — 0.43C?>

(111)
+1.88D% ~1.14AB — 0.52AC —1.37AD + 0.66BC + 0.66BD + 0.50CD

To evaluate the adequacy of the empirical second-order model, both the ANOVA and
significance tests were employed. The significance test was used to determine the regression
coefficients of the empirical second-order model. The ANOVA method was used to evaluate
the significance of the empirical second-order model (Jiang et al., 2013), and the results are
shown in Table 29. The evaluation is done by determining the probability (P) value and
Fisher’s test (F) for each regression coefficient in the model. The significance of the interaction
between the process variables is determined by the Fisher’s test, thereby creating a pattern
between the interaction of the process variables (Petrovi¢ et al., 2015). This means that the
higher the values of the Fisher’s test, the lower the P values. Furthermore, the F values are
computed for each tested model and the model with the most significant terms is selected
(Fakhri et al., 2016).

Table 29: ANOVA of the empirical second-order model

Source Sum of DF Mean F Value P>F
Squares Square
Model 2099.96 14 139.59 98.56 <0.0001  Significant
A 267.13 1 267.13 31.65 0.0453
B 0.22 1 0.22 7.17 0.2275
C 14.95 1 14.95 65.36 0.0546
D 371.49 1 371.49 54.63 0.0411
A? 249.51 1 249.51 38.14 0.0452
B2 161.96 1 161.96 6.78 0.2334
C? 134.81 1 134.81 1.59 0.0979
D2 35.85 1 35.85 61.44 0.0501
AB 0.92 1 0.92 3.63 0.3077
AC 6.57 1 6.57 7.15 0.2278
AD 106.83 1 106.83 10.14 0.1937
BC 478.19 1 478.19 24.29 0.0212
BD 11.74 1 11.74 9.09 0.2039
CD 25.21 1 25.21 1.68 0.4182
Residual 381.84 15 72.12 - -
Lack of Fit 354.85 10 35.92 9.54 0.1084 Not significant
Pure Error 26.99 5 5.4 — -
Cor Total 2481.8 29

From Table 29, the F value for the model was found to be 98.56, which resulted in a P value
less than 0.0001. This means that the model is suitable for this study (significant). The P values
were used to specify the interaction strength between the independent variables (Petrovic et al.,
2015). In addition, model terms that obtain P values less than 0.05 are statistically significant.
As per Table 29, the pH level (A), superficial gas velocity (D), quadratic of pH level (A?) and
interaction of catalyst loading and reaction time (BC), and catalyst loading and superficial gas
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velocity (CD) are considered significant model terms. Other model terms are insignificant and
it is recommended to eliminate them as to simplify the empirical second-order model.

The presence of systematic errors in the model are detected by means of residual analysis. Two
factors that often contribute to the residual variance are: pure experimental error and lack of
fit. The pure error is computed by considering the difference between the experimental values
at the same conditions in a random sequence (Petrovi¢ et al., 2015). The variations in the model
terms are represented by the lack of fit. The P value for lack of fit was found to be 0.1084,
indicating that it was statistically insignificant. The coefficient of determination (R?) in the
current study was found to be 0.975. This signifies that 97.5% of the variation found in the
response variable can be described by the model, whereas 2.5% is residual variability (Islam et

al., 2009). Furthermore, the adjusted coefficient of determination (Ridj) was found to be

acceptable (0.954), indicating the significance of the model. It is worth noting that Eq. 81 is
highly significant (P value < 0.0001), with an acceptable coefficient of determination
(R? = 0.954) and is therefore adequate to predict the photodegradation of phenol.

7.3.2.2 Three-dimensional response surface analysis

The interaction between the process variables can be understood better by plotting three-
dimensional response surface plots, which are discussed in detail in this section. These surface
plots are graphical demonstrations of the developed empirical second-order model (Eq. 111).
They assist in analysing the interaction among the process variables (Fakhri et al., 2016) and
determining the optimum level for each process variable to degrade phenol. In addition, there
is an infinite number of combinations for any two tested processes variables; therefore, these
plots reveal the type of interaction between these variables (Petrovi¢ et al., 2015).

Literature has shown that petroleum wastewater contains various organic compounds (Coelho
et al., 2006) and quite often these organic pollutants differ greatly when it comes to solubility
in water, speciation behaviour and hydrophobicity (Shahrezaei et al., 2012b). In addition, some
of these pollutants can occur in negative, neutral or positive forms in solution. These
discrepancies in ionic behaviour can affect the photodegradation efficiency of the process
significantly. Consequently, the initial pH level of the solution plays a major role in the photo-
degradation efficiency of the system.

Figure 77 shows the effect of initial pH level and reaction time on the degradation of phenol.
A decrease in the initial pH level resulted in an increase in the photodegradation of phenol. The
influence of initial pH on the photodegradation efficiency can be described by the point of zero
charge (pzc), whereby this value was reported to be 6.2 for TiO2> (Shahrezaei et al., 2012b).
This suggests that the surface of TiO; is negatively charged in alkaline solutions (pH > 6.2)
and, conversely, that it is positively charged in acidic conditions (pH < 6.2). This was also
confirmed by the empirical second-order model where the initial pH level had a negative
regression coefficient (—4.77 A), which suggests that the initial pH level has a negative
significant influence on the photodegradation of phenol.

Since phenol and its derivatives are negatively changed in aqueous solutions due to the —OH
groups (Shahrezaei et al., 2012b), it is expected that their electrostatic attraction to the catalyst
particles will be more favourable in acidic conditions and repulsive in alkaline conditions.
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Therefore, the initial pH results revealed that the photodegradation of phenol is favourable in
acidic conditions as opposed to alkaline conditions. From the current study, at these acidic
conditions (pH = 3.5), the maximum photodegradation of phenol was found to be 52.2%. Shet
and Vidya (2016) studied the photodegradation of phenol using a silver-doped TiO, photo-
catalyst. They obtained a maximum photodegradation of 70% at a pH level of 3 and a reaction
time of 360 minutes.

Figure 77 illustrates that an increase in the reaction time from 120 minutes to 210 minutes
increased the photodegradation of phenol from 39.9% to 52.8%, whereas the photodegradation
of phenol remained constant with a further increase in the reaction time beyond 210 minutes.
When the process reaches a reaction time of 210 minutes, it implies that the process has reached
equilibrium. Photocatalytic reactions are believed to be significantly directed by two factors:
mass transfer and photon efficiency, and the reaction mechanism is dissimilar to traditional
heterogeneous catalytic reactions (Zulfakar et al., 2011). Catalyst loading is an important
process variable that affects the photodegradation efficiency of organic pollutants in a fluidized
bed photoreactor. It has been found that in photocatalytic systems, a high catalyst loading is
ineffective due to excess catalyst particles preventing UV light penetration, which reduce
photodegradation efficiency. Therefore, an optimum catalyst loading is necessary to avoid the
hindering of the UV light penetration. It is also good practice to ensure good economic usage
of the catalyst to reduce the cost of catalyst loading (Zulfakar et al., 2011).
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Figure 77: Effect of reaction and initial pH level on the photodegradation of phenol

Figure 78 shows the effect of catalyst loading and initial pH level on the photodegradation of
phenol. Since a composite catalyst was used, the values displayed here (1.0-3.0 g/L) were those
of TiO2 and not those of the composite catalyst as a whole. The catalyst dosage range chosen
in this study was based on preliminary experiments that have shown that an increase in the
TiO; particle size necessitates an increase in catalyst dosage. The results from Figure 78 show

146



that increasing the catalyst loading from 1.0 g/L to 2.0 g/L results in an increase in the photo-
degradation of phenol. This is due to an increase in the number of active sites available for
adsorption and photodegradation of phenol. However, a further increase beyond 2.0 g/L results
in a decrease in the photodegradation efficiency. Literature has shown that there is a limiting
value at high catalyst loading (Shahrezaei et al., 2012b). This suggests that increasing the
catalyst loading beyond the limiting value causes a blockage of the UV light penetration due
to an excessive amount of catalyst particles (Apollo et al., 2014). Therefore, the optimum
catalyst loading in the current study was chosen as 2.0 g/L, which gave a photodegradation
efficiency of 47.3%.

The central idea of a fluidized bed photoreactor is fluidization; air was used in the current study
for fluidization (and agitation). The use of air is important due because it plays two major roles
in photodegradation: mixing inside the reactor and the oxygen acts as an electron scavenger
that prevents electron-hole recombination. The mixing inside the reactor (hydrodynamics) has
been discussed and it was shown that the gas hold-up assists in understanding the mixing in the
reactor. It was also shown that the superficial gas velocity has a significant impact on the global
gas hold-up.
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Figure 78: Effect of catalyst loading and initial pH level on the photodegradation of phenol

Figure 79 shows the effect of superficial gas velocity and catalyst loading on the
photodegradation of phenol. The results show that an increase in the superficial gas velocity
results in an increase in the photodegradation efficiency. The optimum superficial gas velocity
was found to be 17.32 mm/s, which gave a maximum photodegradation efficiency of 48.6%.
The superficial gas velocity was varied within the homogeneous regime (8.66—-17.32 mm/s).
Per the hydrodynamic study, the bubble size distribution is uniform and the global gas hold-up
is below 0.13 (Figure 76). An increase in the superficial gas velocity results in an increase in
the number of bubbles present in solution due to an increase in the drag force, thus increasing
the global gas hold-up. This increase in the global gas hold-up results in an increase in the
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availability of oxygen (to prevent electron-hole recombination) and enhances the mixing inside
the reactor.
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Figure 79: Effect of superficial gas velocity and catalyst loading on the photodegradation of phenol

7.3.3 Reaction kinetics

In the current study, the adsorption reaction constant (b) was found to be insignificant,
consequently, the term in the denominator of Eq. 106 (L-H model) was neglected (bC ~0).
Eqg. 06 was then transformed into a linearized algebraic equation (Eq. 108) where the apparent
reaction rate constant (Kapp) Was determined by using the gradient of the slope and t is the
reaction time in minutes. The apparent reaction rate encapsulates both the degradation reaction
rate (kr) and the adsorption reaction rate (b) constants; it was assumed that b was negligible
compared with k.. The assumption was confirmed by conducting adsorption experiments at
optimum conditions to evaluate the composite catalysts’ adsorption capacity. The initial
concentration of phenol for the adsorption study was 30 ppm and only 7.33% of phenol was
adsorbed after 75 minutes. Therefore, it is evident that the rate of adsorption was minimal.

The photodegradation kinetics of phenol under solar irradiation and TiO> catalyst were studied.
The kinetic experiments were conducted using the optimum photodegradation operating
conditions that were found using RSM to be: superficial gas velocity of 17.32 mm/s, catalyst
loading of 2.0 g/L, initial pH level of 3.5 and reaction time of 210 minutes. An initial
concentration of 30 ppm (for phenol) was used for all reaction kinetic experiments and
sampling was done at different time intervals. The reaction rate data was modelled using both
first-order (L—H model) and second-order kinetics by measuring the concentration of phenol at
different time intervals. From the slope of the graph in Figure 80a, the apparent reaction rate
constant was found to be 0.0046 min~?, which is within the range of what Shahrezaei et al.
(2012b) obtained to be 0.007-0.013 min~L. The regression coefficient (R?) was found to be
0.9931. A high value of R? evidently shows that the L—H model was applied with a good degree
of precision., In addition, the R? obtained in this study was similar to that found by Shahrezaei
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et al. (2012b) (R%>0.997). This means that it can be used to predict future outcomes. The
second-order model was applied to the reaction rate data and gave a low value for R? = 0.9698
and Kap = 0.0002 L/(mg.min)~* (Figure 80b).

Apollo et al. (2014) studied the photodegradation kinetics of phenol and methyl orange using
solar irradiation and ZnO catalyst supported on silica. Although they did not use the L-H
model, they showed that the degradation kinetics of phenol using ZnO-SiO; catalyst followed
the pseudo-first-order kinetics. At an initial concentration of 30 ppm (phenol), they obtained a
rate constant of 0.0107 and R? of 0.9941.

By understanding the photodegradation kinetics of phenol under optimum conditions, further
experiments were conducted to monitor the reduction of TOC using the optimum conditions.
It has been reported that as the hydroxyl radicals destroy phenol, they are converted into its
derivatives (intermediates) and those derivatives are further converted into H.O, CO and weak
acids (Shahrezaei et al., 2012b). Furthermore, literature shows that the intermediates
significantly affect the apparent reaction rate constant (Zulfakar et al., 2011). Therefore, it is
necessary to understand the reaction chain by monitoring the TOC reduction during the
photocatalytic degradation of phenol. TOC can indirectly reveal the degradation of both phenol
and phenolic derivatives (intermediates).
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Figure 80: Linear fit for photodegradation reaction: a) L—H (first-order) model; b) Second-order model

Figure 81 shows the effect of the optimum conditions on the reduction of TOC at different time
intervals. After 210 minutes of irradiation, only 63.7% of TOC reduction was achieved. From
the RSM results, it was shown that 52.7% of phenol is degraded in 150 minutes. Therefore, it
is evident that beyond 150 minutes, there is still phenol and its intermediates present in
solution. Zulfakar et al. (2011) investigated the photodegradation of phenol using an
immobilised TiO2 photocatalyst and UV light. They reported that the main intermediates
formed during the degradation of phenol are p-benzoquinone, catechol, hydroquinone and
resorcinol. They further mentioned that these intermediates tend to compete with phenol for
the available active sites on the catalyst, which results in a decrease in the apparent reaction
rate constant. In addition, the formation of intermediates is highly dependent on the initial
concentration of phenol.

149



70

60

50

40

30

20

TOC reduction (%)

10

0 30 60 90 120 150 180 210 240
Time (min)

Figure 81: Reduction of TOC at different time intervals

7.4 Conclusion

The purpose of this study was to use CFD technigues to investigate the flow dynamics and
turbulence inside the fluidized bed photoreactor. Furthermore, RSM was applied to optimise
the operating conditions for the photocatalytic degradation of petroleum wastewater. The CFD
model was developed by investigating hydrodynamic conditions such as axial liquid velocity,
radial gas hold-up profiles, turbulent kinetic energy and turbulent kinetic dissipation rate. The
plot for axial liquid velocity profile displayed a radial variation for all three graphs, whereby
the liquid velocity had an upward movement at the centre and a downward movement near the
wall. The local gas hold-up was high at the centre and had a radial decrease when approaching
the wall with an average radial gas hold-up of ~0.116. The CFD data showed a good agreement
with the experimental data from Kulkarni et al. (2007). A thorough analysis of the
hydrodynamic conditions clarified the flow pattern and turbulence inside the reactor. The
numerical optimisation technique (desirability) was applied to determine the optimal CFD
model settings. The developed model was validated by studying the effect of superficial gas
velocity on the global gas hold-up, and the CFD data was compared with the gas hold-up
experimental results obtained by us in reference. It was found that the developed model
predicted the experimental results fairly well, thereby displaying its effectiveness and
applicability to study other phenomena such as mass transfer or reaction kinetics.

The process variables that predominantly affect the efficiency and performance of petroleum
wastewater degradation were optimised using RSM. The photodegradation efficiency in the
current study was found to be relatively low as compared with literature, which was attributed
to the increase in catalyst particle size (from nanometre to micrometre). The optimum operating
conditions were found using RSM to be: superficial gas velocity of 17.32 mm/s, catalyst
loading of 2.0 g/L, initial pH level of 3.5 and reaction time of 210 minutes. The developed
second-order empirical model presented a sufficient correlation to the photodegradation
experimental data values, although there was a slight deviation in some other runs. In addition,
the adequacy of the model was evaluated by applying both the ANOVA and significant test. It
was found that the empirical model is highly significant (P value < 0.0001) with an acceptable
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coefficient of determination (R?=0.954). It is therefore adequate to predict the photo-
degradation of phenol.

The reaction kinetics for the photocatalytic degradation of petroleum wastewater (phenol) were
evaluated using the L-H model. It was found that the photocatalytic degradation of petroleum
wastewater follows pseudo-first-order reaction Kinetics. Fitting the linear curve on the reaction
data gave a high regression coefficient (R = 0.9931), which is comparable to literature. This
shows that the linear model can be potentially applied to predict future outcomes accurately.
The TOC photodegradation data (Figure 81) showed a removal efficiency of 63.7%, which was
low when compared with literature. This was caused by reducing the composite catalyst surface
area and restricting the experiments to reach equilibrium. Binding the catalyst by using silica
reduces the photodegradation efficiency but improves the filtration process, which was shown
by the sedimentation experiments. It is therefore evident from the sedimentation experiments
that increasing the particle size of TiO2 significantly reduces the cost of filtration at an expense
of low process performance. Therefore, one has to find an optimum balance between the cost
of filtration and process efficiency.
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8 LIGHT DISTRIBUTION IN A FLUIDIZED BED PHOTOCATALYTIC
REACTOR

8.1 Introduction

Photocatalysis is normally carried out in reactors that bring pollutants, catalyst particles and
photons in contact (Braham & Harris, 2009). The most efficient reactors have a UV lamp
installed inside the reactor and the catalyst applied in suspended form. The suspended catalysts
can be fluidized with wastewater or compressed air. Air fluidization is considered less costly
and has the additional advantage of supplying an oxygen source for the photocatalysis reaction.
The design, analysis and scale-up of an air FBR should account for all the factors that affect
the rate of photocatalysis, namely, catalyst, bubble, pollutant and light distribution. Attempts
can be made to improve the homogeneity of catalyst, bubbles and pollutants in the reactor.
However, the light distribution in the reactor will always be inhomogeneous. This has serious
implications for reactor design and operation. Preceding studies in this report have looked at
photocatalyst development and photoreactor hydrodynamics using CFD. However, the light
distribution has not been looked at. To improve photoreactor design and the efficiency of the
AD-photocatalysis process, the light distribution in the reactor needs to be analysed.

Light distribution is crucial as it is the basis of important photocatalytic reactor design
parameters such as the local volumetric rate of energy absorption (LVREA), intrinsic Kinetics
and photocatalysis efficiency parameters. Experimental determination of light distribution is
unfeasible; instead, simulation has been used to establish the light distribution in the reactor.
The most rigorous light distribution simulations have been carried out by solving the radiation
transport equation (RTE) (Eq. 111). For photocatalysis systems, the scattering terms in the RTE
renders an analytical solution to the RTE impossible. Instead, numerical methods have been
developed for solving the RTE. The most rigorous of these numerical methods are the
deterministic discrete ordinates/finite volume methods (Boyjoo et al., 2013) and the stochastic
Monte Carlo method (Moreira et al., 2010; Valades-Pelayo et al., 2014a; Valades-Pelayo et al.,
2014b). Methods with several simplifying assumptions such as the six-flux method (Puma et
al., 2010) and P1 method (Orozco et al., 2009) have also been used to solve the RTE.

The accuracy of the Monte Carlo method for light distribution simulation has been highlighted
by several researchers (Moreira et al., 2010; Valades-Pelayo et al., 2014b). The Monte Carlo
method solves the RTE stochastically by tracking a statistically adequate number of photons
from the lamp until they are absorbed in the slurry or lost in the reactor wall/sensor. Moreira et
al. (2010) and Valades-Pelayo et al. (2014b) developed a Monte Carlo algorithm for solving
the light distribution in a slurry photocatalytic reactor. They validated the Monte Carlo model
by measuring transmitted radiation at the reactor wall. Valades-Pelayo et al. (2014a) used a
spectroradiometric probe to provide a better validation for their Monte Carlo model. All these
previous studies were carried out in a liquid FBR in which the catalyst loading was the only
variable that had any influence on light distribution.

Air bubbles have been reported to influence the light distribution in photocatalytic reactors
(Trujillo et al., 2007). As a result, several authors (Trujillo et al., 2007; Trujillo et al., 2010;
Boyjoo et al., 2013; Boyjoo et al., 2014) have incorporated the influence of bubbles in their
radiation models. A recent study by Motegh et al. (2013) concluded that the influence of
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bubbles on the photocatalysis reaction rate was not substantial. More clarity on the influence
of bubbles on light distribution is needed. Previous bubble studies were based on the model
proposed by Trujillo et al. (2007), which accounted for bubbles by modifying the slurry
scattering and absorption coefficients. In this work, the more rigorous Monte Carlo model is
proposed in which the influence of bubbles is modelled explicitly by directly computing the
interaction between photons and bubbles. Such a rigorous model is expected to provide a more
accurate picture of the influence of bubbles on the light distribution. The aim of this work was
to develop and validate a Monte Carlo model for simulating the light distribution in an annular
fluidized bed photocatalytic reactor at different catalyst loadings and air flow rates.

8.2 Methodology

8.2.1 Reactor setup

The annular FBR photocatalytic reactor (Figure 82) consisted of a 2.2 mm thick reactor wall
and a 1.4 mm thick glass sleeve made of clear borosilicate glass. The reactor wall had an outer
diameter of 65 mm while the glass sleeve’s outer diameter was 34 mm. Air was supplied to the
reactor from an oil-free compressor (Jun-Air) through a borosilicate glass porous distributor
with a pore size of 10-16 um. The total height of the reactor was 900 mL with a working height
of 600 mm and a liquid capacity of 1.25 L. The reactor was irradiated internally by an 18 W
low-pressure black light blue lamp (Philips T26 BLB) with a characteristic emission
wavelength of 368 nm and a photon emission rate of 2.22 x 10~° Einsteins/s positioned inside
the glass sleeve. A radiation sensor (CR2 cosine receptor) was fitted outside the reactor and
held in place by a plastic support. The cosine receptor was connected to the spectroradiometer
(Stellarnet, Black Comet SR) using a fibre optic cable. The radiation sensor was installed on
the reactor wall midway between the lamp ends (Figure 82). At this location, the radiation
sensor captured a fraction of the emitted photons that escaped the reactor at the wall. The sum
of these escaping photons was referred to as the total transmitted radiation (TTR).

8.2.2 Monte Carlo model

For an absorbing and scattering medium, the RTE with no emission terms has been developed
as (Cassano & Alfano, 2000):

TAED = —iala(s,0) — ala (s, ) + — 03 [ p(Q > Q) (s, 2)d (112)
where [; was the spectral light intensity, s was the light path length, Q was the direction of
light travel, x; was the absorption coefficient, o; was the scattering coefficient and p(Q' - Q)
was the probability of a light scatter from direction Q' to Q. The RTE was solved stochastically
using the Monte Carlo method. This was carried out by tracking the movement of photons from
the lamp until they were lost in the slurry, wall or radiation sensor. Random numbers, uniformly
distributed between 0 and 1, were used in the Monte Carlo simulation. The details of the Monte
Carlo algorithm incorporating air bubbles are given in Appendix A.
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Figure 82: Radiation field measurement setup: (1) Tridonic PCA, (2) Reactor wall, (3) Lamp sleeve,
(4) Black light lamp, (5) Radiation sensor support, (6) Radiometric sensor, (7) Fibre optic cable,
(8) Spectroradiometer, (9) Catalyst slurry, (10) Air compressor, (11) Computer, (12) Peristaltic pump,
(13) Feed mixing tank

8.2.3 TTR experiments

TTR refers to the fraction of emitted photons that reach the sensor positioned on the outside of
the reactor wall. TTR measurements were carried out on the reactor wall using the
spectroradiometer sensor at different catalyst loadings and gas flow rates. A catalyst slurry was
prepared by mixing Aeroxide P25 TiO2 purchased from Acros Organics in deionised water
(Millipore Milli-Q). The slurry with a catalyst loading of 0.025 g/L was added into the reactor
and compressed air was introduced into the reactor at a flow rate of 80 L/h. Thereafter, the UV
lamp was switched on and left to warm for 30 minutes. Afterwards, TTR measurements were
taken at the wall of the reactor using the spectroradiometer. The air flow rate was reduced
gradually to take TTR measurements at other air flow rates. At an air flow rate of 0, the air
flow was cut off and TTR measurements were taken immediately to minimise catalyst settling.
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After taking TTR measurements at all air flow rates, the catalyst loading in the reactor was
increased by introducing a measured quantity of ultrasonicated catalyst slurry into the reactor.

8.3 Results and Discussion

8.3.1 Experimental TTR measurements

TTR measurements are a convenient method of validating the Monte Carlo method by
measuring the photons escaping from the reactor at the reactor wall. TTR measurements were
carried out at different catalyst loadings (0.025-0.6 g/L). The experimental results (Figure 83)
show an exponential decrease in the TTR from 3617 pW/cm? to 46 uW/cm? with an increase
in the catalyst loading from 0.025 g/L to 0.6 g/L. The decrease in the TTR with an increase in
catalyst loading can be attributed to the increase in the obstruction of light due to scattering
and absorption. The TTR values obtained in this work are higher than those reported by
Valades-Pelayo et al. (2014a). For example, at a catalyst loading of 0.1 g/L, Valades-Pelayo
et al. (2014a) reported a TTR of around 1200 pW/cm? at a radial location of 30.6 mm, which
is lower than the value of 1815 uW/cm? obtained in this work. This can be attributed to the
differences in reactors and lamps employed in two experiments. The TTR experiments also
showed that an increase in the air flow rate resulted in a slight increase in the TTR at all catalyst
loadings. For example, at a catalyst loading of 0.1 g/L, an increase in the air flow rate from
0 L/h to 80 L/h resulted in an increase in the TTR from 1815 pW/cm? to 1868 pW/cm?. This
trend will be explained in detail later on in Section 8.3.3.
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Figure 83: Experimental TTR measurements at different catalyst loadings and air flow rates

8.3.2 Effect of scattering parameter

The light distribution and TTR from the reactor were simulated using a Monte Carlo
simulation. To characterise the nature of catalyst scattering, simulations were carried out at
different catalyst loadings and scattering parameters at an air volume fraction of 0 L/h. The
results (Figure 84) show an exponential decrease in the TTR with an increase in the catalyst
loading. Furthermore, the results show an increase in the TTR with an increase in the scattering
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parameter from 0.6 to 0.95 at all catalyst loadings. The Henyey—Greenstein scattering
parameter governs the direction in which light is scattered by particles. The scattering
parameter can range between —1 and 1. A scattering parameter of —1 refers to complete
backward scatter, 1 refers to complete forward scatter and O refers to isotropic scatter in all
directions. The increase in the TTR with increasing forward scattering parameter was due to
an increase in the forward scattering and photon flight towards the reactor wall resulting in an
increase in the TTR.
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Figure 84: Effect of the Henyey—Greenstein phase function scattering parameter and catalyst loading on
the TTR

Using a root mean square error (RMSE) criterion, the scattering parameter with the best fit was
obtained and confirmed to be 0.81 (Table 30). This shows that the P25 TiO catalyst used in
this work was found to scatter UV light in the forward direction as reported by several authors
(Satuf et al., 2005; Valades-Pelayo et al., 2014b).

However, the value of the scattering parameter obtained in this work was slightly higher than
the value of 0.68 reported by Valades-Pelayo et al. (2014b). This can be attributed to the fact
that VValades-Pelayo et al. (2014b) used the TiO> optical properties reported by Romero et al.
(1997) while this work used the data set published by Romero et al. (2003). The inter-
relationship between scattering phase functions and catalyst optical properties has been
discussed by Satuf et al. (2005). They show that the choice of a scattering phase function has
a marked effect on the TiO> optical properties and vice versa. For the same model, the use of
different optical properties would require different scattering parameters in order to achieve
accurate simulation.

Table 30: RMSE of different scattering parameter values

Scattering parameter RMSE
0.6 363.8353
0.8 72.5502
0.81 104.0287
0.9 211.7794
0.95 434.5447

159



8.3.3 Effect of bubbles

The effect of bubbles on the TTR was simulated by the Monte Carlo method with bubble
diameter and gas hold-up as Monte Carlo inputs. The bubble diameter was measured from
photographs of the reactor under operation and found to be 6 mm on average. Global gas hold-
up was measured using the quick-stop method (Ochieng et al., 2002) and found to be 0.0232,
0.0482 and 0.0705 at air flow rates of 40 L/h, 60 L/h and 80 L/h, respectively. All Monte Carlo
simulations were carried out using a scattering parameter of 0.81. The Monte Carlo simulation
results (Figure 85a—d) showed good agreement between experimental and simulated TTR
values at various catalyst loadings and air flow rates. At the different air flow rates, the Monte
Carlo simulation captured the exponential decrease accurately in the TTR with increasing
catalyst loadings. The errors in the Monte Carlo simulation could be attributed to the
assumption of spherical bubble shape and uniform bubble size. In a realistic FBR, bubbles have
a range of sizes due to bubble coalescence and breakup. Also, bubbles are seldom perfectly
spherical due to breakup, coalescence and hydrostatic pressure. It is noteworthy that accurate
simulations were obtained for all the air flow rates while maintaining the same scattering
parameter. This suggests that air flow did not significantly alter the agglomeration state of the
catalysts. Otherwise a change in the scattering parameter would have been necessary to achieve
accurate simulation (Valades-Pelayo et al., 2015).
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Figure 85: Comparison of experimental and simulation TTR values at different catalyst loadings and air
flow rates: (a) 0 L/h, (b) 40 L/h, (c) 60 L/h, (d) 80 L/h
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The TTR, which gives an indication of the photons escaping through the reactor walls, could
be used to validate the Monte Carlo model. However, the TTR data does not give an indication
of the light distribution in the reactor. The light distribution in the reactor can be determined
using the Monte Carlo model, which has been validated by TTR measurements. For photo-
catalysis, the light distribution in the reactor is normally characterised by the volumetric rate
of energy absorption (VREA), which refers to the quantity of light absorbed by the catalyst in
the whole reactor (Valades-Pelayo et al., 2014b). To better clarify the influence of bubbles on
the light distribution, the effect of air flow rate on the VREA was investigated. The VREA
results (Figure 8.5) showed an expected exponential increase in the VREA with catalyst
loading at the different air flow rates. For example, at an air flow rate of 40 L/h, an increase in
the catalyst loading from 0.25 g/L to 0.6 g/L resulted in an increase in the VREA from
775 uW/em?® to 4756 uW/cm®. The VREA results also showed an insignificant increase in the
VREA with an increase in the air flow rate. For example, at a catalyst loading of 0.1 g/L, an
increase in the gas flow rate from 0 L/h to 80 L/h resulted in an increase in VREA from
2698 uW/cm? to 2745 pW/cm?.
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Figure 86: VREA at different catalyst loadings and air flow rates

The VREA is a critical parameter often used in computing photocatalytic intrinsic kinetics
(Puma et al., 2010). In photocatalytic reactor design, the VREA can be used as an analogue of
the reaction rate constant. As a result, several authors (Moreira et al., 2010; Valades-Pelayo et
al., 2014b) have used the VREA to determine the optimum catalyst loading from light
distribution experiments without the need for carrying out photocatalysis experiments. From
an analysis of the effect of catalyst loading on the VREA (Figure 86), the optimum catalyst
loading can be determined as the amount of catalyst beyond which no increase in the VREA is
observed. At the optimum catalyst loading, the maximum amount of light is utilised at the
lowest catalyst loading. The optimum catalyst has been determined from VREA as the catalyst
loading at the onset of the asymptote (Valades-Pelayo et al., 2014b). For the reactor and light
source used in this study, the optimum catalyst loading was determined to be 0.4 g/L at all air
flow rates.
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Both TTR and VREA values show that the air flow rate had a negligible effect on the light
distribution in the reactor. This observation is consistent with the findings of Motegh et al.
(2013). The negligible influence of air flow rate can be explained by an analysis of the photon-
catalyst and photon-bubble scattering events that are responsible for light distribution. During
the Monte Carlo simulation, the number of photon-catalyst and photon-bubble events were
tracked. Figure 87 shows the sum of the photon-catalyst and photon-bubble events at different
catalyst loadings and air flow rates. The number of photon-catalyst-bubble events was observed
to increase with an increase in the catalyst loading. However, an increase in the gas flow rate
resulted in only a marginal change in the number of photon-catalyst-bubble scattering events.
This was because the number of photon-catalyst events was very high compared with the
number of photon-bubble events. As a result, light distribution in the reactor was mainly driven
by catalyst particles.
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Figure 87: Sum of photon-bubble and photon-catalyst scattering events at different catalyst loadings and
air flow rates

Bubbles had a very limited role in the light distribution even at high gas flow rates. Figure 88a—
Figure 88d compare the experimental TTR measurements with the Monte Carlo simulation
carried out without including photon-bubble interactions. The simulation shows good
agreement with experimental data at the different air flow rates. This suggests that photon-
bubble interactions can be neglected without considerable loss in accuracy during the Monte
Carlo simulation. Neglecting the photon-bubble interactions has the advantage of increasing
the speed of the Monte Carlo simulation.
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Figure 88: Comparison of experimental TTR with simulation values carried out by neglecting bubble-
photon interactions in the Monte Carlo simulation: (a) 0 L/h, (b) 40 L/h, (c) 60 L/h, (d) 80 L/h

8.4 Conclusion

In this work, a Monte Carlo light distribution model incorporating bubbles was developed to
simulate the light distribution in an annular fluidized bed photocatalytic reactor. The model
was validated by experimental TTR measurements at different catalyst loadings and air flow
rates. The catalyst was found to display forward scatter with a scattering parameter of 0.81.
Both experiments and simulation showed that air flow rate had a negligible effect on the light
distribution. This was attributed to the insignificance of bubble scattering as compared with the
catalyst scattering and the fact that air flow had a negligible effect on the catalyst
agglomeration. The light distribution in the FBR could be simulated accurately without
accounting for bubbles. For the reactor setup and light source used, the optimum catalyst was
predicted to be 0.4 g/L using light distribution analysis.
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9 OVERALL CONCLUSION

This study is a further development of the previous study that showed the feasible integration
of AD with AOP to improve biogas production and methane yield. In this study, the focus was
on developing photocatalysts further and optimising the operating parameters for both AD and
AOP in order to generate bioenergy that can help reduce the cost of running AOP. Both studies
have now shown that the performance of the integrated system depends not only on the
sequence but also on the hydraulic retention in the AD. The study further showed that different
simulation and modelling techniques such as CFD, Monte Carlo and RSM can be used for
designing and optimising the operating conditions. Future work is needed to improve
performance indicators such as mixing, irradiation penetration or distribution, mass transfer
and catalyst efficiency.
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APPENDIX

APPENDIX A: MONTE CARLO ALGORITHM

Bubble location

An algorithm adapted from Imoberdorf et al. (2008) was used to specify the random location
of bubble centroids under the following restrictions and assumptions:

i.  All bubbles were assumed to be spherical with a uniform diameter of 6 mm.
ii.  To keep a bubble from intersecting with a reactor boundary, bubble centroids were
offset from all reactor boundaries by the radius of bubble.
iii.  He minimum distance between two bubble centroids was specified to be equal to the
bubble diameter to prevent bubble overlap.

The number of bubbles (n;) was calculated from the gas hold-up as:

3 &g
= Al
b 4mr3 (41)

where £, was the gas hold-up and r; was the bubble radius.

A random bubble centroid location in cartesian coordinates (xg, yg, zg) Was specified using
equations A2-Ab5 in order to satisfy constraint (ii). If a specified bubble was found to overlap
another bubble (constraint (iii)), it was discarded and another random bubble generated. This
process was continued until the required number of bubble centroids had been specified.

bg = (rgs + 15) + (1 — 165 — 21) Ry (A2)
xg = bp cos(2mR,) (A3)
Yp = bgsin(2mR,) (A4)
zg = (2R3 — 1) (75, — 1) (A5)

where by was the bubble radial location, r;¢ was the outer glass sleeve radius, 1, was the
reactor radius, rg; was the reactor semi-length and R;, R,, R; were random numbers.
Figure Ala—c shows random bubble centroid distributions for different air flow rates obtained
using Egs. A1-A5. As required, the simulated bubble centroids were randomly distributed
within the reactor annulus (Figure 82) and increased with an increase in the number of bubbles.
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Figure Al: Random bubble centroid distributions at various air flow rates. (a) 40 L/h, (b) 60 L/h, (c) 80 L/h

Lamp emission

The lamp emission was modelled using a stochastic volumetric emission model (Imoberdorf et
al., 2008), which treated photons as originating from random locations within the lamp volume.
The random angular emission location (¢;) within the lamp volume was determined as:

¢, = 2mR, (A6)

from which the radial lamp emission location in cartesian coordinates (x;, y;) was given as:

X, = TLRS

cos(¢,) (A7)

yi, =1, Rssin(¢,) (48)

where r; was the lamp radius and R, and Rs were random numbers.
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The lamp emission intensity along the axial coordinate has been found to be highest at the
middle of the lamp and lowest at the lamp extremities. Tsekov et al. (1997) represented this
trend using the probability density function:

c zZ—a z—a—1L
T2t @+a)? JiZ+(z—a-—L)?

B,=0 (A9)

where P, is the probability of a photon being emitted from an axial location z on the lamp
surface, a is the axial distance between the lamp and the reactor wall, and L is the height of the
reactor. The axial emission location was randomly selected using a cumulative probability
density function derived from the model by Tsekov et al. (1997). Black light lamps have an
emission spectrum such that photons emitted from the lamp can have a range of wavelengths.
Figure A2 shows the emission spectrum of the lamp measured using the spectroradiometer with
the radiometer sensor positioned on the surface of the lamp. The lamp spectrum shows that the
lamp emits photons between 350 nm and 387 nm with the majority of emitted photons having
a wavelength of 368 nm. The wavelength of the emitted photon was randomly chosen using a
cumulative probability density function derived from the lamp spectrum.

After specifying the photon emission location and wavelength, the direction of photon flight
was specified using random azimuth and zenith angles. The random azimuth angle (¢) was
specified as:

¢ = 2mRs (A10)
The random zenith angle of photon flight was specified as:
0 = acos(2R; — 1) (A11)
where Rg and R, were random numbers.

8

Intensity (W/m2)
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Figure A2: Black light lamp spectra
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Photon path

Once the photon direction was specified, the photon was moved across the air gap until it hit
the inner glass sleeve. At this point, there was a 5.17% probability of the photon being absorbed
by the glass sleeve. This absorption event was calculated using another random number Rg. If
Rg < 0.0517, the photon was absorbed; otherwise, the photon was transmitted through the
glass sleeve with refraction. The change in direction due to refraction was computed using
Fresnel laws for unpolarised light. After the photon crossed the glass sleeve, the photon started
moving within the slurry. The free photon path length in the slurry during which time no photon
absorption or scattering occurred was determined as (Pareek et al., 2008):

In(R,)
Ba
where Ry was a random number and £, was the spectral extinction coefficient that is the sum

of the water absorption coefficient, catalyst absorption coefficient and catalyst scattering
coefficient at a wavelength of A.

| =

(A12)

Once the photon had moved a distance | within the slurry, its new location in Cartesian
coordinates was determined as:

Xy = Xp + (sinf cos ¢) [ (A13)
YN = Yo + (sinfcos )l (A14)
Zy = zp + (cos0) 1 (A15)

where xy, yy, zy Were the new updated cartesian coordinates while x,, vy, z, were the
previous coordinates.

Absorption and scattering events

At this point, the photon was either absorbed or scattered. The absorption event was determined
as (Changrani & Raupp, 1999):

K)

Ry < Al6
10 < —— (416)

o)
where R;, was a random number while x; and og; were the absorption and scattering
coefficients, respectively. The spectral scattering and absorption coefficients used in this work
were obtained from Romero et al. (2003). If the photon was absorbed, its energy was stored in
a location matrix composed of 10 radial regions and 60 axial regions. The LVREA was
computed as:

LVREA(s) = Kk;G,(s) (A17)
where G, (s) was the photon energy at a certain discretized location in the reactor. The VREA
was obtained by summing the LVREA values at all the discretized locations.

If the photon was not absorbed, it was scattered. The scattering azimuth direction (¢) was
calculated as:

¢S = Zanl (A18)
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The scattering zenith direction was determined using the Henyey—Greenstein function and a
random number as (Moreira et al., 2010):

1—g° 2
2 _

2R12_1,lfg:0

cos(f;) =1 2g

;ifgio (A19)

where R,y, R;; and Ry, were random numbers and g was the Henyey—Greenstein phase
function scattering parameter whose value lies between —1 and 1. A g value of -1, 0 and 1
refers to completely backward, isotropic and completely forward scattering, respectively. The
zenith scattering angle (6,) was then calculated as:

6s; = acos(cos(6)) (A20)

In case the photon flight path in the slurry intersected a bubble, the photon was reflected on the
bubble or transmitted by refraction through the bubble. The reflection or transmission event
was determined based on the photon incident angle on the bubble. The change of directions
due to refraction were computed using Fresnel equations of unpolarised light. The reflected or
transmitted photon then continued its flight through the slurry.

The series of absorption and scattering events in the slurry and bubbles were continued until
the photon either hit the outer glass sleeve, reactor wall or the sensor. On hitting the outer glass
sleeve, the photon could be absorbed or transmitted to the air gap with refraction from where
it was reflected off the lamp. A photon that hit the reactor wall could be absorbed (with a
probability of 8%) or transmitted by refraction to the air outside the reactor. The transmitted
photon could hit the radiometer sensor or be lost outside the reactor. If the photon hit the sensor,
its energy was added to the TTR variable and then it was considered lost. Once a photon was
lost, a new photon was emitted from the lamp, which involved going back to step 1.

A large number of photons packets (107) was emitted and tracked through the reactor. In this
way, the light distribution in the reactor was determined by analysing the photon energy
absorbed at different locations in the slurry. Figure A3 shows a section of the photocatalytic
reactor illustrating photon flight from the lamp to the radiometer sensor. The Monte Carlo
algorithm was written and solved in MATLAB (MATLAB, 2015).

Figure A3: Photon flight in the reactor: (1) Emission location, (2) Air gap photon flight, (3) Glass sleeve
refraction, (4) Bubble scattering, (5) Bubble transmission, (6) Slurry scattering, (7) Reactor wall refraction,
(8) Sensor absorption. (A) Lamp, (B) Air gap, (C) Glass sleeve, (D) Catalyst slurry, (E) Bubble, (F) Reactor
wall, (G) Radiometer sensor
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APPENDIX B: ANAEROBIC BIODEGRADATION OF SYNTHETIC ABATTOIR
WASTEWATER

B.1 Effect of hydrodynamics on liquid hold-up profiles

Figure B1 shows a rapid COD decrease with an increase in the recirculation flow rate up to
about 3.33 cm/s. A further increase in recirculation rate did not result in any observable
increase in the COD reduction; this corresponds to a 51% reduction in five hours. The results
indicate that the reaction could be mass transfer limiting at low recirculation flow rates.
However, this reduction of 51% is still very low; hence, in further studies the effect of other
parameters such as the initial concentration and the substrate molecular structure has to be
investigated. This low COD reduction could be due to exhaustion of nutrients and metabolic
activity during the degradation process. Similar results have been reported by Ince et al. (2000).
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Figure B1: Variation of COD reduction with liquid velocity

B.1.2 Anaerobic digestion of different substrates

Further investigation was done on the obtained optimum recirculation velocity of 3.33 cm/s
with different substrates at low initial concentration. The substrates used were phenol, p-cresol
and dibutyl-phthalate with initial concentrations of 100 ppm, 110 ppm and 200 ppm. Figure B2
shows that phenol was degraded by 98% and p-cresol by 95%, respectively, over contact time
of about six hours at 37°C. However, dibutyl-phthalate was degraded by 75%, which could be
due to its structural complexity. High phenol and p-cresol degradation could result from the
formation of an active biomass in the reactor after addition of the nutrients. During AD, the
bacterial activity and growth tend to decrease by one half for each 10% drop below 35°C, which
leads to the AD period being prolonged under low temperature, and energy consumption of the
process increased. However, Gallert et al. (1998) reported that higher temperature (37-55°C)
can lead to an increase in toxicity and instability of certain compounds formed during anaerobic
treatment.
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Figure B2: Degradation of aromatics in abattoir wastewater using FBB at flow rate of 3.33 cm/sec for
120 mm bed height support
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