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Abstract
Anaerobic digestion (AD) is usually applied in the treatment of distillery effluent due to the fact

that it is effective in chemical oxygen demand (COD) reduction and bioenergy recovery. However,
due to the presence of biorecalcitrant melanoidins present in distillery effluent, AD is ineffective
in colour reduction. For this reason, ultraviolet (UV) photodegradation, which is effective in
melanoidins’ degradation, can be integrated with AD to achieve high efficiency in colour and COD
reduction. However, the UV process is energy intensive, majorly due to the electricity requirement
of the UV lamp. In contrast, the AD process has high potential of renewable energy production in
the form of biomethane, which can be transformed into electrical energy and applied to supplement
the energy requirement of the UV process. The aim of this study was to evaluate the efficiency of
a combined AD-UV system in colour and COD reduction for the treatment of distillery effluent in
fluidised bed reactors. The potential of the application of the bioenergy produced by the AD process
to supplement the energy intensive UV process was evaluated and modelled using response surface
methodology.

In the first place, the optimal hydrodynamic conditions of the fluidised bed reactors were
determined using optical attenuation technique. The best homogeneity in the bioreactor, in which
zeolite was used as microbial support, was found to be at a superficial liquid velocity of 0.6 cm/s
while the best catalyst and gas hold up in the photoreactor were found to be 0.077 and 0.003,
respectively. At these conditions, it was found that the initial biological step removed about 90%
of COD and only about 50% of the colour while photodegradation post-treatment removed 98% of
the remaining colour. Kinetic analysis of the bioreactor showed that ~ 9% of the feed total organic
carbon (TOC) was non-biodegradable and this was attributed to the biorecalcitrant melanoidins.
Photodegradation post-treatment mineralized the biorecalcitrant melanoidins via a reductive
pathway as was indicated by the formation of NH." in large quantity compared to NOs". Kinetic
analysis further showed that the rate of substrate utilization in the bioreactor increased with an
increase in organic loading rate and it was inversely proportional to the rate of photodegradation
post-treatment. Modeling using response surface methodology (RSM) was applied to predict the
effects of the operating parameters of the initial AD step on the performance of the
photodegradation post-treatment process and the energy efficiency. Energy analysis of the
integrated system showed that the AD process could produce 59 kWh/m?® of electricity which could
supplement the electricity demand of the UV lamp by 30% leading to operation cost reduction of
about USD 4.8/m?. This led to a presumed carbon dioxide emission reduction (CER) of 28.8 kg
COze/m?.
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Chapter 1

1. Introduction
1.1 Background
Treatment of municipal or industrial wastewater has become a complex procedure due to the

stringent environmental policies on waste discharge and the need to recycle water as a result
of water scarcity. In particular, distillery industries are major environmental pollutants due to
their large discharge volumes of wastewater which contain high amount of organic pollutants
among others. The distillery effluent is characterised by high chemical oxygen demand (COD)
which ranges between 80,000 mg/l and 120,000 mg/l and biochemical oxygen demand (BOD)
in the range of 50,000 mg/l to 75,000 mg/l (Acharya et al., 2008). The effluent also contains
melanoidins, which are biorecalcitrant organic compounds formed by Millard reaction between
glucose and amino acids (Satyawali & Balakrishnan, 2008). Despite the fact that melanoidins
form only about 2% of distillery effluent, they impart an intense dark brown colour to the
effluent (Kalavathi et al., 2001). Anaerobic digestion (AD) has been widely considered as the
most attractive first step treatment technique for the distillery effluent due to its reputation as a
low cost and environmentally friendly technique, besides its biomethane generation potential
(Oller et al., 2011). Moreover, AD treatment is preferred due to the fact that a great component
of distillery effluent is biodegradable (Sankaran et al., 2014). The anaerobic digestion is
reported to remove about 75-90% COD and 80-90% BOD (Satyawali & Balakrishnan, 2008).
This means that anaerobically treated distillery effluent (ATDE) still contains some organic
load and is not safe for discharge (Chaudhari et al., 2007). Moreover, the effluent still has a
dark brown colour imparted by the biorecalcitrant melanoidins (Satyawali & Balakrishnan,
2008). In many instances, industries dilute the anaerobically treated distillery effluent by
mixing with raw water before discharge in order to meet the set waste disposal standards. This
dilution, even though accepted in some regions, is of great environmental concern as it does
not reduce the absolute pollution load of the effluent (Chaudhari et al., 2007; Satyawali &
Balakrishnan, 2008). Therefore, different post-treatment methods for biomethanated distillery
effluent have been proposed for colour removal (Sankaran et al.,, 2014; Satyawali &
Balakrishnan, 2008).

Coagulation technique using aluminium salts such as alum, sodium aluminate and aluminium
chloride has been widely applied to reduce colour and COD in BMDW. However, recent
studies have pointed out drawbacks, such as Alzheimer’s disease, of using aluminium salts

(Chaudhari et al., 2007). Moreover, alum reacts with the natural alkalinity of water leading to



a pH reduction (Prasad, 2009). Besides, other coagulants such as FeCls perform better at very
low pH and this may require neutralization of the treated effluent. Further, coagulation leads
to high sludge generation which may require secondary treatment. Other methods such as wet
oxidation and catalytic thermolysis have also been applied in the treatment of ATDE. However,
high pressure and temperature employed during wet oxidation and catalytic thermolysis lead
to high operational cost, which hinders the application of these processes (Chaudhari et al.,
2007). Treatment by adsorption using cost effective adsorbents such as natural zeolites has
huge potential for colour removal in ATDE (Onyango et al., 2011). However, adsorption is
considered as a non-destructive technique since it merely transfers pollutants from liquid to

solid surface and it also generates sludge (Al-Momani et al., 2002).

Recently, studies have established that advanced oxidation processes (AOPs) such as
photodegradation are effective in the degradation of biorecalcitrant organic compounds
(Vineetha et al., 2013). For this reason, AOPs can be combined with AD for the effective
removal of both biodegradable and biorecalcitrant components of distillery effluent (Apollo et
al., 2013). Among the AOPs, UV photodegradation has an advantage in that it can rapidly
degrade organic contaminants to mineralization without producing sludge. Despite the fact that
UV photodegradation is effective in mineralization of organic pollutants, the electrical
consumption of the UV lamp makes this process costly for wastewater treatment. Oller et al.
(2011) reported that electrical energy represents about 60% of the total cost of operating a UV
photocatalytic reactor. In contrast, distillery effluent has a high renewable energy production
potential (Yasar et al., 2015). This is evidenced by the fact that biomethane potential of
distillery effluent is about 0.4 L CH4/g COD with energy production potential of about 15.2
kJ/g COD (Zupancic et al., 2007). Consequently, the application of an integrated AD-UV
photodegradation technique for distillery effluent treatment can lead to energy conservation if
the bioenergy produced by the AD is used to supplement the energy demand of the UV

photodegradation process.

To improve the performance of the integrated AD-UV process robust reactors such as fluidised
bed reactors can be employed for both the processes. Application of fluidised bed reactors in a
combined AD and photodegradation can result in better pollution removal due to the well
mixing attained by fluidised bed reactors, which promotes mass transfer thereby increasing
reaction rate (Andalib et al., 2012). Due to the achievable fast reaction rates, energy
requirement by the UV photodegradation could be reduced while the bioenergy production by



the AD process could be enhanced. Incorporating the bioenergy produced in the AD-UV
system could lead to the implementation of the green development mechanism (GDM). As a
result, a reduction in greenhouse gases emission (GHG) could be realized compared to the case
where electricity generated from fossil fuels was applied to power the UV lamp.

In this study, the efficiency of fluidised bed reactors in a combined anaerobic and
photodegradation system was investigated for pollution removal and energy utilisation when
treating distillery effluent. The kinetics of the integrated process was evaluated and the effect
of organic loading rate and hydraulic retention time on system performance was analysed. The
energy produced by the anaerobic process was compared to that required by the UV lamp in
the photodegradation process. Lastly, modelling of the energy efficiency of the integrated
system based on potential renewable energy application was carried out using response surface
methodology.

1.2 Problem statement
Alcohol distilling industries produce huge amounts of wastewater with high organic load.

Distillery industries produce about 10-15 L wastewater per litre of alcohol produced (Moraes
et al., 2015). The wastewater is significantly biodegradable and often anaerobic digestion is
applied to treat the wastewater with methane production potential of about 0.4 L CH4/g COD
resulting in energy production potential of 15.2 kJ/g COD. However, distillery effluent contains
traces of biorecalcitrant melanoidins which cannot be removed by anaerobic digestion, as a
result, anaerobically digested effluent still has a very dark brown colour imparted by the
melanoidins. Usually various post-treatment techniques are employed to remove the colour and
residual COD. Among them coagulation and adsorption have been widely studied due to their
simplicity. However, they do not destroy the pollutants but transfer them from the wastewater
to the adsorbent or coagulant resulting in enormous sludge production, which in turn requires

appropriate handling techniques.

Due to the aforementioned shortcomings, AOPs have been proposed for post-anaerobic
treatment of distillery effluent due to their ability to achieve total mineralization of the organic
compounds leading to no or minimal sludge production. Of the AOPs, UV photodegradation
is considered as a rapid technique for wastewater treatment. However, just like all other AOPs,
this method is energy intensive and therefore costly. Electrical energy requirement of the UV
lamp is singled out as the major expense of running a UV photodegradation process (Oller et

al., 2011). For the post-treatment of anaerobically treated distillery effluent, perhaps the energy



production by the AD unit can supplement the energy requirement of the UV photodegradation,
therefore making an integrated AD-UV photodegradation process cost effective. More
significant in such a scenario is to determine the relationship between the AD and UV
photodegradation dependent factors on energy production and energy utilization in the AD and
UV process, respectively. Further, the development of a model correlating these factors with
system performance can be of high significance for wastewater treatment engineering, for it
can be applied for process optimization. Fluidised bed reactors (FBRs), which are considered
as robust due to effective mixing, could be used to improve the performance of the integrated
process. For high efficiency of FBR, an appropriate method such as optical attenuation

technique should be employed to determine the best hydrodynamic conditions.

1.3 Main objective
The main objective was to determine the efficiency of an integrated anaerobic digestion and

photocatalysis in the treatment of distillery wastewater applying anaerobic fluidised bed
(AFBR) reactor and fluidised bed photoreactor (FBP).

Specific objectives

a) To determine the optimal hydrodynamic conditions of the fluidised bed bioreactor
and photoreactor.

b) To apply kinetic modelling to define the best operating conditions of the anaerobic
digestion process.

c) To evaluate the bioenergy production potential of the anaerobic digestion process
and energy demand of the photodegradation.

d) To analyse the performance of the integrated anaerobic digestion-photodegradation
process in colour, TOC, COD and sulphate reduction.

e) To determine carbon dioxide emission reduction potential of the integrated system
based on renewable energy application.

f) To model the energy efficiency of the integrated system using response surface

methodology.

1.4 Thesis Layout
Chapter one of the thesis gives background information on the integration of anaerobic

digestion and photodegradation for distillery effluent treatment. In this Chapter, motivation for
the study is outlined and the research objectives are set. Chapter two reviews literature on the

new trends in the application of AD and photodegradation on wastewater treatment. Chapter

4



three covers experimental methods and data interpretation for hydrodynamic studies while
Chapter four examines kinetics of anaerobic digestion in fluidised bed reactors. In Chapter five,
batch studies on combined AD and UV photodegradation are presented while in Chapter six, a
study on a continuous operation of the combined AD and photodegradation process is covered
with focus on modelling the combined system using response surface methodology. Finally,

Chapter seven concludes on the research findings.
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Chapter 2

2 Literature review
2.1 Distillery effluent generation and characteristics
The major steps in ethanol production from cane molasses are feed preparation, fermentation,

distillation and packaging. In the first place, molasses is diluted until the desired sucrose level
IS attained; it is then supplemented with various nutrients like ammonium sulphate before
fermentation using active yeast culture. Sludge from the fermenter is discharged as waste and
the supernatant is fed into the distillation column where it is distilled, fractionated and rectified
(Satyawali & Balakrishnan, 2008). It is the residue of the fermented mash which comes out as
distillery spent wash (Sankaran et al., 2014). Figure 2-1 shows the processes involved in
alcohol production and waste generation.

Molasses Water

I |

Diluter <4—| Yeast culture

Air — »| Fermenter 5 | Fermentersludae

/ Distillation column \

Alcohol Wastewater

Figure 2-1: Operations in distillery plant and wastewater generation (Sankaran et al.,
2014)

Process factors such as the quality of molasses used, unit operation procedures applied during
the alcohol production process and process recovery of alcohol determine the pollution load of
the distillery effluent (Satyawali & Balakrishnan, 2008). Sankaran et al. (2014) reported that
for every litre of alcohol produced 10 - 15 litres of effluent is generated. Moreover, the increase
in the demand for alcohol due to wide spread application of alcohol as fuel, in food and
pharmaceuticals, has led to the rise in distillery industries resulting in a corresponding increase
in wastewater discharge (Mohana et al., 2009). As shown in Table 2-1, the wastewater from
distillery plant has a high organic load and dark brown colour.



Table 2-1: Characteristics of distillery effluent.

(Satyawali &

(Sankaran et al., Balakrishnan,
Parameter 2014) (Siles et al., 2011) 2008)
Colour Dark brown - Dark brown
Temperature (°C) 80-90 - -
pH 4-4.6 3.75-3.83 3.0-54
Conductivity (mS/cm) 26-31 - -
Total suspended solids (TSS) (mg/l) 4,500-7,000 - 350

COD (mg/l)
BOD (mg/l)

85,000-110,000
25,000-35,000

68,560 -76,600
29,700 - 29,800

65,000 - 130,000
30,000 - 70,000

Volatile acids/Acidity (mg/l) 5,200-8,000 1,500 -1,600 -
Sulphate (mg/l) 13,100-13,800 - 2,000 - 6, 000
Total nitrogen (mg/l) 4,200-4,800 - 1,000 - 2,000
Chlorides (mg/1) 4,500-8,400 - -
Phosphates (mg/l) 1,500-2,200 - 800 - 1,200
Phenols (mg/l) 3,000-4,000 450 - 460 -

Poorly treated distillery wastewater poses a serious threat to water quality in several regions
around the world (Mohana et al., 2009). It has been observed that discharge of distillery
effluent into water bodies interferes with the respiration in fish due to the presence of inorganic
and organic salts in the effluent (Ramakritinan et al., 2005). These pollutants lead to
coagulation in gill mucous of the fish, resulting in a decrease in dissolved oxygen consumption
which causes asphyxiation (Mohana et al., 2009). In addition to that, the effect of uncontrolled
disposal of distillery spent wash on land surface has also been studied and it was found that
these wastes are equally harmful to vegetation. Fuess & Garcia (2014) reported that this waste
inhibits seed germination since it alters soil alkalinity and reduces manganese availability to
plants. Distillery effluent contains biorecalcitrant melanoidins which are responsible for its

dark brown colour.

2.2 Melanoidins in distillery effluent
Distillery effluent has a characteristic dark brown colour imparted by melanoidins.

Melanoidins are heterogeneous nitrogen containing organic compounds, with brown pigments,
produced by Millard reaction (Wang et al., 2011). Discharge of wastewater containing
melanoidins to water bodies is harmful as they block light penetration into aquatic systems thus
hampering the growth of aquatic photosynthetic plants. This in turn leads to reduction in
dissolved oxygen in such water bodies. Moreover, melanoidins are reported to have antioxidant

properties that make them harmful to aquatic life (Sankaran et al., 2014).



Melanoidins are formed through a complex pathway which involves the reaction between
reducing sugars and amino acids through Millard reaction (MR) during cane juice processing
(Satyawali & Balakrishnan, 2008). The structure of melanoidin produced in the MR heavily
depends on the specific reducing sugars and amino acids involved in the reaction and reaction
conditions such as temperature, reaction time, pH and solvent used (Wang et al., 2011). The
complex reactions leading to the formation of melanoidins during MR are cyclization,
dehydration, retroadolization, rearrangement, isomerization and condensation of intermediates
produced in the MR process (Wang et al., 2011). Due to the complexity of the products that
are generated in the MR, it is not easy to elucidate melanoidins and determine their definite
structure, therefore the definite structure of melanoidin is not well understood (Wang et al.,
2011; Sankaran et al., 2014; Satyawali & Balakrishnan, 2008). Determining the structure of
natural melanoidins is even more complicated by the fact that the elemental composition of
melanoidin polymer depends on the type and molar concentrations of the parent reactants
which are amino acids and reducing sugars (Chandra et al., 2008). In nature multiple amino
acids and reducing sugars can simultaneously react in a given setup to produce melanoidin

polymers with varying elemental composition.

Figure 2-2: Structure of basic melanoidin formed from 3-deoxyhexosuloses and amadori
reaction products (Sankaran et al., 2014)

However, researchers have suggested the basic melanoidin structure (Figure 2-2) which is
produced by reacting model reducing sugars with model amino acids under specific reaction
conditions (Sankaran et al., 2014). Still, this does not give any reliable information on



melanoidins formed in industrial processes as it is not easy to simulate the natural reaction
conditions, and there exist multiple precursors in industrial processes which possibly are

simultaneously involved in the Millard reaction.

Researchers are in agreement that functional groups of melanoidins can vary widely due to
variation in reaction conditions and type of carbohydrate (sugars) or amino acids present in
particular melanoidin (Sankaran et al., 2014; Wang et al., 2011). The melanoidins in distillery
effluent are generated during high temperature processing of cane juice. Under this condition
reducing sugars and amino acids present in cane juice react to form melanoidins. Proposed

reactions leading to the formation of melanoidin is shown in Figure 2-3.

+Amino group

- i - -
Aldose sugar <> | N-substituted —» | Amadori reaction products and Ketone
| -H0 glycosylamine
i v v v
Furaldehyde and furanone Dicarbonyl compounds ¢
Aldehydes
A\ 4
o Aldol condensation
g products.
|
i + Amino acids
+ Proteins LMW advanced MRPs

+ Polymerization

HMW advanced MRPs

Figure 2-3: Formation of advance low molecular weight (LMW) and high molecular
weight Millard reaction products (MRPs) from the Millard reaction (Wang et al., 2011).

Melanoidins have antioxidant property (Wang et al., 2011); due to this, they are not degraded
by biological treatment (AD) of distillery effluent. Even though melanoidin imparts a dark
brown colour to the distillery effluent, it is reported to constitute only about 2% of distillery
effluent (Kalavathi et al., 2001). The remaining proportion of distillery effluent is fairly

biodegradable (Sankaran et al., 2014). As a result, distillery effluent is a viable source of
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renewable energy source if anaerobically digested (Satyawali & Balakrishnan, 2008).
Therefore, anaerobic digestion is the most preferred method for the treatment of distillery
effluent (Sankaran et al., 2014; Satyawali & Balakrishnan, 2008; Yasar et al., 2015)

2.3 Anaerobic digestion
Anaerobic digestion is widely applied in the treatment of industrial effluent with biodegradable

organic content. This is due to its numerous advantages such as ability to operate at high
organic loading rates at low retention time, low sludge production, high nutrient removal and
production of biogas which is a renewable energy source (Yasar & Tabinda, 2010). The dual
advantage of reducing pollution load while producing biogas has made anaerobic digestion
(AD) to be of research interest. Moreover, the application of biogas, which is a renewable
energy source, helps in conserving the depleting natural energy sources and mitigating the
environmental problems such as global warming. In some industries, the biogas produced by
anaerobic digestion has been used to supplement the energy requirement of the plant (Sankaran
et al., 2014). However, one major challenge of AD is that it is complex as it occurs in a unique
environment in which consortia of bacteria break down complex organic compounds to
methane and carbon dioxide. For successful AD treatment of industrial wastewater, the
anaerobic process and condition under which different bacterial groups operate optimally must

be understood.

2.3.1 Anaerobic digestion process

A set of sequential complex metabolic processes occur during AD. The AD process involves
three major distinct and interdependent groups of bacteria operating within a self-regulating
fermentation process. These bacterial groups are acidogenic bacteria, acetogenic bacteria and
methanogenic bacteria. The participation of different classes of bacteria existing in the
anaerobic digester is shown in Figure 2-4. Acidogenic bacteria convert products of hydrolysis
of complex organic matter into volatile fatty acids (VFASs), alcohols, ketones, carbon dioxide
and hydrogen. Acetogens convert long chain VFAs (LCVFAs), alcohol and ketones into
acetate, Hz and CO.. Methanogens then convert acetate, H> and CO> into methane and CO> via
two pathways. In the first pathway, acetoclastic methanogens convert acetates into methane
and carbon dioxide while in the second pathway hydrogentrophic methanogens convert H, and
COz into methane. About 70% of methane is produced via the acetate route (Yasar & Tabinda,
2010). If sulphate is present in wastewater, then sulphate reducing bacteria (SRB) will also be

involved in the process as they will be responsible for the reduction of sulphates to sulphides,
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dissolved in effluent as HS/S?/H,S or to H,S in biogas (O’Flay et al., 2006; Acharya et al.,
2008).
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(Carbohydrates,

proteins, lipids)

Hydrolysis

Fermentation
Organic molecules (sugars, fatty acids,

amino acids)

\L . ) Fermentation
Acidogenesis

and Acidogenesis
Alcohols, LCVFA, Ketones

Acidoagenesis AcetogerN
Acetate

Sulfidogenesis  (sulfate reducing)

Hz, CO2

1

1
1 1
1 1
1 1
1 . . 1
! Methanogenesis  (hydrogenotrophic) !
: methanogens) Methanogenesis ~ (aceticlastic i
i methanogens) i
1 1
i > Methane, Carbon dioxide i
| |
1 1
1 1
| |
1 1
1 1

---------------- > Sulfides (HS", HS) b

Figure 2-4: Metabolic steps involved in the complete anaerobic degradation of organic
matter to methane and carbon dioxide, adopted with modification from (Aiyuk et al.,
2006; Moraes et al., 2015).

2.3.2 Stability of anaerobic process
Quite often, anaerobic digesters fail due to imbalances in the reactor. The major causes of

imbalances are organic overloading, presence of biorecalcitrant substrates, fluctuations in pH
and temperature and microbial washout. The pH fluctuation is an indication of the inability of

the system to buffer itself. This means that the rate of VFAs production is not matched by the
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rate at which they are consumed (Acharya et al., 2008). In the anaerobic digestion,
acidogenesis and acetogenesis reactions are acidifying while methanogenesis is alkalizing
(Acharya et al., 2008). For a stable operation, there should be a state of equilibrium between
the acidifying and alkalizing reactions in the digester. In a case where the stability is not
achieved more acids will be generated leading to pH reduction of the system and eventually
resulting in a digester failure. This is due to the fact that acidogenesis reactions are more
thermodynamically favourable than methanogenesis (Table 2-2). Subsequently, the acidogens
have the highest growth rates due to the fact that they have the highest substrate uptake rate

compared to methanogens (Moraes et al., 2015).

Table 2-2: Some of the basic reactions during anaerobic process and their Gibbs free
energies.

Step Reaction A G°
(kJ/reaction)
Acidogenesis CeH1206 + 2H,0 —  2CH3COO" + 2CO; + 2H* + 4H, -206
CeH1206 + 2H, — 2CH3CHCOO" + 2H,0 + 2H* -358
CeH1206 — CH3CHCH,COO" + 2CO; + H* + 2H; -255
Acetogenesis CH3;CH,COO + 3H,0 — CH3COO™ + HCO3 + H* + 3H; +76.1
CH3CH2COO™ + 2HCO3z — CH3COO™ + H* + 3HCOO +72.2
CH3CH,COO" + 2H,0 — 2CH3COO™ + H* + 2H, +48.1
Methanogenesis CH3;COO +H,O0 — CHs+HCO3 +H: -31.0
H, + 1/4HCO3 + 1/4H* —  1/4CH4 + 3/4H,0 -33.9
HCOO" + 1/4H,0 + 1/4H* — 1/4CH4 + 3/4HCOg -32.6

Acidogenesis can only be a limiting step in an AD system if the substrate to be degraded is not
easy to hydrolyse (Moraes et al.,, 2015). Contrary to the acidogenesis, acetogenesis is
thermodynamically unfavourable in standard conditions as indicated by the difference in Gibbs
free energy in Table 2-2. However, the possibility of acetogenesis reactions occurring in an
AD system depends on the interaction between the acidogenesis and methanogenesis.
Acetogenesis occurs favourably if the products of the acidogenesis are maintained at low
concentration. This is achieved when methanogenesis consumes the products of acidogenesis
and this ensures that the complex self-regulating process in the digester is stable. There are

various factors that affect the stability of an anaerobic digester.
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2.3.3 Factors affecting anaerobic digestion
For anaerobic digestion to occur successfully, it is significant for a favourable environmental

condition to be maintained in the reactor. The various environmental conditions which heavily
affect anaerobic digestion process are: temperature, pH/alkalinity, mixing, organic loading rate

hydraulic retention time and availability of nutrients.

Temperature

Anaerobic digestion is reported to be more effective in two different temperature ranges,
namely, mesophilic and thermophilic conditions (Yasar & Tabinda, 2010). The optimal
temperature for mesophilic conditions is about 37 °C while for thermophilic it is about 55 °C.
The variation in optimal temperature in the AD system is due to the existence of many classes
of bacteria that have different responses to temperature (Moraes et al., 2015). Failure to
maintain temperature within the optimal range may affect the balance between production of
intermediates and their consumption leading to inhibition or reduction in digester efficiency
(Moraes et al., 2015).

pH/Alkalinity

Anaerobic digestion is pH sensitive and the favourable pH condition is reported to be between
6.0 and 8.0, with optimum value at 7.0 (Acharya et al., 2008; Yasar & Tabinda, 2010).
Acidogenesis and acetogenesis are acidifying steps as they produce acids and hydrogen while
the methanogenesis is an alkalizing step as it consumes hydrogen and HsO* ions (Acharya et
al., 2008). Further, hydrolysis of proteins that releases ammonia and salts of weak acids is also
an alkalizing step (Moraes et al., 2015). In a stable condition the balance between the acidifying
and alkalizing steps maintains the pH within the required range. However, depending on the
characteristics of the wastewater being treated, alkalizing agents can be added in small amounts
to improve the buffering capacity of the system. Mild alkalizing agents such as NaHCO3 or
Ca(HCO:s), are more recommended than strong agents such as NaOH and KOH.

Even though monitoring of pH is necessary, it is also necessary to monitor alkalinity alongside
pH. Monitoring of alkalinity is more efficient than that of pH. This is due to the fact that pH is
expressed in logarithmic scale while alkalinity is expressed in linear scale. It implies that a
slight decrease in pH may result in consumption of a large amount of alkalinity leading to

substantial reduction in buffering capacity (Moraes et al., 2015).
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Availability of nutrients

For faster reactor start up and reactor stability, the nutrients for biodegradation which are
majorly carbon (C), nitrogen (N) and phosphorus, must be in a specific optimum ratio. An
optimum ratio which exists in literature varies considerably. A COD:N:P ratio of 300:5:1or
350:7:1 has been reported for a rapid and efficient start up and reactor stability (Aiyuk et al.,
2006; Farhadian et al., 2007). A C:N:P ratio of 400:5:1 and 100:28:6 has also been reported
and it was also reported that a COD:SOq ratio of less than 10:1 causes H»S inhibition, odour,

corrosion and deteriorated biogas quantity and quality (Aiyuk et al., 2006).

Organic loading rate and hydraulic retention time

Organic loading rate (OLR) is the amount of organics which is fed into the reactor per given
period of time; it is expressed as mass of organic per volume of digester per day (kg/L.d). The
performance of anaerobic digesters depends on OLR applied and there exists an OLR value at
which the performance is optimum. At OLR above the optimum, the reactor experiences
organic overloading which is indicated by accumulation of volatile fatty acids (Borja et al.,
2004). This in turn leads to reduction in pH and high consumption of alkalinity in the reactor.

Organic loading rate is related to hydraulic retention (HRT) as:

OLR =% =2 1)
14 HRT

where Q is the feed flow rate (m3/day), S is the feed COD (kg/m?®) and V is the digester volume

(m°).

A digester which is capable of achieving high efficiency at short HRT is economical as high
volumes of wastewater can be treated within a short period. Moreover, robust anaerobic
digesters such as fluidised bed and up-flow anaerobic sludge blanket reactors have been
devised and they are able to reduce HRT from conventional ~30 days to a few days or hours
(Singh & Prerna, 2009).

Mixing

The performance of anaerobic digestion, just like any other biochemical reaction, depends on
the degree of mixing. Proper mixing ensures efficient contact between the microbes and the
substrate and it prevents local accumulation of VFAs in various parts of the reactor. However,
a very high mixing speed can create shear stress which may interfere with bacterial colonies.
Mixing in a reactor can be achieved by an installed stirrer or by recirculation of the effluent. In

the case of recirculation, the velocity of the fluid needs to be regulated and it should be high

15



enough to provide good contact between biomass and substrate as well as being able to disturb
the gas trapped on the biomass to facilitate separation of gas bubbles from biomass surface
(Yasar & Tabinda, 2010). Different types of reactor configurations achieve mixing in various

ways and thus vary in performance.

2.4 Reactor configuration
The type of reactor employed in an AD system influences the overall efficiency of the treatment

process. The two major distinguishing aspects in efficiency of reactor types is the ability to
achieve a desired degree of mixing and ability to retain microbial colonies in the reactor (Singh
& Prerna, 2009; Melidis et al., 2003). These two qualities will determine the OLR, HRT and
gas production potential of a given reactor type. Initially, AD treatment of industrial effluent
was carried out in suspended growth systems such as covered lagoons, complete mix digesters
and plug flow digesters. These digesters were not efficient as they operated under long HRT
ranging from 30 to 45 days due to microbial wash out (Singh & Prerna, 2009). This was due to
the fact that in these reactors the microbes were floating or suspended in liquid and a fraction
of these actively growing microbes was always continuously discharged with the effluent.

The efficiency of the AD process has been greatly improved by applying reactors containing
microbial carrier materials. In these reactors, the carrier materials are colonized by the
microbial mass thus the microbial population in the reactor is always maintained by avoiding
wash out. The microbial carrier can either be an inert material or granular sludge formed by
dead biomass. The reactors with carrier material can further be classified as fixed bed anaerobic
reactor, up-flow anaerobic sludge blanket reactor (UASB) and fluidised bed reactor (FBR). In
fixed bed reactors, the packed bed does not move and the microbes colonise the stationary bed.
This reactor type can withstand high organic loading without experiencing shock due to its
ability to retain large amounts of microbial mass. The fixed bed also acts like a filter which
removes suspended solids from the treated effluent, therefore installing a clarifier after the AD
unit may not be necessary. However, since the bed is stationary, poor mixing is achieved and
VFAs may accumulate in some parts of the reactor leading to relatively lower efficiency. Also
bed clogging is very common in fixed bed reactors therefore high energy is required to pump
the effluent across the bed. Furthermore, the working volume of a fixed bed reactor is small as

a large part is occupied by the stationary bed of packed material.

In the UASB reactor, granular sludge is allowed to grow and mixing is achieved by upward

flow of recycled effluent thereby achieving good mixing. This reactor type is more efficient
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than fixed bed but it is relatively complex to construct and operate. Anaerobic fluidised bed
reactor shares in the good attributes of fixed bed reactor and UASB. This is due to the fact that
the bed is made up of inert biomass carrier material, like in fixed bed, however fluidization,
which results in mixing, is achieved by recirculating the effluent through the bed like in the
case of UASB. The mixing enables the bed to expand and therefore very little biomass carrier
material is used unlike in fixed bed reactors. The advantage of FBR over UASB is that the
granulation process in the UASB during start up takes a long time and needs special conditions,
unlike in FBR in which there is inert material for microbial colonization. Due to this advantage,
this work will focus on fluidised bed reactor. The performance of various packed reactors is

shown in Table 2-3.

Table 2-3: Performance of different packed anaerobic digesters treating distillery
effluent.

OLR (kg COD

Reactor type HRT (d) COD/m3d  removal % Reference
UASB 2.1 55-20 70-90

2 6.1-18 >90

2.2 51-10.1 90 (Melamane et al., 2007)
Fluidised
bed reactor

(Sowmeyan &
Perlite 0.19-2 35 84 Swaminathan, 2008)
(Garcia-Calderon et al.,

Perlite 0.35 17 75-95 1998)
Zeolite 0.45 3.0-20.0 >80 (Andalib et al., 2012)
Zeolite 0.45 3.0-20.0 >80 (Fernandez et al., 2008)
Fixed bed
reactors
Charcoal 10-30 6.2-18.6 80
Coconut coir 8- 30 6.2-23.3 80 (Acharya et al., 2008)
Nylon fibre 20-30 6.2-9.3 60
Zeolite
(batch) 25 5.7/l 75 (Apollo et al., 2013)
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2.5 Fluidised bed reactor
A wide application of fluidized bed reactors in biochemical processes such as enzyme

production, fermentation and bioconversions have been reported due to its high efficiency. The
major advantages of fluidised bed bioreactors are as follows. In the first place, due to the fact
that the FBR can operate at high biomass concentration, there is a high mass transfer area. This,
coupled with efficient mixing capacity, results in high conversion. Subsequently, much smaller
reactor volumes are required than in suspended growth systems such as covered lagoons, plug
flow reactors and continuously stirred tank reactors. Secondly, the use of FBR leads to low
sludge generation due to biomass retention by the support materials leading to reduction in
sludge management cost. Finally, fluidization is able to solve the operating problems like bed
clogging and high pressure drop associated with fixed bed reactors (Andalib et al., 2012). The
type of carrier material used in an FBR affects its efficiency in biogas production and waste

removal.

2.5.1 Carrier Material
Various types of materials have been used as support for microbial growth in several fluidised

bed reactors in biological processes. The major properties which affect fluidisation of microbial
support materials are particle density, size, shape and total mass in the FBR. Apart from low
density, another desirable quality for a carrier material is high total surface area to mass ratio
which enables high microbial attachment. Materials used in FBR treating wastewater can be
classified as those with density higher than that of water and those with density lower than that
of water (Papirio et al., 2013). Some of the widely used materials with density higher than that
of water are porous glass beads, zeolites, granular activated carbon, sand and celite particles,
among others. The applied materials with density lower than that of water are majorly polymers
such as polyethylene, polypropylene and polystyrene and other materials such as perlite and
cork (Garcia-Calderon et al., 1998; Papirio et al., 2013). The higher density materials are
applied in up-flow fluidization while those of low density are applied in down-flow fluidization
processes. Both of these materials have been applied with varied biomass attachment capacities
reported (Papirio et al., 2013).

A study on the suitability of spherical glass beads as biomass carrier material in FBR has been
reported (Nagpal et al., 2000). The particles were found to be very suitable due to their porosity
and roughness which increased their surface area for biomass attachment. The surface of the
particles had pores of 10-30 pum in diameter and 5 pum deep. The availability of pores on

biomass carrier is an advantage in that they do not only increase the surface area but also
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provide shelter for the micro-organisms. This protects the micro-organism colonies on carrier
surface from fluid shear forces and attrition between particles during fluidisation (Voice et al.,
1992).

The biofilm thickness which was observed when sand was used as biomass carrier material in
an FBR was exceedingly high. It was 200 um compared to the reported optimum value of 100
pm (Papirio et al., 2013). The exceedingly high biofilm thickness is not favourable for the
biochemical process as it hinders mass transfer to the microbes beneath the thick layer.
Consequently, thick biofilm leads to starvation of the underlying microbes leading to their
death. The excessive biomass thickness on the carrier material can be reduced or controlled by
increasing superficial fluid velocity, which leads to an increase in liquid shear force which
subsequently dislodges the excess biofilm (Papirio et al., 2013). Table 2-4 summarises
application of various support materials in FBR in biochemical wastewater treatment

processes.

Table 2-4: Application of various carrier materials in FBR.

Superficial
Carrier Size (mm)  velocity (m/min)  Application Reference
Granular activated and Treatment of volatile aromatic
non-activated carbon 0.75 0.29-0.61 hydrocarbons (Voice et al., 1992)
Sand particles 0.86 0.28 - 0.93 Denitrification (Papirio et al., 2013)
(Garcia-Calderon et al.,
Polyethylene spheres 3.6 0.14-0.22 Hydrodynamic study 1998b)
Biological wastewater
Polyethylene 10 0.02-0.48 treatment (Ochieng et al., 2003)
Glass beads 0.255 0.1-0.48 Hydrodynamic study (Doroodchi et al., 2012)
Anaerobic digestion of wine (Garcia-Calderon et al.,
Perlite particles 0.968 0.033 distillery wastewater 1998b)
Spherical granular Anaerobic digestion of dairy
silica particles 0.175 0.09 wastewater (Arnaiz et al., 2003)
Anaerobic digestion of thin
Zeolite particles 04-06 0.852 stillage (Andalib et al., 2012)
Hydrodynamic and sorption
Zeolite particles 07-22 15-138 studies (Jovanovic et al., 2014)
Polyvinyl chloride Anaerobic digestion of
particles 2 05-1 wastewater (Jaafari et al., 2014)

Generally, a good carrier material in the FBR should have a large surface area and should
integrate its ability to accommodate high microbial density with its ability to attract the
pollutants to its surface through adsorption so that there is intimacy between the feed and the

attached microbes (Montalvo et al., 2012). Zeolites have been widely considered as biomass
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support material due to the fact that they are naturally occurring, they have good adsorption

capacity and have the ability to hold high microbial density (Fernandez et al., 2008).

2.5.2 Zeolite as a suitable biomass carrier material
The surface area of zeolite is reported to be in the region of 24.9-26.5 m?/g (Montalvo et al.,

2012; Andalib et al., 2012), with adsorption capacity of about 23.3 mg/g (Jovanovic et al.,
2014) and ion exchange capacity of 2 meq/g (Montalvo et al., 2012). These properties lead to
high performance when zeolite is used as biomass carrier in anaerobic wastewater treatment.
In the first place, the high surface area makes zeolites to hold high microbial population density
while the adsorptive property helps bring the substrate in close proximity to the microbial
colonies on the zeolite surface (Fernandez et al., 2008). Moreover, the good ion exchange
capacity enables zeolite to simultaneously remove cations in wastewater during AD treatment.
Typically, zeolite is very effective in the removal of ammonium produced during anaerobic
digestion of nitrogen rich organic compounds thus reducing the inhibitory effect of high

ammonium concentration (Montalvo et al., 2012; Tada et al., 2005).

Colonization of zeolite particles by micro-organisms in anaerobic digester has been confirmed
using scanning electron microscopy (SEM) and single strand conformation polymorphism
(SSCP) analysis based on amplification of bacterial and archaeal 16s rRNA fragments (Weil}
etal., 2011). The studies revealed that distinct species of the micro-organisms involved in the
AD process preferred zeolite surface, probably due to a favourable environment for microbial
growth. Colonization of zeolite was found to be more favoured by methanogens. Methanogens
are considered to be a more delicate class of microbes than acidogens and due to their
sensitivity to pH, organic load and VFASs their inactivity leads to digester failure and very low
methane production. Therefore, application of zeolite in the biodigester has massive advantages
as it ensures that methanogen population is maintained in the reactor. Methanogens were found
to colonize zeolite surface in the order: Methanococcaceae > Methanosarcina > Methanosaeta
(Montalvo et al., 2012). It was further observed that the application of zeolite in the digester
doubled the specific methane productivity rate compared to a case where zeolite was not used
(Montalvo et al., 2012). This further showed the significance of zeolite in maintaining the

methanogens’ population.
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2.5.3 Hydrodynamic properties of zeolite in fluidised bed reactor (FBR)
The efficiency of an FBR depends on the hydrodynamic conditions of the reactor which is

affected by physical properties of the fluidised particles. Fluidization of particles in an FBR
occurs as the superficial liquid velocity is increased from minimum fluidization velocity to
terminal velocity of the particles (Loranger et al., 2010). At a superficial velocity above the
particle terminal velocity, transportation of the particles which leads to entrainment occurs
(Galvin & Nguyentranlam, 2002). The optimal superficial velocity depends on the particle’s
density, size, shape, amount and the reactor design. The amount of particles and their size
should be appropriately selected since large particle size and large amounts of particles require
high fluidisation velocity that increases the operating cost. The effect of zeolite particle size
and amount on minimum fluidization velocity and bed expansion characteristics, which is an

indication of homogeneity, is shown in Table 2-5.

Table 2-5: Hydrodynamic characteristics of zeolite particles.

Zeolite  size Reactor [Static bed n Uni Ut
(mm) size (L) height]/[Reactor height]  value  (cm/min) (cm/min) Reference
(Jovanovic et al.,
0.7 0.08 0.3 0.3 13.8 792 2014)
(Jovanovic et al.,
2.2 0.08 0.4 0.3 336 336 2014)
(Inglezakis et al.,
0.25-0.315 0.6 0.35 8.6 2010)
(Inglezakis et al.,
0.315-0.5 0.6 0.35 11.3 2010)
(Gallant et al.,
0.9 16 0.1 3.7 19.2 2011)

The values were calculated from experimental data using the expression (Jovanovic et al.,
2014):

U, = U(1—9,)" 2

where Ur (cm/s) is the superficial liquid velocity, Ut is the terminal velocity of the particles
(cm/s) and n is the bed expansion index. The volume fraction of solids (@s) at any bed height

is calculated as:

s = — ©)

ppAcH

where m is the mass (g) of the particles in the reactor, p,, is the density of the particles (g/cm?),

A is the cross sectional area of the reactor (cm?) and H is the fluidised bed height (cm) at any

UL. The bed expansion index and the terminal velocity can be determined from a linear
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regression of the plot of log (UL) against log (1- @s) from equation (2) as explained in various
studies (Gallant et al., 2011; Jovanovic et al., 2014).

2.5.4 Performance of zeolite in FBR
Various studies have been conducted in FBR to evaluate the performance of zeolite in

wastewater treatment under various hydrodynamic conditions. A study on the effects of bed
expansion and particle size (Dp) was carried out (Fernandez et al., 2008). The D, studied was
0.2-0.5 mm and 0.5-0.8 mm while bed expansion was 20% and 40% at varying OLRs. The bed
expansion was found to have a slight effect on COD removal efficiency while it had a
significant effect on methane production rate. A slightly higher methane production was
obtained at bed expansion of 40% than that of 20%. This was due to improved contact between
micro-organisms on the carriers and substrate at bed expansion of 40%. However, both the bed
expansion and Dy did not have any effect on reactor stability. The large zeolite particles had
slightly higher COD reduction (<5%) compared to the smaller particles while methane
production was almost similar for the two particle size ranges studied. Even though larger
particles achieved about 5% more COD reduction than the smaller particles, it is costly to
fluidize larger particles. However, taking the advantage of the improved biogas production,
Andalib et al. (2012) used the biogas to supplement liquid in fluidisation, thereby reducing the

operation cost.

Fernandez et al. (2007) found that the biomass attached on zeolite (Dp = 0.25-5mm and 0.5-0.8
mm) in an FBR treating distillery wastewater was in the range of 40-45 gVS/L. The
predominant colonies on zeolite were determined using fluorescent in situ hybridization (FISH)
and they were found to be majorly methanogens of species Methanosaeta and
Methanosarcinaceae while there was a reduction in sulphate reducing bacteria. The methane
yield coefficient was found to be 0.29 L CH4/g COD removed while COD reduction was 90%
at OLR of up to 20 gCOD/m?3d. Almost a similar observation was reported by Montalvo et al.
(2008) when treating winery wastewater using zeolite in FBR. The attached biomass
concentration was found to be 40-46 gVS/L after 90 days of digestion with a COD reduction
efficiency of 86%. The improved biogas production due to the application of zeolite is very
significant considering the fact that biogas from anaerobic digestion of organic wastes has
become an attractive source of renewable energy. This is due to the depletion of fossil fuels

and the environmental concern associated with the application of energy from fossil fuels.
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2.6 Energy potential of anaerobic digestion of distillery effluent
Research on replacement of fossil fuels by biofuels has intensified of late. VVarious economic

sectors are encouraged to use renewable energy sources due to the fact that they are sustainable.
This has triggered a growth in the exploitation of the renewable energy sources in most parts
of the world (Moraes et al., 2015). Biogas production from various wastes and its conversion
into energy has been reported in various parts of the world. Currently, Europe has recorded an
increase of 18.4% in electricity production from biogas, which corresponds to actual electricity
production of 35.9 tWh (Moraes et al., 2015).

Taping biogas produced from anaerobic digestion of distillery spent wash for energy generation
IS a growing trend in major parts of the world (Moraes et al., 2015; Yasar et al., 2015). The
main form of energy recovery is through co-generation, which involves simultaneous
electricity and heat generation. Heat generated from biogas can be applied in the anaerobic
digestion plant for maintaining digester temperature or can be used to generate steam in boilers
in the distillery plant (Sankaran et al., 2014). The heat can also be used to dry sludge while the
electricity can be used in the plant (Moraes et al., 2015; Yasar et al., 2015).

Various studies have been conducted to evaluate the energy production potential of
biomethanation plant treating distillery effluent. Recently, Yasar et al. (2015) conducted a
study to evaluate the potential of a biomethanation plant treating distillery effluent in
Shakarganj in Pakistan. In their work, a cleaned biogas was used to operate an engine of 8 MW
installed capacity to generate electricity. Consequently, the exhaust gases from the engine, with
temperatures of about 500-550 °C, was used to produce steam in boilers. The study found that
the biogas plant could generate electricity and heat sufficient for its operation. The spent wash
treated had COD of 24-32 g/l with an average spent wash volume of 1394 m3/d which produced
55760 m3/d of biogas, resulting in the production of 103 MWh of power and 77 t of steam per
day. The variation in venasse volume, power generated and steam production of one year
during the study period is shown in Table 2-6. High spent wash volume was recorded between
the months of January and April since sugar cane is a seasonal crop with high production

reported in these months.

Moraes et al. (2014) estimated that the biogas produced from distillery effluent treatment can
generate approximately 7 MW of energy per season, if the methane content of biogas produced
is 60%. Elsewnhere, a case study of energy production from a biogas plant treating spent wash

in Bordeaux, France is reported (Moraes et al., 2015). In a season, it received average effluent
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volume of about 550000 m? with organic load of about 22 kg COD/m? and its biogas produced
energy of about 20000 MWh. The energy was converted into heat and electricity of about 8000
MWh and 3300 MWh annually, respectively. Despite high energy production and good organic
load removal of the anaerobic digestion of distillery effluent, the process is faced with some

challenges.

Table 2-6: A comparison of monthly production of energy from spent wash (Yasar et al.,
2015).

Biogas Power Steam
Distillery ~ Spentwash  production generation production

Month units (m3/d) (m3/d) (MWh) (Ton/d)

2 946 37840 2102 53
Oct

2 946 37840 2102 53
Nov

3 1435.5 57420 3190 80
Dec

4 1980 79200 4400 110
Jan

4 1980 79200 4400 110
Feb

4 1980 79200 4400 110
March

4 1980 79200 4400 110
April

3 1435.5 57420 3190 80
May

3 1435.5 57420 3190 80
Jun

2 946 37840 2102 53
Jul

2 946 37840 2102 53
Aug

2 946 37840 2102 53
Sept
Average/day 1394 55760 103 77

2.7 Challenges of AD treatment of distillery effluent.
Application of robust anaerobic reactors such as FBR has been reported to result in high COD

reduction and improved biogas production efficiency. However, due to the presence of the
biorecalcitrant melanoidins, which forms about 2% of the effluent (Kalavathi et al., 2001), the
biomethanated effluent still has an intense dark brown colour and residual COD. The

characteristic of raw and anaerobically digested distillery effluent is shown in Table 2-7. Thus,
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even though, anaerobic digestion is applied as major technology for distillery effluent
treatment, it cannot be applied as single technology (Satyawali and Balakrishnan, 2008). For
this reason, various treatment techniques are usually applied as post-treatment to the AD to
further remove the biorecalcitrant compounds. Various methods which have been applied in
the post-treatment of anaerobically treated distillery effluent (ATDE) include coagulation-

flocculation, adsorption, membrane filtration and advanced oxidation process.

Table 2-7: Comparison of the characteristics of raw distillery effluent and anaerobically
treated distillery effluent.

Raw distillery effluent Anaerobically digested effluent
(Sankaran et al., (Chaudhari et al.,

Parameter (Sankaran et al., 2014) 2014) 2007)
Colour Dark brown Dark brown Blackish brown
Temperature °C 80 - 90 35- 40
pH 4-46 75-8 8
Conductivity (mS/cm) 26-31 31-36
Total suspended solids (TSS)
(ma/l) 4,500 - 7,000
COD (mg/l) 85,000 - 110,000 25,000 - 40,000 38,750
BOD (mg/l) 25,000 - 35,000 7,000 - 10,000 7,200
Volatile acids (mg/l as acetic
acid) 5,200 - 8,000
Sulphate (mg/l) 13,100 - 13,800 4,000 - 4,500
Total nitrogen (mg/l) 4,200 - 4,800 350 - 400
Chlorides (mg/l) 4,500 - 8,400 8,400 - 8,600 3,000
Phosphates (mg/l) 1,500 - 2,200 400 38
Phenols (mg/l) 3,000 - 4,000

2.8 Post-treatment of anaerobically treated distillery effluent (ATDE)
2.8.1 Anaerobic digestion and coagulation/flocculation
Coagulation and flocculation (CF) using aluminium salts such as alum, sodium aluminate and

aluminium chloride has been widely applied to reduce colour and COD in anaerobically treated
distillery effluent (ATDE). These salts are able to rapidly destabilize the negatively charged
melanoidins in wastewater and enhance their removal by sedimentation or flotation. Colour
removal of up to > 95% has been reported when the conventional coagulant was applied in
treating diluted ATDE (Satyawali & Balakrishnan, 2008). The CF, however, needs to be
applied to wastewater with low pollution load as a high pollution load leads to high coagulant
dosage which increases the operation cost (Fuess & Garcia, 2014). Moreover, concentrated

effluent leads to the generation of a high volume of sludge which may be difficult to handle.
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Concerns have been raised about the safety of some of the chemicals used for coagulation;
recent studies have pointed out that application of aluminium salts can cause Alzheimer’s
disease (Chaudhari et al., 2007). In addition to that, alum reacts with the natural alkalinity of
water leading to a pH reduction. Besides, other coagulants such as FeCls perform better at very
low pH and this may require neutralization of the treated effluent (Chaudhari et al., 2007).
Alternative to using the inorganic salts, natural coagulants like seeds of Moringa oleifera can
be used but their application on large scale has not been adequately explored. Prasad (2009)
studied optimization of distillery effluent treatment using Moringa oleifera and found the

highest colour removal efficiency of 64%.

2.8.2 Anaerobic digestion and adsorption
Treatment by adsorption has huge potential for ATDE. Decolourization of ATDE by adsorption

on commercial activated packed bed reactors was found to achieve almost complete
decolourization. However, the high cost of commercial activated carbon prohibits its
application (Satyawali & Balakrishnan, 2008). In order to reduce dependency on activated
carbon as a sole adsorbent, researchers have developed low cost adsorbents by modifying some
natural materials such as zeolites (Onyango et al., 2011), bagasse (Mane et al., 2006), pyorchar
(activated carbon prepared form paper mill sludge) and other plant materials (Satyawali &
Balakrishnan, 2008). Application of modified bagasse on ATDE resulted in 50% colour
reduction after 4 h contact time when treating 100 ml of diluted effluent (Mane et al., 2006),
while colour removal of up to 98% with pyorchar was obtained (Satyawali & Balakrishnan,
2008). A study was carried out to compare the dosage of commercial activated carbon and
pyorchar required in removing colour to similar levels and it was found that a higher dosage
was required for pyorchar than for commercial activated carbon (Satyawali & Balakrishnan,
2008). Similarly, 30 g/l of modified bagasse could remove 58% colour while 20 g/l commercial
activated carbon could remove 81% of the colour (Satyawali & Balakrishnan, 2008). Therefore,
as much as adsorbents from modified natural materials are more cost effective than commercial
activated carbon, they generate more sludge which is costly to handle. Generally, high sludge
generation, when adsorption is applied in treating effluent with high pollution load like ATDE,

still remains its major challenge.

2.8.3 Anaerobic digestion and membrane filtration
Membrane filtration and reverse osmosis (RO) has also been widely applied in the treatment

of ATDE. An RO treated effluent has a high quality and in some instances can be recycled for

molasses dilution in the distillery industry (Satyawali & Balakrishnan, 2008). To improve the
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quality of the RO treated effluent to ensure its recycling, the RO effluent is diluted with fresh
water in a 50% v/v basis before recycling to the industry. Recently Nano Filtration (NF) has
been introduced for post-treatment of anaerobically digested distillery effluent. The NF process
is reported to remove all the colour besides attaining 95% removal of colloidal particles.
However, RO and NF are costly as they operate at pressures of 30-50 bars (Satyawali &
Balakrishnan, 2008). Moreover, frequent membrane clogging calls for regular maintenance
which increases operation cost. An energy analysis based on the energy consumed to provide
the necessary pressure and that produced by the AD process in relation to attainable effluent
quality, needs to be studied. This can give an insight into the actual cost of running the

membrane process.

2.8.4 Anaerobic digestion and aerobic digestion
As a post-treatment aerobic digestion has been widely applied in the treatment of ATDE, and

it led to a significant reduction in COD which remained after the anaerobic process. The colour
removal by conventional aerobic post-treatment is however, very low (Satyawali &
Balakrishnan, 2008). To achieve high colour reduction, specific classes of micro-organisms
such as fungi or bacteria with the ability to remove colour have been isolated and applied (Fuess
& Garcia, 2014). The specific micro-organisms are able to remove the colour up to above 90%.
However, high sludge generation coupled with a high demand for aeration limits the
application of aerobic digestion as post-treatment technique. It is reported that sludge
generation of aerobic digestion is about 0.55 kg COD microbial biomass/kg feed COD (Fuess
& Garcia, 2014). The high sludge generation rate leads to high sludge handling cost which
makes the whole treatment process to be costly. The electricity demand for aeration can reach
up to 2 kwWh/kg COD while anaerobic digestion produces about 2.6-2.8 kWh/kg COD (Fuess
& Garcia, 2014; Cheng et al., 2012). Performance of various methods integrated with the
anaerobic process in treating distillery effluent is shown in Table 2-8. Recently, studies on the
application of advanced oxidation processes (AOPs) for post-treatment of ATDE have been
carried out. This is due to the fact that these technologies are considered to be rapid and are

able to mineralize the pollutants.
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Table 2-8: Performance of anaerobic digestion integrated with various technologies in
treating distillery effluent

Combined Technology Efficiency Reference
Colour removal,
COD removal % %
AD+Coagulation/Flocculation 65 98.4 (Zayas et al., 2007)
80 88 (Ryan et al., 2008)
89 98 (Fuess and Garcia, 2014)

Anaerobic digestion+aerobic

digestion
66 60 (Ghosh et al., 2002)
88 80 (Tondee et al., 2008)
Anaerobic digestion+UV
photodegaradation 85.4 88 (Apollo et al., 2013)
uv photodegradation +
Anaerobic digestion 70 79 (Apollo et al., 2013)
Ozonation + electrocoagulation 83 100 (Asaithambi et al., 2012)
Ozonation + anaerobic digestion
+ 0zonation 79 100 (Sangave et al., 2007)

2.9 Advanced oxidation processes for post-treatment of ATDE
Application of AOPs in post-treatment of anaerobically digested wastewater has been widely

considered on laboratory scale (Yasar et al., 2006; Apollo et al., 2013). Common AOPs are UV
irradiation, Os, H202, UV/H20,/, UV/TiO, and photophenton (UV/H0./Fe?*). The AOPs
operate by generating highly reactive hydroxyl radicals in solution which attack and break
down the organic molecules. The AOPs have become popular due to the fact that they are
rapid and can mineralize the organic contaminant with little or no sludge generation. Some
AOPs involving UV radiation or ozone also have the combined effect of organic removal and
water disinfection (Rizzo, 2011). The fact that AOPs are rapid means that they require less
space than that of slower processes like biodegradation. The efficiency of various AOPSs such
as UV, O3, H202, UV/H,02 and UV/H,0/Fe?* was tested in post-treatment of effluent from a
biological UASB reactor treating mixed industrial wastewater, and the order of efficiency was
found to be UV/H.02/Fe?* > 03 > UV/H,0, > UV (Yasar et al., 2006).

Despite photo Fenton showing the best efficiency, it operates best at extreme pH conditions.
Ozonation was found to depend on temperature; at high temperatures there is compromise

between high mass transfer (particle collision) and low solubility. Just like photo Fenton,
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ozonation attains high efficiency at elevated pH (Yasar & Tabinda, 2010). In some studies,
ozonation was reported to enhance biodegradability of most wastewaters including that of
distillery effluent (Siles et al., 2011; Robles-Gonzélez et al., 2012). However, according to
Yasar et al. (2007), application of ozone in post-treatment leads to consumption of less energy
than if applied in pre-treatment. This could be as a result of the indiscriminative nature of ozone
in pre-treatment where it degrades both recalcitrant and biodegradable constituents leading to
high energy consumption, unlike if used in post-treatment when most biodegradable

constituents have been eliminated.

Apollo et al. (2014) compared various AOPs in the treatment of molasses wastewater, and the
performance was in the following order: TiO2/H202/UV > TiO2/UV < UV/H202/ > UV. In
another study treatment (Apollo et al., 2013), no increase in biodegradability was observed
when UV phocatalytic degradation was used as pre-treatment for distillery effluent. However,
the application of UV phocatalytic degradation in post-treatment was more efficient in colour
reduction than when applied in pre-treatment. Evaluation of the performance of AOPs based
on pollution removal alone may not be very accurate as the AOPs are energy intensive.
Therefore, energy efficiency of AOPs needs to be considered when calculating their efficiency.

2.10 Electrical energy requirement for AOPs
The electrical energy efficiency for the AOPs process is analysed using electrical energy per

order (Eaor). The Eaor is defined as the electrical energy (kWh) required to degrade a
contaminant by one order of magnitude in 1.0 m® water (Shu et al., 2013). The EE/O is

calculated as:

Eaor = ——— (KWhmorder?) (4)
A% log(c—;)

where P is the power (kW), t is the irradiation time (hrs), V is the volume (m®) of water treated,
Ci and Cs are the initial and final concentrations of the target contaminant. The energy
calculation for AOPs involving UV irradiation is based on the power consumption of the UV
lamp while for ozonation the power consumption of the ozone generator is considered (Yasar
& Tabinda, 2010). A study on the comparison of electrical energy consumption of some AOPs
treating mixed industrial wastewater after anaerobic digestion has been reported and results
shown in Table 2-9 (Yasar et al., 2006).
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Table 2-9: Table comparison of electrical energy requirement of different AOPs in colour
and COD reduction (Yasar et al., 2006).

Colour COD
Process EE/O Removal,% EE/O Removal,%
Ozone 8 96 12.5 89
uv 160 79 295 57
UV/H20, 86 91 120 82
UV/H.Oo/Fe** 6 100 11.8 97

Energy consumption for AOPs treating molasses wastewater in conical flasks by Apollo et al.
(2014b) was calculated and found to be in the order: TiO2/H202/UV > TiO2/UV < UV/H20, >
UV. The use of photocatalyst (TiO) irradiated with UV led to remarkable reduction in energy
consumption compared to cases where photocatalyst was not applied (i.e UV/H20, and UV).
This is due to high photoactivity of TiO2 and its ability to generate high amounts of hydroxyl
radicles that rapidly degrade the organic contaminants. Therefore, photocatalytic degradation

is considered as an appropriate AOP technology in this work.

2.11 Photocatalytic degradation.
Photocatalytic degradation is an advanced wastewater treatment technique that is employed to

destroy highly toxic and biorecalcitrant compounds such as aromatic chlorophenols and dyes
in wastewater stream. Photacatalytic degradation involves the use of a semi-conductor
(photocatalyst) in the presence of a light source to degrade such complex hydrocarbon
compounds into simpler organic compounds. The semi-conductors that can be used as
photocatalyst are TiO2, WO, FeTiO and SrTiO. Compared to other semiconductors, TiO2 has
been used extensively due to its high photocatalytic activity, non-toxicity, low cost and
chemical as well as thermal stability (Huang et al., 2008), while sunlight or UV irradiation have

been used as the source of light.

2.12 Application of photocatalysis in wastewater treatment
Industrial wastewater can be characterized by very high and recalcitrant COD. However,

photocatalysis can be suitably used for the treatment of industrial effluent with relatively low
COD (< 5, 000 mg/l), since high COD values will require the consumption of large amounts
of costly reactants and energy required to power the UV source (Andreozzi et al., 1999). This
therefore limits the application of photocatalysis to either low strength wastewater or for

removal of targeted biorecalcitrant components of otherwise high strength effluent. In this
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context, photocatalysis is suitable for removing the biorecalcitrant components of effluent after
primary biological treatment or it can be applied to improve the biodegradability of the
biorecalcitrant components before the final biological treatment step is applied. Due to this,
photocatalysis can therefore be applied in wastewater treatment in order to improve the quality
of biological wastewater treatment plant effluent by removing residual xenobiotics in order to
decrease final toxicity and make final wastewater reusable (Rizzo, 2011). Also, it can be used
to disinfect biologically treated wastewater to be reused. In this case, it is used as an alternative

to conventional chemical disinfectants such as chlorine, chlorine dioxide and ozone.

2.12.1 Challenges of photocatalytic wastewater treatment
Photodegradation performs well in mineralization of toxic and recalcitrant organic compounds

which cannot be easily biodegraded, however, it is faced with some challenges. In the first
place, the major challenge of this process is 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. 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.

2.12.2 Need for integration of photodegradation and anaerobic degradation

In this work, it is proposed that the solution to the challenges facing both the anaerobic
degradation and photocatalytic degradation of organic pollutants lies 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 can be carried out for a shorter period since complete
mineralization 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 the 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 re-use.

2.13 Energy analysis of integrated AD-UV system
The economic viability of an integrated anaerobic digestion and UV photodegradation process

depends on its energy consumption. This is due to the fact that UV photodegaradtion is an

energy intensive process. However, the advantage of such an integration in treatment of
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distillery effluent is that the anaerobic step has high energy production potential of 74 — 248
kWh/m® (Sankaran et al., 2014; Yasar et al., 2015), depending on the wastewater strength,
which can supplement the energy requirement of the UV process. What is not clear is the
energy consumption rate of the UV photodegradation (kWh/COD removed) and the associated
colour removal per KWh of energy utilized when treating distillery effluent. Moreover, how
factors such as OLR and HRT can impact on the energy consumption of the integrated process

and pollution removal efficiency is of interest.

The energy potential of biogas from distillery effluent cannot be underestimated as it has been
reported that if used as an alternative fuel, biogas can offset up to 40% of diesel requirement
of agricultural operations of sugarcane biorefinery and still produce 14 MWh of electricity
annually (Moraes et al., 2014). In relation to this fact, the supplementation of the UV process
energy requirement by that from biogas produced in the AD process needs to be studied.
Application of this technology can lead to the implementation of the clean development

mechanism under Kyoto protocol which encourages the use of renewable energy in production.

2.14 Clean development mechanism (CDM)
Clean development mechanism (CDM) was developed under Kyoto protocol and it entails

environmental management and climate change monitoring by reducing greenhouse gases
emissions, particularly CO>, to the environment. It encourages efficient use and conservation
of energy or adopting the use of renewable energy to replace energy from fossil fuels.
Application of renewable energy is one of the strongest CDM projects as it leads to the
reduction in CO2 emission. The application of bioenergy in powering the UV process can lead
to a remarkable reduction in CO2 emission than in a case where electricity from national grid
is applied. In order to evaluate the efficiency of the application of renewable energy in CO>
reduction, it is important to first determine the standard/baseline grid emission factor. The
baseline grid emission is expressed as mass of CO2 equivalent emitted per amount of electricity
generated (t CO.e/MWHh). The baseline grid emission factor in South Africa is reported as 0.957
tCO2e/MWh (Spalding-Fecher, 2011) while Yasar et al. (2015) applied baseline grid emission
factor of 0.4829 tCO2e/MWh in Pakistan. A study on the potential of an integrated AD-UV

system in CO2 emission reduction is therefore very necessary.
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Chapter 3
3. Hydrodynamic studies of fluidised bed anaerobic reactor and photoreactor

Abstract: The efficiency of a fluidised bed reactor (FBR) depends on its hydrodynamic
conditions. Therefore, for effective operation of an FBR it is necessary to determine the optimal
hydrodynamic conditions. In this work the hydrodynamics of a liquid-solid and a gas-liquid-
solid system in anaerobic reactor and photoreactor respectively, was studied. Optical attenuation
technique (OAT) was used to determine particle and gas distribution in the respective reactors.
Best particle distribution in the bioreactor was found to be at superficial liquid velocity of
between 0.6 cm/s and 0.75 cm/s. The radial bubble distribution in the photoreactor was found to
vary with superficial gas velocity (Ug) and aspect ratio. The bubble trajectory was found to be
spiral or zig-zag in nature due to large bubble size, which ranged between 6 and 11 mm
depending on the applied Ug. The optimal gas hold up and solid hold up for the photoreactor
were found to be 0.077 and 0.003, respectively. The total organic carbon (TOC) and colour
reductions of 68% and 97%, respectively were achieved by the photoreactor at the optimal

conditions when treating distillery effluent.

3.1 Introduction
Fluidised bed reactors (FBRs) have been applied in either biological or physicochemical

processes for industrial wastewater treatment (Papirio et al., 2013) The findings from lab-scale
and pilot-scale application of fluidised bed reactors have consistently demonstrated their
technical advantages over other reactor types such as fixed bed reactors or continuously stirred
tank reactors. In biological application, Rabah & Dahab (2004) reported that the efficiency of
fluidised bed bioreactor could be 10 times better than that of the activated sludge system and it
occupies about 10% of the space required by stirred tank reactors of similar capacity. The high
performance of the fluidised bed bioreactor is attributed to the high ability of biomass retention
and efficient mixing (Andalib et al., 2012). For instance, a biomass concentration of 40 g/L has
been reported for fluidised bed reactor compared to 3 g/L when activated sludge was applied
(Rabah & Dahab, 2004). Apart from the application of fluidised bed reactors for biochemical
processes, their application in physicochemical processes have grown exponentially (Jovanovic
et al., 2014). These reactors have been applied in adsorption processes (Jovanovic et al., 2014)
and chemical oxidation such as photocatalysis used in wastewater treatment (Shet & Vidya,
2016).

Depending on the nature of the process, fluidised bed can be operated as either two phase (gas-

liquid, gas-solid or liquid-solid) or three phase (gas-liquid-solid). Normally, gas, liquid or both
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is applied to achieve the desired fluidisation in the reactor. The flow of gas or liquid in a fluidised
bed reactor allows the effective contact between the reactants by enhancing mass transfer.
Experimental determination of intrinsic factors like local particle distribution, bubble properties
such as rise velocity, size, shape and local distribution have been applied to identify optimal
operation conditions of FBR. When the operating conditions are not appropriately determined,
operating fluidised bed reactors can be costly due to the fact that operating conditions determine

degree of homogeneity which affects the overall efficiency of the process.

Analysis of the degree of homogeneity in the reactor is significant as it assists in identifying the
optimal operating conditions. Various analytical techniques have been applied such as visual
observation for larger particle (Ochieng et al., 2003). More refined techniques such as digital
image analysis has also gained popularity for its simplicity and accuracy compared to visual
observation (Fayolle et al., 2010; Oliveira et al., 2013). In this method dynamic digital images
captured using digital camera during fluidization are analysed to determine the particle
distribution or bubble size, shape and distribution. Apart from that, more robust methods such as
optical techniques have been applied (Ochieng & Lewis, 2006). Optical attenuation technique
(OAT) offers a direct method of establishing particle/bubble distribution based on the light
scattering effect of particles/bubbles. Therefore, in this method light is illuminated on one side
of the reactor using a light emitting diode (LED) while a light detector to capture the intensity of
the transmitted light is placed at the same level to the LED but on the opposite side of the reactor.
Thus the amount of light scattered by the particles, which is proportional to the particles
concentration, can be determined. In this work the hydrodynamic conditions of fluidised bed
anaerobic reactor and photoreactor were studied to determine the optimal mixing conditions
using OAT.

3.2 Methodology
3.2.1 Equipment and material
Fluidization was carried out in a bioreactor and photoreactor. The bioreactor had a diameter of

11.8 cm with a height of 76 cm and volume of about 8 L. The photoreactor used had annular
space created between the reactor inner wall and the UV lamp sleeve. The UV sleeve was made
of quartz, 2 mm thick with an inner diameter of 36 mm while the outer wall of the reactor was
constructed using Perspex. The outside diameter of the Perspex was 60 mm and it was 3 mm
thick; the total volume of the photoreactor was 0.52 L. At the bottom of both the reactors (the
inlet section) there was a distribution compartment fitted with a distribution plate. The details of

the photoreactor can be found in our previous work (Apollo et al., 2013). South African natural

39



zeolite (Clinoptilolite) was used in the bioreactor as microbial carrier material. The zeolite size
ranged between 150 and 300 um with a density of 2.3 g/cm® and total mass used was 50 g.
Titanium dioxide/Silica composite photocatalyst with size range between 38 and 75 pm was used

in the photoreactor.

3.2.2 Technique for local solid and gas hold up determination
Hydrodynamic conditions of a fluidised bed anaerobic reactor and fluidised bed photoreactor

were separately determined. An optical attenuation technique (OAT) equipment was designed
and constructed for quantification of the gas holdup in the photoreactor and solid distribution in
the bioreactor. The general representation of the experimental set-up is shown in Figure 3-1. The
light source for the OAT was provided by three red light emitting diodes (LEDS) irradiating one
side of the reactor. The LEDs were equally distributed along the reactor radial axis. On the
opposite side of the reactor, an array of three visible light photodiodes each with an active area
of 3 x 3 mm, was used as light detectors and converted the light passing through the reactor to
electric current. The light through the reactor was attenuated by the particles in the reactor and
the extent of attenuation was dependent on the amount of solids on the light path. The current
generated by the photodiode was proportional to the light intensity reaching the photodiode
surface. The current from the photodiodes was converted into voltage signals using operational
amps. The voltage signals from each of the photodiodes were fed into a microcontroller
(Arduino) which converted the analogue signals into digital signals. The digital signals were then
sent to a computer for data logging using Microsoft Excel software. Once the light intensity on
the radial direction was measured and logged on a computer, the photodiode array was moved
to a different axial location. The whole system including the electronics were fitted on a rigid
metallic frame which supported the electronic components. The OAT device was moved along
the reactor height to record the axial particle distribution as the four LEDs simultaneously capture
the radial particle distribution. The output signal was normalized with respect to the signal
obtained in the particle free liquid using modified Beer Lambart equation:
~(Logr)

Ap= — T &)

where A is the measure of light attenuation, |, is the signal obtained in particle free liquid
(blank), I is the signal in a liquid with bubbles or particles and L is the path length (cm).
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Figure 3-1: Set-up for the data acquisition using the OAT.

Global gas holdup and solid holdup which could not be determined using OAT were measured
using the quick stop method as described in literature (Abraham et al., 1992; Ochieng et al.,
2002). In this method, water and 1.0 g/L of the catalyst was added into the reactor. A mark was
then made on the reactor wall corresponding to the gas-free static liquid height. Then air sparging
was started and maintained at the appropriate flow rate for 10 minutes. Then, another mark was
made on the reactor wall to indicate the expanded liquid height. The difference in the two marks

was used to calculate the gas holdup according to equation (2).

e )

where He represents the expanded bed height and Hs represents the static bed height. Finally, the

effect of different hydrodynamic conditions in photodegradation was studied in the photoreactor.

3.2.3 Experimental analysis
Gas hold up was obtained by measuring, with a ruler, the expansion in liquid level when air was

introduced. Total organic carbon was analysed using a TOC analyser (TELEDYNE Tekmar),
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while colour was analysed using UV-Vis spectrophotometer (T80 + UV/VIS Spectrophotometer,
PG instruments Ltd).

3.3 Results and discussion
3.3.1 Data acquisition and calibration
The signals were automatically acquired at the rate of one data point per second. The data was

recorded once steady values had been reached for a duration of 1 minute. In Figure 3-2a the data
obtained when calibrating the system with clean water as blank is shown against that acquired
during operation when the reactor was loaded with 50 g solid at superficial liquid velocity (UL)
of 0.6 cm/s. The standard deviation from the mean values for both conditions was found to be ~
2% indicating that the OAT applied had good repeatability for solid-liquid system. However,
there was relatively higher noise when measuring attenuation due to bubble, compared to that
for the blank in liquid-gas system (Figure 3-2b) due to the fact that bubbles were less dispersed
in liquid compared to solid dispersion in liquid. The slight difference in the recorded signal for
the blank between the solid-liquid and liquid-gas system was due to the difference in the reactor
dimensions for the two respective systems. In both cases, the signal acquired for blank was used
for normalization in calculating the actual degree of attenuation due to particles or bubbles in
solid liquid fluidisation or liquid-gas fluidisation in bioreactor or photoreactor, respectively using

equations (1).
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Figure 3-2: Signal-time relationship for (a) liquid-solid system in bioreactor, blank (—),
with solids (---) and (b) gas-liquid system in photoreactor, blank (—), with bubbles (---).

3.3.2 Axial particle distribution in solid-liquid fluidised bed bioreactor
The OAT was applied to determine axial particle distribution in the reactor. The variation in axial
particle distribution at various superficial liquid velocities (Figure 3-3a) showed that at low UL

of 0.3 and 0.45 cm/s the particles distribution was poor.
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Figure 3-3: Axial particle distribution in bioreactor (a) particle distribution with aspect
ratio at various UL 0.3 cm/s (©), 0.45 cm/s (0), 0.6 cm/s (A), 0.75 cm/s (o) and 0.9 cm/s (A).
(b) Particle distribution at various aspect ratio (e) 0.67, (A) 2.1 (m) 3.8.

At low UL most of the particles were majorly at the bottom of the reactor due to the fact that the
applied upward force supplied by the fluid was not sufficient to fluidise the particles. However,
as the UL increased to 0.6 cm/s the distribution improved and a nearly uniform distribution was
obtained at 0.75 cm/s with an optimal distribution at U, equal to 0.9 cm/s. At the bottom section
of the reactor there was a more uniform particle distribution irrespective of the U as compared
to the middle and the top sections (Fig 3b). However, there was an increase in attenuation at the
bottom of the reactor when UL was increased from 0.3 to 0.45 cm/s followed by a drop as UL
was further increased from 0.45 to 0.75 cm/s. The increase in the attenuation could be due to the
fact that, initially at 0.3 cm/s most particles could not be fluidised up to the point H/D. =0.67
whereas the decrease in attenuation when U, was increased above 0.45 cm/s at H/Dc = 0.67 was

due to an increase in bed expansion which resulted in increased particle dispersion.

3.3.3 Determination of particle terminal velocity
Generally, the characteristics of solid-liquid fluidised bed depends on the correspondence

between the applied U and the resulting volume fraction of solids (@s). These parameters can

be related as (Galvin & Nguyentranlam, 2002; Jovanovic et al., 2014):
U, = Ue(1-95)" ®3)

where Uy is the terminal velocity of the particles (cm/s) and n is the bed expansion index. The

volume fraction of solids (@s) at any bed height is calculated as:

Gy = — (4)

ppAcH
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where m is the mass (g) of the particles in the reactor, p, is the density of the particles (g/cm?),
A is the cross sectional area of the reactor (cm?) and H is the fluidised bed height (cm) at any
UL
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Figure 3-4: Determination of terminal velocity.

The bed expansion index and the terminal velocity were determined from linear regression of
the plot of log (UL) against log (1- @s) from equation (2) as explain in various studies (Gallant et
al., 2011; Jovanovic et al., 2014). From Figure 3-4 U: was calculated as ~1 cm/s and expansion
index was 0.0133. Therefore, generally operating the reactor at values below 1 cm/s should not
lead to particle entrainment. Jovanovic et al. 2014 reported that U should be less than U: to

prevent particle entrainment.

3.3.4 Radial bubble distribution in the annular photoreactor
Radial distribution of bubbles at three different axial points corresponding to aspect ratios of

0.89, 2.67 and 4.46 in the annular photoreactor was determined using OAT. It was found that the
nature of radial distribution was dependent on the aspect ratio (Figure 3-5). Close to the
distributor the bubbles were closer to the centre of the reactor than towards the reactor outer
walls (Figure 3-5a). As the bubbles rose up to the middle of the reactor, their distribution was
higher towards the wall than at the centre (Figure 3-5b). The distribution then alternated towards
the centre at the top of the reactor resuming the high distribution at the centre of the annulus
reactor (Figure 3-5c). This phenomenon has been reported by various researchers in liquid-gas
fluidization (Shew et al., 2006; Hassan et al., 2012). This observation was an indication that the

bubbles movement was either zig zag or spiral in nature after aspect ratio of 0.89.
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Figure 3-5: Radial distribution of bubbles in photoreactor at various aspect ratios (a) 0.89,
(b) 2.67 and (c) 4.46 at different Ug () 0.23 cm/s, (A) 0.46 cm/s, (m) 0.92 cm/s, () 1.38 cm/s
and (A) 1.84 cm/s.

A bubble rising through a liquid experiences most resistance directly on its top, initially the
bubble moves along a straight vertical trajectory then develops a zig zag motion which
consequently changes into a spiralling motion depending on resistance and its size (Hassan et
al., 2012). Most studies report that small bubbles with diameter of less than 1 mm rise through
water in a straight vertical motion maintaining their shape due to high surface tension. However,
bubbles with diameter of greater than 1 mm encounter significant deformation due to variation
in hydrostatic and dynamic pressure over the surface of the bubble (Magnaudet & Eames, 2000).
This leads to a change in the shape, size, velocity and trajectory of the bubble (Abbas & Mahdy,
2015). Shew et al. (2006) established that the spiralling frequency of raising bubbles increases
with bubble size. Figure 3-5 further shows that at low Ug of 0.23 cm/s the bubble distribution
was uniform along the radial profile of the reactor irrespective of the aspect ratio probably
because the flow was laminar or because the bubbles were smaller as compared to those at high
Ug.
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3.3.5 Effect of gas velocity on bubble size
The size of bubbles was determined using images taken by a camera. In this method a ruler was

placed against the reactor wall and the image of rising bubbles captured (Fayolle et al., 2010;
Coward et al., 2014). In Figure 3-6, the bubble size increased with an increase in applied Ug due
to an increased bubble coalescence (Ribeiro & Lage, 2004). The increase in bubble size was also
captured by OAT which detected an increase in attenuation with an increase in Ug. As the Uyg

increased the rate of bubble coalescence increased leading to the formation of large bubbles.
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Figure 3-6: (a) Estimated bubble size at various superficial gas velocities (b) the
relationship between attenuation and superficial gas velocity captured by OAT.

3.3.6 Effect of gas hold up

The influence of superficial gas velocity on gas hold up was investigated. The gas hold up at
various velocities was obtained by measuring the expansion in volume of liquid when air was
introduced. The dependence of gas hold up on gas velocity is generally described as (Moshtari
et al., 2009):

gg =AU )

where £g4is gas hold up and Uyq is superficial gas velocity (cm/s). The value of a depends on flow
regime, for homogenous flow regime a ranges from 0.7 to 1.2 while for turbulent regime it varies
from 0.4 to 0.7. The value of A depends on reactor design and physical properties of the system
(Moshtari et al., 2009).
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Figure 3-7: Gas hold up as a function of superficial gas velocity.

From Figure 3-7 and equation (5), the correlation between gas hold up and superficial gas

velocity for the photoreactor could be expressed as:
gg =0.07U ¢ 06937 (6)

The a value for the photoreactor was an indication that the system operated around the boundary

of homogenous and turbulent regime.

Investigating the effect of gas hold up on photodegradation is important as it may influence the
process in two major ways. First, gas hold up is associated with air velocity which in turn affects
mixing in the reactor. At low velocity there is low mixing and this does not enhance reaction
while at extremely high velocities, a lot of bubbles are produced which may cause light

attenuation thereby reducing reaction rate (Pareek et al., 2001).
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Figure 3-8: Effect of gas hold up on photodegradation UV reactor and TOC (o), colour
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Moreover, at high Ug coalescence leads to production of larger bubbles which lowers mixing
efficiency. In Figure 3-8 the optimum gas hold up was found to be 0.077 corresponding to
superficial gas velocity of 0.92 cm/s. At gas hold up lower than the optimum, the observed low
photodegradation could also be attributed to inadequate oxygen supply since oxygen acts as
electron acceptor during photocatalysis thereby improving degradation efficiency (Lim & Kim,
2005). As gas hold up increased above the optimum value, there was a resultant decrease in
catalyst liquid contact and this could cause a decrease in the catalyst activity.

3.3.7 Effect of solid hold up on photodegradation
Application of an appropriate amount of catalyst in photoreactor can enhance photodegradation

efficiency, however, at exceedingly high dosage, catalyst can alter the physical property of the
solution which may result in reduced efficiency. In addition, at catalyst concentrations above the
optimum, the solids hinder reaction as they cause light attenuation (Pareek et al., 2001).
Moreover, at very high catalyst concentrations mass transfer is hindered due to increased solution
viscosity leading to a reduction in reaction rate. An increase in viscosity also affects fluidisation
and therefore adequate mixing. In Figure 3-9, the optimum solid hold up was 0.003

corresponding to catalyst loading of 2 g/I.
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Figure 3-9: Effect of solid hold up on photodegradation, TOC reduction (o), colour
reduction (o).

Conclusion

Hydrodynamics of anaerobic reactor and photoreactor were studied using OAT. The axial solid
distribution was used to determine the best operating superficial liquid velocity for the anaerobic
reactor. The reactor could effectively be operated between U of 0.6 cm/s and 0.75 cm/s due to
the attainable effective solid distribution. The average terminal velocity of the zeolite particles

was estimated as 1 cm/s, therefore, operating the reactor at or above this value was inappropriate
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due to particle entrainment considering the wide particle size range used (150 — 300 um). The
radial bubble distribution in the photoreactor was found to depend on the reactor aspect ratio. It
was therefore established that the bubble trajectory was either spiral or zig zag in nature. This
was attributed to the recorded bubble size of greater than 1 mm. The performance of the
photoreactor was strongly dependent on gas hold up and solid hold up with the optimum values

found to be 0.077 and 0.03, respectively.
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Chapter 4

4 Performance and Kinetics of a fluidized bed anaerobic reactor treating distillery
effluent

Abstract

The kinetic analysis of an anaerobic fluidized bed bioreactor treating distillery effluent was
carried out. The hydraulic retention time was varied between 3 and 20 days while OLR was
varied between about 0.33 and 9 kg COD/m3.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 utilization. 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 and therefore
there was a need for employing a post-treatment technology for their removal. Biomass yield
was found to be 0.4658 g/g while endogenic micro-organisms decay coefficient was 0.0293,
which suggested that there was a need to install a sludge handling unit prior to post-treatment.
The maximum micro-organisms’ growth rate was found to be 0.136 dwhile the specific
growth rate of the micro-organisms reduced with an increase in HRT at constant feed
concentration. The specific substrate utilization rate was found to increase linearly with an
increase in the ration of food to micro-organisms and 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.

4.1 Introduction
Anaerobic digestion is widely applied in the organic load removal and bioenergy recovery from

distillery wastewater (Satyawali & Balakrishnan, 2008). Robust anaerobic digesters such as
fluidised bed reactors 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 a consortia of micro-
organisms. Due to the complex nature of the process, a poorly operated digester is often prone
to inhibition due to accumulation of volatile fatty acids which may lead to total digester failure
(Aiyuk et al., 2006). During the anaerobic digestion, the operating parameters such as organic
loading rate (OLR), hydraulic retention time (HRT), pH and food to micro-organisms ratio
need to be well regulated to avoid a possible digester failure. This is due to the fact that these
parameters directly affect the micro-organisms’ activity in the digester.

In this regard, a lot of research work has been done to improve the performance of fluidised

bed reactors in the treatment of distillery effluent. One of the improvements which has been
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made is the application of appropriate biomass support material with a large surface area such
as zeolite or activated carbon (Ferndndez et al., 2008). These support materials have the
advantage in that they have a high capacity to carry micro-organisms, 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 a fluidised bed
reactor 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 anaerobic digestion to avoid impending reactor failure due to poor operation. Kinetic
modelling is an acceptable approach in determining the condition in the bioreactor based on
substrate utilization 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, anaerobic
digestion was carried out in a fluidised bed reactor and its operation defined using various

kinetic models in order to determine the suitable reactor operating conditions.

4.2 Methodology
4.2.1 Experimental set up
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 pum) and fluidisation was attained by the recycle stream using a
centrifugal pump (Figure 4-1). 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.

4.2.2 Start-up and operation of the bioreactor
The start-up of the reactor was first carried out in batch, and then followed by continuous mode.

In the 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 the ratio of 1:1 was then
added to the cow dung slurry in the reactor and digestion allowed to proceed for 15 days while

monitoring pH, COD, biogas and methane.
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Figure 4-1: Set up of the fluidised bed anaerobic digester.

Once biogas production had stopped, fresh feed was added to the reactor with the concentration
of distillery effluent gradually increased step-wise 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 condition with low organic loading
of 0.33 kg COD/m?3.d at HRT of 6 days for 3 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 organic loading rates (OLR) ranging between 0.33 and 9 kg COD/m®.d
corresponding to 0.25 to 8.1 kg TOC/m?3.d at constant hydraulic retention time (HRT) of 6 at a
feed flow rate of 1 L/d.

4.2.3 Experimental analysis
Total organic carbon was analysed using a TOC analyser (TELEDYNE Tekmar). Dissolved

organic carbon was analysed in the similar manner as TOC except that the samples were filtered
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through a 0.45 um filter syringe. Gas was analysed using a gas chromatograph (Trace 1310 gas
chromatograph) fitted with a thermal conductivity detector, while colour was analysed using
UV-Vis spectrophotometer (T80 + UV/VIS Spectrophotometer, PG instruments Ltd).
Alkalinity was analysed according to the standard method for wastewater analysis involving
titrating samples against 0.02N H>SOj4 solution. Biomass concentration was determined as
volatile suspended solids. The volatile suspended solids were determined by evaporating the
residue obtained from centrifuged samples at 105 °C for 24 hours (until constant mass was
obtained) 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 4-1). This was due to the fact that at high HRT the substrate had a higher residence
time in the reactor than at low HRT. The more time in the reactor means increased contact with
micro-organisms 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 cause colour. The biorecalcitrant component is majorly melanoidin
(Wang et al., 2011)

Table 4-1: Parameters and efficiencies of the fluidised bed reactor at constant feed
concentration.

Influent Effluent Efficiency
Influent

HRT OLR kg flow,Q tTOC sTOC tTOC sTOC TOC Colour
(d) TOC/méd (I/d) (o) (g9 (o) (g removal%  removal%
3 1.77 2 5.82 5.315 1.56 1.151 78 34

6 0.88 1 5.82 5.315 1.3 0.803 85 40

10 0.53 0.6 5.82 5.315 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 5.315 0.89 0.472 91 54

4.3.1 Substrate balance model
Substrate balance around the reactor was formulated based on the following assumption (Borja

et al., 2002; Rincon et al., 2006): The assumption was that the anaerobic reactor operated at
steady-state conditions as depicted by nearly constant effluent substrate concentration, and
biogas production rate. Further assumption was that, even though the feed carried suspended
solids (SS) it was too little as it was only 2.3% of the feed total TOC; this SS was assumed to
be biodegradable, thus it was considered that the volatile suspended solids (VSS) in the reactor

and effluent corresponded to generated biomass.
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Therefore, TOC balance for the reactor could be expressed as:
(tTOC)o = (STOC)e + (tTOC)biogas + (tTOCVSS)e + (tTOC)m (D)

where (tTOC), is the influent total TOC, (STOC)e is soluble TOC in the effluent, (tTOC)biogas
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, equation (1) can be expressed as:
QStO = QSe + qCH4Ys/g + q(Ste'Sse) + KnXV (2)

where Q is the feed flow rate (Ld™?), St is the feed concentration (g tTOCL™), St is the total
effluent concentration (g tTOCL™), Ss is the soluble effluent concentration (g STOCL™), qCH4
is methane production rate (LCH4d™), Y substratergas is the coefficient of substrate conversion into
methane (g tTOCLCH4), Kn is cell maintenance coefficient, X and V are biomass

concentration and reactor volume (L), respectively.

On rearrangement, equation (2) can be written as:

q(Sto-Ste) = QCH4Ys/g + kmXV 3)
Since HRT=V/q, by dividing both sides by V, equation (3) becomes:

(Sto-Ste)/HRT = qCHa4Y/g/V + XKm 4)

From equation (4), a plot of (St-Ste)/HRT versus qCHa/V gives a straight line with slope equal
to Ys/g and y-axis intercept equals to XKm. In Figure 4-2 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/LCHa. 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 CH4/g COD. This is close to theoretical methane yield
of 0.35 LCHa4/g tTOC when glucose is used as substrate (Fernandez et al., 2008).
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Figure 4-2: Determination of methane yield coefficient

The fraction of influent tTOC converted into biogas, biomass and that which is in the effluent
can be calculated from equation (1) by expressing each term in the right hand side as a fraction
of (tTOC).. Figure 4-3a 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 into 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 HRT where residence time is shorter. The proportion of feed
converted into biomass was nearly constant at various HRTs while there was a slight decrease
in 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 does 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 4-3b shows the actual amount of TOC converted
and the residual TOC in the 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
photodegradation is to be applied as a post-treatment. This is due to the fact that 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 4-3: (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 and it was found to be 0.41
indicating that the distillery effluent is fairly biodegradable. Good biodegradability is achieved
when BODs/COD is greater than 0.4 (Rizzo, 2011). However, the recalcitrant parts of distillery
effluent which are majorly melanoidins often pass through anaerobic treatment 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(CODefivent Or TOCesrivent) against 1/HRT gives a straight line, and recalcitrant
component can be calculated at infinite HRT. A similar model has been applied in the
determination of biodegradable component of some food waste wastewater (Rincén et al.,
2006; Borja et al., 2002). In Figure 4-4, 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 that
of TOC due to the fact that TOC only caters for carbons while COD caters for all oxidizable
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
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distillery effluent is biodegradable. However, the non-biodegradable portion is majorly
melanoidins which 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 4-1.
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Figure 4-4: Determination of recalcitrant component of distillery effluent, TOC (®) and
COD (A).

4.3.3 Substrate utilization kinetics
The kinetics of degradation of total and biodegradable constituents of the effluent were

compared applying first order rate model:
In (i—) = kt (5)

where S, and Se are feed and effluent TOC respectively, k is rate constant (d?) and t is HRT
(days). For the biodegradable component, the S, and Se were modified to Sop and Sep for
biodegradable feed and effluent, respectively. Figure 4-5 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.
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 slow degradation of the

recalcitrant components.
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Figure 4-5: First-order reaction kinetic of biodegradable and total organic carbon,
biodegradable TOC (A) and total TOC (©).

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
T T ket sp) ©)
where r is the specific substrate utilization rate, k is the maximum substrate utilisation rate (g
sTOCgVvSSd?), Sy is the concentration of the biodegradable substrate in the reactor and Ks is
the Michaelis constant. The non-biodegradable TOC obtained in Figure 4-4 was subtracted
from the experimental total TOC to obtain the biodegradable TOC in this experiment (Rincén

et al., 2006). The specific substrate utilization rate can be expressed as (Rincon et al., 2006):

_ (So_Sb)
"= THrrx (7)

where S, is the biodegradable feed concentration and X is the biomass concentration in the
reactor (g VSSL™). By combining equations 6 & 7, we obtain equation 8. The specific substrate
utilization rate (r) is plotted against Sy (Figure 4-6).

_ (So=Sp) _ _kSp
" HRT.X ~ (Ks+Sp) (8)

The plot was found to represent a hyperbolic function which is an indication that the substrate
utilization followed the Michaelis-Menten model (Borja et al., 2002).
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Figure 4-6: Specific substrate utilization rate against biodegradable TOC in the reactor.

To determine k and Ks, equation 8 was linearized as (Egn 9) and 1/r was plotted against 1/Sp
where Ks was determined from the slope and k from the y intercept. Accordingly, from Figure
4-7, the values of k and Ks were found to be 0.2916 g sSTOCg*VSSd* and 0.166 g sTOC L.
Senturk et al. (2013) reported a maximum substrate utilization rate (k) of 0.106 g sSCOD g
vSSd and Ks value of 0.535 g sSCODL™,
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Figure 4-7: A plot of 1/r against 1/Sp for determination of K and Ks

If the values of k and Ks are substituted in equation 6, the theoretical rate of substrate uptake
can be determined (Rincon et al., 2006). Figure 4-8 shows that the model predicts well the
Kinetic activity of the micro-organisms involved in the degradation. 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 4-8: A comparison of the theoretical and experimental specific substrate
utilization rate.

4.3.5 The mean cell residence time

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

Byr.V
- Q-Beff (10)

where 6 is mean cell residence time (days), By is the concentration of biomass in the reactor (g
VSS/L), V is the reactor volume (L), Q is effluent flow rate (L/d) and Bes is the biomass
concentration in the effluent (g VSS/L). The mean cell residence time can be related to the

specific substrate utilization rate as (Nweke et al., 2014):

= =Yr— K, (11)

where r is the specific rate of substrate utilization, Y is the microbial growth yield (biomass
yield) and Kg is the endogenous decay coefficient (d1). This correlation helps to calculate Y
and Kq and these two parameters are very significant as biomass yield can be applied to estimate
the amount of sludge produced during anaerobic treatment, while Kg is used to calculate the
net 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-

61



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 1/0 against r gives a straight line with Y as gradient and y-axis intercept as
the Kq. In Figure 4-9 the Y value was found to be 0.4658 g/g while Kg was 0.0293d™. This
compares well with the values in literature of 0.357 g/g and 0.083d™* for Y and Kg, respectively
(Enitan & Adeyemo, 2014). The specific rate of substrate utilization has an inverse relationship
with the MCRT due to the fact that low MCRT is achieved at high feed flow rate which
translates into higher OLR. Therefore, there is a lot more substrate available as feed at low
MCRT than at high MCRT. However, this also depends and interlinks with micro-organisms’

growth Kinetics and food to micro-organism ratio at any time in the reactor.
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Figure 4-9: Correlation between sludge age and specific substrate utilization rate

4.3.6 Micro-organisms’ growth kinetics

Substrate utilization rate and methane production rate are functions of the micro-organism
population in the reactor. Micro-organisms present in sufficient amounts effectively convert
substrate into methane, whereas the process can be inhibited if the amount of micro-organisms
is below a given limit as compared to the available feed. It is therefore important to monitor
the rate of micro-organism growth in the reactor. Micro-organisms’ growth rate is a function
of biomass yield. Maximum specific micro-organisms’ growth rate (Umax) (d) can be
determined using Y (g/g) and K (g sTOCgtVvSSd?).

_ Hmax
K = bmex (12)
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The maximum micro-organisms’ growth rate was found to be 0.1358 d. Considering Monod
equation which relates the specific micro-organisms’ growth rate with substrate concentration
as follows (Yu et al., 2013);

S
U= HWnax m - Ky (13)

where u 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, Ksis the substrate utilization constant which is numerically

equal to the substrate concentration when u = % timax.
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Figure 4-10: Specific micro-organisms growth rate as a function of HRT at constant
feed concentration.

In Figure 4-10 the net specific growth rate of the micro-organisms reduced with an increase in
HRT. This may be due to the fact that at low HRT 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 organic loading rate, which did not show any substantial organic loading shock, (as
indicated by pH and alkalinity in Table 4-2) led to increased activity of the microorganisms
resulting in 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.
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Table 4-2: pH and alkalinity values during AD process.

HRT (d) 3 6 10 15 20
pH 7.21 7.34 7.5 7.4 7.4
Alkalinity

(mg/l) 2320 2840 3020 3040 3018

4.3.7 Food to micro-organisms ratio
Food to micro-organisms ratio (F:M) is the amount of biodegradable substrate exposed to

micro-organisms 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 utilization rate),
methane production rate and sludge production (Perez et al., 2001). The F:M can be calculated
as:

= 2 (14)

where Q is the feed flow (L/d), So is the feed concentration (g TOC/L), B: is the biomass
concentration in the reactor (g VSS/L) and V is the volume of the reactor. Table 4-3 shows the
effect of 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
0.16 g TOC/g VSS.d and above. The increase in gas production with an increase in F:M can
be due to the fact that more feed was 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 4-3) showed that it was at a value under which reactor is
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 F:M ratio has an impact on
the diversity of micro-organisms in the reactor and this directly affects methanogenic activity.
The study reported that shifts in the composition of methanogenic community at different F:M
values can lead to variation in pathway of methane formation. The study showed that at high
F:M, acetotrophic methanogens are in abundance and methane is produced majorly via the
acetate route while at low F:M there is a mixture of hydrogenotrophic, methylotrophic and
acetotrophic methanogens and therefore methane production is through multiple pathways.
This can explain the superior methane quality at lower F:M compared to higher F:M values.
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Table 4-3: Performance of the reactor at different F:M values.

F/IM VFA/alk biogas (I/d) CH4% TOCeffiuent/ TOCrteed
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 micro-organisms population was sufficient to consume most of
the feed. Similar observations have 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 4-11)
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 to that at low F:M due to the
increase in the available food which results in a 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 low F:M than at higher F:M. Therefore,
the high bacterial diversity at low F:M could degrade more diversified substrate 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 the biomass resides in the reactor as compared to liquid retention time is an

important factor in anaerobic wastewater treatment. In Figure 4-11 the mean cell residence time
(MCRT) was compared to hydraulic retention time (HRT) at various F:M. Generally, the
MCRT was always at least 2.5 times higher than the HRT. The higher MCRT as compared to
HRT can be attributed to the fact that biomass was 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 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
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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 4-11: A comparison of HRT and MCRT at different F:M values, HRT (A),
MCRT (©) and corresponding OLR (e).

The specific rate of substrate utilization, r, (g TOC/gVSS.d) at various F:M values were
evaluated. In Figure 4-12 it was found that r increased linearly with an increase in F:M. This is
an indication that at low F:M the micro-organisms were near starvation as the feed was little.
As the feed increased, thus increasing F:M, the TOC uptake per unit biomass mass increased

as there was sufficient feed.
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Figure 4-12: Effect of F:M on specific substrate utilization rate.
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4.3.9 Effect of organic loading rate on anaerobic digestion
The effect of OLR at fixed HRT was studied and the kinetics of biogas production and organic

removal were analysed. The influent COD was varied as: 2, 5.8, 19.7, 37.1 and 54.2 g/L at
constant feed flow rate of 1 L/d corresponding to HRT of 6 days. This corresponded to OLR
of 0.33, 0.97, 3.3, 6.1 and 9 kg COD/m?3.d, respectively as shown in Table 4-4.

Table 4-4: Feed and effluent characteristics at various OLR and fixed HRT.

OLR (kg Feed Effluent
COD/m3.d) COD (mg/L) TOC (mg/L) COD (mg/L TOC (mg/L)
0.33 2108 1384 306 252
0.97 5807 4230 740 520
3.3 19700 12680 4620 2300
6.2 37100 30900 10400 6030

9 54200 41700 19800 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 2-3 HRTs for each OLR (Fernandez
et al., 2008). Figure 4-13 shows that biogas production rate increased with an increase in OLR.
This was due to the increase in the available organic substrate which could be consumed by the
micro-organisms. This may be an indication that the activity of the consortia of biogas-
producing bacteria was not hampered with in the OLR range studied (Fernandez et al., 2008).
Figure 4-13 further shows that, for low OLR (0.33-3.28 kg COD/m?3.d), the stability of the
reactor was achieved faster than for higher OLR (6.2-9 kg COD/m3.d) as indicated by the
effluent load implying that at higher concentrations microorganisms need a longer time to
adapt. An increase in effluent COD with the increase in OLR was observed; this has been
reported in continuous anaerobic digestion of distillery effluent and other various effluents
(Acharya et al., 2008; Borja, 2001; Wang & Wu, 2004).
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Figure 4-13: Effect of OLR on biogas production and effluent load, OLR (m), biogas
production rate (A) and effluent load (e)

4.3.11 Effect of OLR on Methane production

Analysis of the methane proportion of the biogas produced at different OLR showed that biogas
with methane content of above 63% was produced up to OLR of 6 kg COD/m? while at 9 kg
COD/m?it dropped to 33% (Figure 4-14). This indicated that high OLR led to inhibition of
methanogenesis due to organic overloading. Organic overloading may lead to production of
high amounts of volatile fatty acids that cause acidity as shown in Figure 4-19. Consequently,
high acidity in the reactor compromises the ability of the digester to buffer itself as

methanogensis is hindered while acidogenesis is favoured.
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Figure 4-14: The effect of OLR on methane composition.

4.3.12 Methane production rate and methane yield coefficient
In Figure 4-15, methane production rate was found to increase with an increase in OLR up to
organic loading rate of 9 kg COD/m?3. Below this OLR, the reactor was stable and the organic

load feed could efficiently be converted into biogas indicating that the methanogesis was not
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inhibited. Methane yield of between 0.29 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, theoretical methane coefficient is considered to be 0.35 L/g COD , assuming that
all of the COD fed into the reactor is transformed into methane and there are no biorecalcitrant
components of the feed, also assuming further, that there is no COD used for cell growth and
cell maintenance (Borja et al., 2004). Moreover, the presence of other substances like sulphates
which leads to the consumption of COD without producing methane via the sulphate reducing
bacteria pathway is not accounted for in this case (Fernandez et al., 2008). Values close to

theoretical yield can be obtained if a biodegradable substrate like glucose is used (Borja, 2001).
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Figure 4-15: Effect of OLR (—) on volumetric methane production rate (m) and
methane yield coefficient (o).

4.3.13 Effect of OLR on COD and colour reduction

The performance of wastewater treatment system is evaluated on the basis of the pollution
reduction efficiency. The efficiency of the system in COD and colour reduction was evaluated
at different OLR (Figure 4-16). A COD reduction of 85% was achieved at lower OLR while at
high OLR the efficiency reduced to 64%. At OLR of 6 kg COD/m?3.d, COD reduction of 73%
could still be achieved. However, colour reduction was always low ranging between 56% and
21%, from low to high OLR. The low colour reduction is attributed to the presence of

biorecalcitrant melanoidins in distillery effluent.
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Figure 4-16. Effect of OLR on COD (A) and colour (m) reduction efficiency.

4.3.14 COD reduction model

The investigation on the variation in COD removal rates with OLR showed that the removal
rate increased linearly with OLR (Figure 4-16). The effect of feed concentration on the COD
removal rate can be described by the following equation (Fernandez et al., 2008; Borja et al.,
2004);

Rs = K(S)" (15)

where Rs is the COD removal rate (kg COD/m3.d), K is the reaction constant (d?), S is the feed
substrate concentration (kg COD/m?) and n is the reaction order. Considering first order
reaction Kkinetics, n is equal to unity. Therefore, a plot of Rs against S gives a straight line with
slope equal to K and y intercept equal to zero. This describes the influence of feed concentration
on COD reduction rate. In Figure 4-17, the experimental data fitted the theoretical model with
reaction constant equal to 0.67 d* and R? equal to 0.9806. A similar model has been used to
describe anaerobic digestion in fluidised bed reactors (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 to the stability of the anaerobic fluidised bed reactor
attributed to the immobilization of micro-organisms to small fluidised zeolite particles (Borja
et al., 2004).
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Figure 4-17: 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) (16)

where 1 is methane production rate (L/d), Yp is the methane yield coefficient, Q is feed flow

rate (L/d) So and Se are feed and effluent concentrations (g COD/I), respectively.
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Figure 4-18: Variation of methane production rate with substrate removal.

A plot of Vchs against Q(So-Se) in Figure 4-18 gives a straight line with a slope of 0.236 g
COD/L corresponding to Yy, for the first 4 OLR 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 (Fig. 18). A Y value of 0.29 g
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COD/L was reported for anaerobic treatment of distillery effluent in a fluidised bed reactor
(Fernandez et al., 2008).
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Figure 4-19: Alkalinity (D), VFAs (o) and pH (A) profile during anaerobic digestion.
4.3.15 Alkalinity, Volatile fatty acids 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 6.7-8 with total alkalinity higher than
VFAs concentration. Figure 18 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 4-14) and the reduction in total alkalinity and pH with a corresponding increase in
VFAs at high organic loading rate (Figure 4-19) is an indication that the process was unstable
at 9 kg COD/m®. In Fig 18, the pH dropped from stable value of about 7.3 to 6.4 at high OLR
while alkalinity reduced from 3100 mg/I to 2500 mg/l as a result of VFA increase from 1020
mg/l to 1620 mg/l. The decrease in pH was as a result of high VFAs production rate. The
increase in VFAs 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/m? indicating instability.

4.3.16 Effect of OLR on biomass density
Determination of 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
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can be used as an indication of microbial wash-out capacity. Moreover, information about

biomass in effluent can be used when designing a post-treatment facility.
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Figure 4-20: Effect of OLR on microbial density in the reactor and in the effluent.

Figure 4-20 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 reactor and in effluent increased with an
increase in organic loading rate. 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 is an indication of biomass retention in the reactor and this can be attributed to zeolite
which is a good biomass support.

Conclusion

The kinetics of a fluidised 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 the 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 due to the fact that 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/m?d, above this, there was accumulation of VFAs 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 micro-organisms’ growth rate was 0.136 d* and biomass yield
was 0.4658 g/g. A micro-organisms’ decay coefficient of 0.03 was an indication that the
bioreactor effluent needed a settling tank for the removal of suspended biomass if

photocatalysis is to be applied as a preferred post- treatment method.
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Chapter 5

5 Combined anaerobic digestion and photocatalytic treatment of distillery effluent in
batch fluidised bed reactors

Abstract

Anaerobic digestion (AD) can remove a substantial amount 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. Ultra-violet (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 fluidised
bed batch reactors to evaluate total organic carbon (TOC) and colour reduction. Anaerobic
digestion as a stand-alone process removed 78% TOC and 41% colour. The combined process
improved colour removal from 41% to 85% compared to that of AD employed as a stand-alone
process. Photodegradation post-treatment mineralized the biorecalcitrant melanoidins via a
reductive path way as was indicated by the formation of NH4" in large quantity compared to
NOz". 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.

5.1 Introduction
Anaerobic digestion is effective in converting huge amounts of organic load of distillery

effluent into biomethane. However, it is ineffective in colour reduction (Satyawali &
Balakrishnan, 2008). This is 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. Physicochemical 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 advanced oxidation processes (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
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mineralization without producing sludge. Even though photodegradation can be used as a 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 due to the fact that the biodegradable components will compete with the recalcitrant
compounds during photodegradation leading to unnecessary consumption of chemicals and
longer irradiation time (Oller et al., 2011). In such a case, an initial step involving biological
treatment for the removal of biodegradable components followed by an AOP post-treatment
as a polishing step is more economical due to reduced energy and chemicals consumption
(Horsch et al., 2003; Vidal et al., 2004). Moreover, photodegradation was found not to
significantly improve biodegradability of distillery effluent towards anaerobes (Apollo et al.,
2013). It is therefore more effective to apply photodegradation as a post-treatment to AD pre-

treated distillery effluent.

The application of fluidised bed reactors in a combined AD and photodegradation process can
result in better pollution removal due to the good mixing attained by fluidised bed reactors,
which promotes mass transfer thereby increasing 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
fluidised bed reactors in a combined anaerobic digestion and photodegradation process was
investigated for TOC and colour reduction when treating distillery effluent. The effect of
operating parameters on the efficiency of photodegradation of biodigested effluent was
evaluated and the degradation of melanoidins monitored through the formation of NOs™ and
NH4*.

5.2 Methodology

5.2.1 Materials
Distillery effluent with the characteristics listed in Table 5-1 was outsourced from a local

treatment plant and stored in a fridge at 4 °C before use. Titanium dioxide catalyst, degusa P

25, was purchased from Acros Organics.
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Table 5-1: Characteristics of distillery effluent.

Parameter Value
Chemical oxygen demand (mg/l) 2600 + 250
Total organic carbon (mg/l) 1807 + 120
Total suspended solids (mg/l) 43+ 5
Total sulphates (mg/l) 249 + 21
Total phosphates (mg/l) 35+ 4
pH 55

5.2.2 Experimental set up
Anaerobic fluidized bed reactor (AFBR) and fluidized bed annular photoreactor (FBAP)

assembled as shown in Figure 5-1 was used. The detailed description of each reactor is in
Chapter 3.

Bioreactor Photoreactor
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Figure 5-1. Experimental set-up for the integrated anaerobic digestion and

photodegradation.

Fluidization in the AD reactor was achieved by a centrifugal pump (Foras veronilla-Italy)
which 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
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a settling tank to remove suspended solids, which resulted from flocs formed by biomass in the
bioreactor. Prior to photodegradation, the pH of the biodegraded effluent was lowered to 4
using 0.1 M H2SO4 solution which was the best pH for photodegradation of distillery effluent
(Apollo et al., 2014b). For the photoreactor, the catalyst and wastewater was thoroughly mixed
using a magnetic stirrer to ensure uniform catalyst distribution. The mixture was then fed into
the reactor using a peristaltic pump and 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 the hydrodynamic studies in Chapter 3. 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 5-2.

Table 5-2: Operating parameters for the photoreactor and AD reactor.

Photoreactor Biodigester

Parameter Value Parameter Value

Average catalyst size 57 um Zeolite particle size 150-300
pm

TiOo/silica ratio of 10-—95% Zeolite amount 509

catalyst

Catalyst amount 05-54¢l Superficial liquid velocity (UL) 0.6 cm/s

Superficial air 0.92 cm/s Bed height at UL 500 mm

velocity (Ug)

H>O> dosage 1.2-19.6 mM

After establishing these conditions, firstly, the anaerobic process was conducted in a batch
mode at 37 °C and biogas was collected by a 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 consumption of UV lamp in the photodegradation process was analysed using

electrical energy per order (Euv) as reported by Shu et al.(2013):

= —t (1)

= o
A% log(c—‘f)
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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 to the energy produced by
the AD process.

5.2.4 Experimental analysis
Monitoring of the performance of each treatment process was carried out by analysing aliquot

samples after a specific period of treatment. The total organic carbon was analysed using a
TOC analyser (TELEDYNE Tekmar), sulphates, nitrates and ammonium were analysed using
lon 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 thermal
conductivity detector, while colour was analysed using UV-Vis spectrophotometer (T80 +
UV/VIS Spectrophotometer, PG instruments Ltd). Alkalinity, VFAs, COD and BODs were
analysed according to the standard method. According to the standard method for wastewater
analysis VFAs and alkalinity were analysed by titration (Lahav & Morgan, 2004) while COD

was analysed by nanocolour 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 sulphate

reduction was evaluated. High TOC reduction of 78% was achieved after 7 days with a
corresponding colour reduction of 41% (Figure 5-2). Anaerobic digestion in fluidised bed
reactors has been reported as an efficient treatment technology for TOC reduction when
treating distillery effluent due to the fact that the major component of distillery effluent is
biodegradable (Satyawali & Balakrishnan, 2008). Despite containing large amount of
biodegradable organic substances, distillery effluent also contains melanodins, which are
biorecalcitrant. Melanoidins form about 2% of distillery effluent and is 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 5-2: Colour, TOC and sulphate reduction during anaerobic digestion, TOC (A),
Colour (O), Sulphates (0).

Sulphate reduction was also observed during the AD process. In anaerobic conditions, sulphate
reducing bacteria (SRB) use sulphate as a terminal electron acceptor for the degradation of
organic compounds and hydrogen. Therefore, in the presence of sulphates, methanogens
compete with SRB for available organic substrates. This competition may result in low
methane production in cases where sulphate rich wastewater is treated as there will be
production of hydrogen sulphide (Acharya et al., 2008). In this study, the methane content of
biogas produced (Figure 5-3) was within the expected range suggesting that substrate
utilization by methanogens predominated that of SRB. Under stable conditions and when
sulphate concentration is much lower than TOC, sulphate reduction can majorly be due to
utilization as nutrients by the micro-organisms (Vijayaraghavan & Ramanujam, 2000).

5.3.2 Biogas production and methane yield.
Figure 5-3 shows that the anaerobic digestion produced about 4.82 L of biogas after 7 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 maximum of 66% on day 5. The mean methane production was therefore calculated
as ~ 0.35 L CHa4/g TOC while the value in literature varies between 0.29 and 0.4 (Fernandez et
al., 2008; Zupancic et al., 2007).
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Figure 5-3: 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 the micro-organisms to fresh organic load. Also, it could be
due to the fact that acidogenesis proceeded faster than methanogenesis at this stage, leading to
production of carbon dioxide. However, by day 2 stability was achieved between acidogenesis
and metanagenosis 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 due to the fact that most
organic carbon had been removed, therefore little substrate was available for the micro-

organisms.

5.3.3 Alkalinity and pH
Alkalinity and pH analysis showed that there was adequate buffering in the reactor (Table 5-3).

The anaerobic digestion process is pH sensitive with 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 the acidogenesis process is neutralized by the methanogenesis,
which is an alkalizing step, due to the fact that it consumes hydrogen and H3zO" ions (Patel &
Madamwar, 2000).

Table 5-3: Alkalinity and pH during the anaerobic digestion.

Time (days) 0 1 2 4 6 7 8
pH 7.11 718 7.29 7.44 758 762 7.62
Alkalinity (mg/l) 4760 4114 4100 4160 4060 4100 4100
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5.3.4 Photodegradation of distillery effluent
The efficiency of photodegradation on the decolourization of the distillery effluent was studied.

This was necessary due to the fact that anaerobic digestion was not effective in colour removal.
In the first place, various factors which affect photodegradation were investigated to establish
the best operating conditions. Secondly the possible mechanism of melanoidin

photodegradation was investigated.

5.3.4.1 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
photodegradation. Generally, adsorption concentrates the pollutants on the catalyst surface thus
facilitating the photodegradation process. In Figure 5-4, the adsorption equilibrium was
achieved after 20 minutes for all catalyst loadings. However, catalyst loading above optimum
value led to reduction in adsorption due to hindered mass transfer. Similarly, the
photodegradation efficiency increased when catalyst loading was increased from 0.5 g/l to 2
g/l, then 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 (Huang et al., 2008).

A B
!_1_\ [ . )

A/Ao

Time (min)

Figure 5-4: Effect of catalyst loading on adsorption (A) and photodegradation (B) using
50% wt/wt TiO2/SiO2 composite catalyst 5 g/l (o), 2 g/l (m), 1 g/l (A), 0.5 g/l (0).

Silica materials such as silica gels have been commonly applied as photocatalyst supports to

facilitate the separation of the photocatalyst after the photocatalytic reaction in aqueous
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systems due to the high sedimentation ability of silica gel (Shan et al., 2010). Moreover, silica
gel has become famous for supporting TiO. due to the fact that it is an adsorbent therefore
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). In Figure 5-5, 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 SiO2 had higher adsorption ability than the TiO.. It has
been reported that an increase in the amount of TiO: 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 very expensive if TiOz is used as slurry since
it has poor settling ability.
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Figure 5-5: Effect of catalyst composition on adsorption (o), photodegradation (D)
combined adsorption-photodegradation (A ) using catalyst loading of 2 g/I.

5.3.4.2 Colour removal mechanism via NOs 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 as a result of a reaction between amino acids and glucose,
therefore melanoidins contain nitrogen atom as heteroatom (Wang et al., 2011). In Figure 5-6a
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
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melanoidin faster than organic carbon mineralization. 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 to that in C-C bonds.
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Figure 5-6: (a) Colour (m) and TOC (o) reduction. (b) NO3 (0) and NH4* (o) formation
during photodegradation.

Figure 5-6b shows the production of nitrate and ammonium during photodegradation indicating
the mineralization of nitrogen in the melanoidin structure that 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 NO3™ are
produced in different proportions depending on the degradation pathway. If the nitrogen atom
exists in 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 an initial
oxidation step to produce NOs™ (Jing et al., 2011). In this study, more NH4* evolved than NO3
, indicating that more nitrogen atoms in melanoidin structure had a high oxidation state, and

therefore they were degraded through the reductive pathway.

5.3.4.3 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 20 minutes
interval of UV irradiation. The appearance and disappearance of some peaks as well as shift

in peaks are indications of degradation. In Figure 5-7, the FTIR spectrum of melanoidin shows
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peaks majorly at 3400 cm™ due to stretching vibration of OH and NH2 bonds, at 2850 cm™ due
to CH stretching vibration, 1620 cm™ due to amide (Dolphen & Thiravetyan, 2011; Kim et al.,
1985; Olennikov & Tankhaeva, 2012).

1.0

20 min
0 min 60 min

0.5

Transmittance

0.0 T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 5-7: FTIR spectra of distillery effluent at different times of photodegradation.
Generally, the peak at 3400 reduced after 60 minutes of irradiation while the peak at 2850

increased suggesting a likely reduction in OH and or NH2 groups and an increase in CH group,
respectively. The absorption due to amide at 1620 cm™ (Kim et al., 1985) also decreased during
photodegradation. The increase in C-H peak intensity with a decrease in NH> or amide peaks’
intensity 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 emergence of absorbance peaks at 1250 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 while anaerobic digestion 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 a final step to remove the colour resulting from a low

concentration of biorecalcitrant compounds (melanoidins).
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5.3.4.4 Effect of hydrogen peroxide addition
Hydrogen peroxide improves the photodegradation process as it acts as an additional source of

hydroxyl radical which degrades organic contaminants. However, it is important to determine
the most suitable amount of hydrogen peroxide required to achieve optimum degradation. This
is due to the fact that very low hydrogen peroxide concentration does not improve
photodegradation as it generates an insignificantly low amount 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 determine optimal hydrogen peroxide dosage for the reactor
used under the prevailing conditions of 2 g/l, 95% TiOa/silica composite catalyst and 120 mg/I

TOC of the wastewater.
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Figure 5-8: Effect of hydrogen peroxide dose on colour reduction of distillery effluent.

In Figure 5-8, it was found that the optimal hydrogen peroxide dose was 9.6 mM and this 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 5-9, 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
TiO2/Silica catalyst/UV/H20. system compared to that of TiO»/Silica catalyst/UV and
UV/H20: is an indication that hydrogen peroxide increased the amount of peroxide radicals
produced by the TiO>/Silica catalyst/system resulting in improved degradation efficiency.
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However, TOC reduction was much slower than colour reduction indicating that

photodegradation is most suitable for colour reduction.
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Figure 5-9: Effect of hydrogen peroxide on TOC reduction (o) UV/H20: (o) TiO2/Silica
catalyst/UV (A) TiO2/Silica catalyst/UV/H202.

5.3.5 Photodegradation post-treatment of AD pre-treated effluent.

The AD treated effluent, though 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 and
therefore post-treatment method is necessary (Travieso et al., 2008). The anaerobically treated
effluent from the AD reactor was centrifuged then treated by UV photodegradation since
photodegradation 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 ensueing photodegradation process, the dilution factor was calculated as;

Vot Viy
DF = fot )

where DF is the dilution factor, Ve is the effluent volume (L), Vw 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 5-10a and b). This is due to
the fact that 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 5-10: Effect of dilution on colour and TOC reduction during photodegradation,
(a) colour (b) TOC; x10 v/v (0), x3.3 v/v (0O), X2 V/v (A), x1V/v (e).

Irrespective of the dilution, colour removal was always higher than the TOC reduction. This
could be an indication that the UV radiation process is more rapid in cleavaging the
chromophore bonds of melanoidin but it is slower in mineralization 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
undiluted (x1 v/v) effluent.

5.3.6 Combined anaerobic digestion and UV photodegradation.
As mentioned earlier anaerobic digestion 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. 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 5-11. It was found that AD as 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 overall efficiency of 83% and 87% TOC and colour reduction,

respectively.
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Figure 5-11: Overall performance of the combined AD and UV photodegradation
process, after 7 days of AD and 30 minutes of photodegradation.

Table 5-4 summarises the pollution removal by each step and the final effluent concentration.
Anaerobic digestion produces energy by breaking down organic molecules while UV
photodegradation consumes energy to degrade organic molecules. Therefore, conducting
energy analysis of the integrated process is necessary in order to determine the specific energy

demand of the process.

Table 5-4: Characteristics of wastewater after two stage treatment.

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

COD (mgl/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

5.3.7 Energy analysis
The specific energy (kJ/g TOC) production rate of AD and the specific energy consumption

rate of UV photodegradation was 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
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of the AD process was 0.35 I/ g TOC removed and this had an energy content of 14.2 kJ/g TOC
removed, taking the reported energy value of methane as 38 mJ/m® (Duerr et al., 2007).
Methane production from brewery slurry or molasses effluent has been reported to be in the
range of 0.23 | CH4/g COD to 0.42 | 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 52%
- 100%, depending on dilution (Table 5-5).

Table 5-5: 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

In the Table it was 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 faster reaction rate due to lower concentrations but did not lead to reduction
in energy consumption per unit mass of pollutants removed. Considering the observed faster
colour removal rate compared to that of TOC reduction rate during photodegradation, colour
reduction can consume less energy than TOC reduction. Considering the fact that UV
photodegradation post-treatment is majorly for colour reduction since most of the TOC had

been removed by the initial AD step, energy analysis for colour reduction is necessary.

5.3.8 Electrical Energy per order analysis of the combined process for colour reduction
The electrical energy per order (EE/O) is a key scale-up parameter for photodegradation

systems. This is due to the fact that it combines into a single function the key design variables
which are: UV radiation time, effluent volume, concentration and the targeted number of orders
of magnitude of contaminant concentration to be removed. Application of EE/O 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 EE/O was calculated as shown in equation (1). Since the initial
anaerobic treatment step had removed 78% and 41% of TOC and colour, respectively, the UV
post treatment was evaluated on the basis of removing further 75% of colour. In this case, the
EE/O 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
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to treat 1 m3 effluent to 75% colour reduction was compared with the energy content of the
biogas produced in the AD unit (Figure 5-12). 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 5-12: 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
further 75% colour reduction. However, as the dilution factor reduced, more energy was
required majorly due to the fact that more concentrated effluent has a darker colour thus leading
to light attenuation in the reactor. Energy analysis further showed that the bioenergy produced
could subsidise up to 20% of energy required by the UV lamp to photodegrade undiluted pre-
AD treated effluent up to 75% colour reduction. Therefore, integration of the two processes
has a potential of lowering photodegradation operation cost while ensuring effective pollution

reduction.

Conclusion

A study on combined anaerobic digestion and photodegradation treatment of distillery effluent
in batch fluidised bed reactors was carried out. It was found that anaerobic digestion 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
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in about 85% colour and TOC reduction. During photodegradation, nitrate (NOs”) and
ammonium (NH2") were formed indicating 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 energy 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. Energy analysis
further showed that the bioenergy produced could subsidise up to 20% of energy required by
UV lamp to further photodegrade 1 m?® undiluted biodigested effluent up to 75% colour
reduction. Therefore, anaerobic digestions can subsidise the cost of UV photodegradation when
applied combined in the treatment of distillery effluent. However, process optimization needs
to be done in order 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 a large scale wastewater treatment unit.
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Chapter 6

6 Modelling the energy efficiency of the integrated system using surface response
methodology

Abstract

The effects of operating parameters on the performance and energy efficiency of an integrated
anaerobic digestion and UV photodegaradtion was studied. Response surface methodology
(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 photodegradation post-treatment removed
98% of the remaining colour. Energy demand of the UV lamp was lowest at low OLRap
irrespective of HRTap, with values ranging between 87 and 496 kWh/m?3. Energy analysis
further showed that the electricity requirement of the UV lamp in photodegradation was 80%
of the total energy requirement of a fluidised bed photoreactor while mixing consumed 20% of
electricity. The AD process produced 59 kWh/m?® of electricity which could supplement the
electricity demand of the UV lamp by 30% leading to operation cost reduction of about USD
4.8/m3. The presumed carbon dioxide emission reduction (CER) when electricity from
bioenergy was used to power the UV lamp, was 28.8 kg CO2e/m?3. Thus, the combined process

was effective in pollution removal at a reduced energy cost.

6.1 Introduction
Anaerobic digestion (AD) has been preferred 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/m?® and 50 kg/m? of steam in a co-generation
process (Yasar et al., 2015). However, AD is not effective in removing colour from distillery
effluent since melanoidins, which impart a dark brown colour to distillery effluent, are
biorecalcitrant. Ultra-violet (UV) photocatalysis has been proposed for the post-treatment of
anaerobically treated distillery effluent for colour removal.

Photocatalysis has an advantage in that it can rapidly degrade the pollutant without generating

sludge, unlike in the case of other treatment methods such as adsorption, coagulation and
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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 requirement of
various AOPs in wastewater treatment where it was reported that UV photolysis and UV/H20:
required 160 and 86 kwWh/m?, respectively, in the treatment of 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?3 (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 of the 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 modelling of the individual processes forming the integrated system
instead of modelling the whole integrated system as a single unit as asserted by Oller et al.
(2011). Therefore, Oller et al. (2011) recommended that modelling of the effects of operating
parameters of an integrated biological and chemical process as a unit, besides considering the
individual process, for wastewater treatment is necessary for process optimization and scale up.
In the case of an integrated AD — UV system, the OLR and HRT employed in the initial AD
step are very significant in evaluating the overall process performance. This is due to the fact
that these factors not only determine the AD stability and biogas production rate but they also
affect the characteristics of the AD treated effluent, which in turn, affects the efficiency of the
post-treatment process.

To obtain best operating conditions for the integrated process, response surface methodology
(RSM) using factorial experimental design is an appropriate technique. The RSM enables
determination of the optimum operating conditions in an effective manner and evaluates the
effect of interaction of multivariable systems using statistical methods, compared to 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 utilization of the UV lamp in the
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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 set-up for the combined anaerobic digestion and photodegradation shown in

Figure 5-1 of chapter 5 was applied in this study. The fluidised bed bioreactor was operated in
continuous mode where the organic loading rate (OLR) was varied between 0.33 kg COD/m3d
and 9 kg COD/m3d and the hydraulic retention time (HRT) was varied between 3 days and 20
days. The effects of OLR and HRT in the anaerobic digester (OLRap and HRT ap, respectively)
on the ensuing batch photodegradation process was studied. Subsequently, energy analysis of
the integrated process per unit wastewater treated was carried out based on the effect of the
OLRap and HRTap on the energy production by the initial AD step and energy utilization by
the final UV step. Finally, the energy efficiency of the integrated process was modelled using
response surface methodology (RSM).

6.2.2 Energy analysis

The energy production of the anaerobic unit was compared to the energy demand of the
photodegradation process, with a view to develop 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 EcopX Ceop X @, 1)

where Epio is the AD energy production kWh/m?, LHVy, is the low heating value of methane
which is 38 MJ/m3 (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). Electrical energy per order (EE/O) was used to calculate the energy
consumption of the UV photodegradation process (Eaop). The EE/O (kWhmorder?) 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):

Pt
Eaopr = . 2
\% log(g—;) ( )
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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, C; and Cr 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 equation (2). Energy ratio (B),
which is the efficiency indicator of the integrated system, was calculated as:

B = [z22| x100 3)
where Eyy is the UV lamp energy consumption (kWh/m?) and Eyio is the bioenergy production
(kWh/md). 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 application of a generator with an overall output efficiency of 78% of
which 33% was electricity and 45% was heat, in a co-generation process (Moraes et al., 2015).

Therefore, electricity generated from biomethane was given as;
Elpio = 0.33[Ep;0] (4)

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

By = A ®

where Ep is pump power (W), Qc is the flow rate of the recycle stream (m%/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 (CE) when electricity from national grid was applied to power the UV lamp of the
photoreactor was calculated as a product of electricity requirement of the UV lamp (kWh/m?)
and the base line grid emission factor of 0.957 kg CO.equivalent/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 = GEFXEly;, (6)
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where CER is the carbon dioxide emission reduction (kg CO2e/m>¢eq), GEF is the grid emission
factor (0.957 kg CO2e/kWh) and Elpio is the electricity generated from biomethane (KWh/m®eeq)
and presumably applied to power the UV lamp.

6.2.3 Experimental design and modelling
In order to analyse the interaction between HRTap and OLRap regarding energy production of

AD process and energy utilization by the UV lamp in the photodegradation post-treatment
process, Design expert software (version 6.0.6) was used. In the software, response surface
methodology (RSM) using 3-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
HRT ap studied, ensuring that OLRap and HRTap 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, 1.7 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 equation
(7) and the ranges of the variables studied are shown in Table 6-1.

_ SQ
OLR = = (7)

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

(m°).

Table 6-1: 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 quadratic polynomial equation:

Y =b, + X bix; + XIS, byx? + T, 2]!(>1 bi;XiX; (8)
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where Y is the response, bo is the offset term, bjis the linear effect, bii is the quadratic effect

and bij 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 the indicators of how the quadratic models fit the experimental values. A
probability >F value less than 0.05 indicates that the model term is significant while an adequate

precision value of > 4 is desired.

6.2.5 Experimental analysis
The total organic carbon 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 UV-Vis
spectrophotometer (T80 + UV/VIS Spectrophotometer, PG instruments Ltd) at 475 nm. The
BOD and COD were analysed according to standard procedure (APHA 1998), in which COD
was analysed using closed reflux method where potassium dichromate solution was used as
oxidant and Nanocolor colorimeter was used for the colour analysis. Alkalinity was analysed
according to the standard method for wastewater analysis involving titrating samples against

0.02N H2SOg4 solution using methyl orange indicator (Wilson, 2013).

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 6-2) and it was found to be 0.41
indicating that the distillery effluent is biodegradable. Good biodegradability is achieved when
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 majorly melanoidins (which form a small
proportion) often pass through anaerobic treatment without being degraded and they impart a
dark colour to biomethanated effluent (Satyawali & Balakrishnan, 2008; Kalavathi et al., 2001).
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Table 6-2: Characteristics of distillery wastewater.

Parameter Mean value
Chemical oxygen demand (mg/l) 68062 +320
Total organic carbon (mg/l) 45175 147
Biochemical oxygen demand (mg/l) 28066237
BODs/COD 0.412+0.002
Total sulphates (mg/l) 752578
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. Anaerobic digestion was carried out at various
HRTs in the AFBR at constant feed concentration and the recalcitrant component was
determined from data in Table 6-3.

Table 6-3: Anaerobic digestion at different HRT and constant feed concentration.

HRT COD feed COD effluent Ln (CODeffiuent)
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 (CODefient) against 1/HRT gives a straight line, and the
recalcitrant component is calculated at infinite HRT. A similar model has been applied in the
determination of biodegradable component of some food waste wastewater (Rincon et al.,
2006; Borja et al., 2002). In Figure 6-1 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 477 mg/l under the prevailing digestion conditions. The low value suggests that

distillery effluent was fairly biodegradable.
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Figure 6-1: Determination of recalcitrant component of distillery effluent.

Kalavathi et al. (2001) reported that melanoidins constitute about 2% of distillery effluent with
the rest being majorly biodegradable organic compounds. Removal of melanoidins from

distillery effluent can be achieved by applying photodegradation.

6.3.3 Performance of the continuously operated fluidised bed anaerobic bioreactor
The stability of the bioreactor at various OLRs was studied at a fixed HRT of 6 days. In Figure

6-2 the reactor was stable up to an OLR of 6 kg COD/m?d 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 was an indication 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 high OLR acidogenesis takes place faster than
methanogenesis leading to the accumulation of VFAs which results in reduction in performance
as indicated by low COD and colour reduction as well as low methane production.
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Figure 6-2: Effect of OLR on anaerobic digestion, (a) colour (0), COD (A), VFA/alkalinity
(©); (b) methane production (A), methane proportion of the biogas (o).

The effect of HRT on the performance of the reactor at a fixed OLR of 3 kg COD/m3d 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 6-3). This is due to sufficient contact time between
the microbes and the substrate at high HRT compared to that at low HRT.
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Figure 6-3: Effect of HRT on the AD process (a) CH4 proportion of the biogas (e), CHa
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.
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6.3.4 Effects of biodigester parameters on the UV post-treatment
The AD effluent characteristic is very important when considering the design of a post-

treatment process. This is due to the fact that it affects the performance of the post-treatment
facility as it determines the reaction Kkinetics, energy requirement and the overall size of the
post-treatment facility required to handle the discharge. Figure 4a shows the effects of applied
AD OLR (OLRap) on the subsequent UV photodegradation process at a constant HRT ap of 6
days. Generally, the photodegradation process was more efficient in colour reduction than TOC
reduction for all the OLRap studied. This is contrary to AD treatment which had higher organic
load reduction but low colour reduction, therefore integration of these two processes is

necessary as they complement each other.

It was further established that (Figure 6-4a) the efficiency of the photodegradation process
reduced with an increase in OLRap applied in the preceding AD process. This was due to the
fact that at high OLRap the AD effluent had a higher concentration and more intense colour

than at low OLR. This led to light attenuation in the preceding photodegradation process.
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Figure 6-4: Effect of biodigester operating parameters on photodegradation post-
treatment (@) OLRab and (b) HRTap, Colour (:3), TOC (@), reaction constant (A).

When the OLRap was fixed at 3 kg COD/m3d while the HRTap was varied from 6 to 20 days
(Figure 6-4b), it was found that the photodegradation efficiency increased with an increase in
applied HRTap from 75% to 98% colour removal. This was due to the fact that 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 micro-organisms. Moreover, AD

effluent had a more intense colour at low HRTap than at high HRT ap. Overall performance of
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the integrated process is shown in Table 6-4 where photodegradation post-treatment

complemented the AD process in colour removal.

Table 6-4: Overall efficiency of the integrated process at various HRTap at fixed OLRAD
of 3 kg COD/m?3d.

Initial removal by AD, % Additional removal by UV, % combined process, %
HRT(d) Colour TOC Colour TOC Colour TOC
6 28 81 54 45 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 the 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 AD rate on the rate of the ensueing
photodegradation process at various OLRap. In Figure 6-5 the rate of substrate utilization in
the AD process increased with an increase in OLR. However, the rate of the succeeding

photodegradation process decreased with an increase in OLRAp.
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Figure 6-5: Organic removal rate by the AD process (o) and reaction rate constant of
photodegradation post-treatment (A ) at various 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 anaerobic fluidised bed reactor owed to immobilization of micro-
organisms to small fluidised zeolite particles (Borja et al., 2004). In contrast, the reduction in
photodegradation rate with an increase in OLRap could be attributed to light attenuation caused

by high colour intensity when the system was operated at high OLRap. The performance of the
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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 utilization
rate (Figure 6-2 and Figure 6-5). At high OLRAap the substrate utilization is high due to the
available feed and the effluent has a higher colour intensity than that at low HRT ap.

6.3.6 Energy production of AD and energy demand of UV lamp
The photodegradation process is energy intensive majorly 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 6 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 maximum at OLRap of 6 kg COD/m?3d, after which it dropped due to
inhibition caused by accumulation of VFAs as a result of organic overloading (Figure 6-6a).
The energy ratio of the integrated process () was highest between OLR of 3 and 6 kg
COD/md. 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 6-6: Effect of OLRAD on the energy efficiency of the integrated process, (a), (©)
Bioenergy production, (A) UV lamp energy consumption and (b) Energy ratio.

To increase the efficiency of the integrated process, the HRTap was increased stepwise from 6
to 20 days at constant OLRap of 3 kg COD/m3d. The OLRap of 3 kg COD/m3d was chosen
due to the fact that it had good organic removal efficiency for both the processes and best energy
ratio was attained at this OLR. In Figure 6-7 it was found that increasing the HRTap from 6
to 20 days at constant OLRap of 3 kg COD/m3d increased the energy efficiency from ~ 9% to
93%. There were two combined factors which led to the high increase in efficiency with an

increase in HRTap. In the first place, high HRT in the AD unit led to high degradation of
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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 high
concentration was fed into the digester at very low flow rate. This led to high methane
production per unit feed volume than at 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 6-7 Effect of HRTap 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 HRTap means high biogas production per unit feed volume
and low effluent volume with less concentration compared to operating at the same OLRap but
at low HRTap (Zinatizadeh et al., 2010). This can easily or effectively be handled by the UV
post-treatment. However, this study could not investigate HRT ap of beyond 20 days at OLRap

of 3 kg COD/m3d due to limitations in available feed concentration and reactor size.

6.3.7 Response surface methodology and ANOVA
According to the experimental design a total of 13 experimental runs were conducted including

4 centre points (Run 10-13) as indicated in Table 6-5. 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 to 20.6 L/Lfeed corresponding to
bioenergy production in the range of 4.96 to 180.5 kWh/m? while the energy consumption of
the UV lamp ranged from 93 to 496 kwWh/m? corresponding to overall efficiencies of between
2.5 t0 93% as shown in Table 6-5.
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Table 6-5: Experiments conducted according to design and the corresponding responses.

HRT Biogas
Experiment  OLR (xi) (xii) (L/Lteed) CH4% Ebio Euv B%
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 9.4 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

Based on the probability > F values, the summary of ANOVA for various polynomial models

relating the variables to the responses (Table 6-6) indicates that a two factor interaction model
(2F1) described the interaction of OLRap (A) and HRTap (B) in bioenergy production while a

quadratic model described UV lamp energy requirement and the energy efficiency.

Table 6-6: ANOVA for response surface models.

Polynomial Sum of Mean Adeq.

Response  model Source sguares DF  square F value Prob >F  precision
Bioenergy 2 Fl Model 23510.75 3 7836.92 177.4 <0.0001 44.25

A 13088.46 1 13088.46 296.28 < 0.0001

B 7715.97 1 7715.97 174.67 <0.0001

AB 4962.38 1 4962.38 112.33 < 0.0001

Residual ~ 397.58 9 44.18
UV lamp Quadratic 16.23
energy Model 1.65E+05 5 32962.17 22.67 0.0003

A 60122.16 1 60122.16 41.36 0.0004

B 33750 1 33750 23.22 0.0019

A? 40681.72 1 40681.72 27.98 0.0011

B? 4601.6 1 4601.6 3.17 0.1184

AB 9612.48 1 9612.48 6.61 0.0369

Residual 10176.25 7 1453.75
Epio/Euv Quadratic 27.89
(B, %) Model 7948.3 5 1589.66 69.41 < 0.0001

A 1746.88 1 1746.88 76.28 <0.0001

B 4144.88 1 4144.88 180.99 <0.0001

A? 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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All the 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 greater than 0.05. A
significant interaction between OLRap and HRT ap 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 suggesting 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 equation (8). The predictive two factor interaction (2FI)
model correlating bioenergy production to the applied OLRap and HRTap in the reactor in

terms of coded values, is presented as:
Epio =55.90 + 47.37A + 34.21B + 34.19AB 9)

The coefficients of all the model factors positively contributed to the model equation and the
most influential parameter was OLRap (A) as it had the highest coefficient and F-value (Salam
et al., 2015). Validation of the model was done by plotting the predicted values against the
experimental values (Figure 6-8a) and R? value of 0.9778 was obtained, implying that the

model accurately describes the effect of OLRap and HRTap in the digestion process.
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Figure 6-8: 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 and (c) Energy ratio.

Response surface plot depicting the effects of OLRap and HRTap on bioenergy production is
shown in Figure 6-9a. The plots show that at low HRTap of 6 days the bioenergy production
did not increase significantly with an increase in OLRap. Likewise, at low OLR 0.3 kg
COD/m?®d the bioenergy production did not significantly increase with an increase in HRT ap.
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 HRT ap.
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Figure 6-9: Response surface plot indicating the effects of OLRap and HRTap on (a)
bioenergy production, (b) UV lamp energy consumption and (c) energy efficiency.

This was due to the fact that 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
low OLRap or low HRT ap. Moreover, at low HRT ap the reactor experienced a lot of microbial
washout. A similar trend has been reported for biogas production during anaerobic treatment
of various industrial wastewater (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 HRT ap showed that the rate
of substrate conversion to biogas increased with an increase in OLRap and 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).
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Alternatively, the observed increase in organic conversion rate to biogas with an increase in
feed concentration could be attributed to the stability of the anaerobic fluidised bed reactor

owed to immobilization of micro-organisms to small fluidised particles (Borja et al., 2004).

6.3.9 UV photodegradation energy consumption
The analysis of the interaction between the applied OLRap and HRTap in the bioreactor and

the energy utilised by the UV lamp in photodegradation post-treatment was described by:

Euv = 69.02 + 101.54A - 75.00B + 121.37A2 + 52.07B2 - 47.59AB (10)

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. Further, 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 to the response. The model depicts a convex
shaped plot attributed to by the quadratic effect of OLRap (A) since the quadratic effect of
HRTap (B) was not significant as shown by the ANOVA (Table 6-6). The quadratic model was
validated by plotting predicted values against experimental values (Figure 6-8b); a straight line
with R? value of 0.9418 was obtained indicating that the model accurately described the

dependence of Euv on OLRap and HRT ap.

It is shown in Figure 6-9b that, generally, the energy required by the UV lamp for
photodegradation post-treatment increased with an increase in OLRap at various HRTSap
studied. This was due to the fact that the AD effluent concentration increased with an increase
in OLRap applied as depicted in Figure 6-2 (Wang & Wu, 2004) leading to high energy
requirement for photodegradation post-treatment. At low OLRap (0.3 kg COD/m?3d) an increase
in HRTap did not significantly affect the energy requirement due to low AD effluent

concentration at low OLRAap.

However, at high OLRAp (3 kg COD/m?d) there was a significant reduction in energy required
with an increase in HRTap from 6 to 20 days due to low AD effluent concentration at high
HRTap (Zinatizadeh et al., 2010). Generally, high HRT ap ensures longer contact time between
microbes and pollutants, leading to effective removal of biodegradable constituents. Thus the
discharged AD effluent does not contain a lot of biodegradable constituents that could compete

with the biorecalcitrant constituents during photodegradation process leading to high
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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 low colour intensity can be degraded faster compared to an effluent with high
colour intensity which causes light attenuation during photodegradation.

6.3.10 Energy ratio
A quadratic model in terms of coded factor which describes the relationship between overall

energy efficiency of the integrated system and the variables was expressed as:

B =46.64 + 17.31A + 26.28B - 18.01A2 + 1.02B2 + 19.07AB (11).

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 of
HRTap (B) did not considerably contribute to the curvature since it was not significant as
shown in Table 6-6. A plot of the predicted values against the experimental values using the
model is shown in Figure 6-8c where distribution of the data points along a line with a unit
slope indicates the validity of the model.

In Figure 6-9c, at low HRTap (6 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/m?3d. This trend was partly due to the fact that at lower OLRap of 0.3 kg COD/m3d
the bioenergy production was low as compared to that at higher OLRap of 1.65 kg COD/m3d
(Rastegar et al., 2011) leading to a low energy ratio. At the same time, at high OLRap of 3 kg
COD/m?®d, the colour intensity of the AD effluent was higher than that at OLRap of 1.65 kg
COD/m?3d, therefore higher energy was required for photodegradation resulting in a decreased
energy ratio. Due to these two pulling factors, best energy efficiency at low HRTap was
attainable mid-way between low and high OLRsap, which was at 1.65 kg COD/m3d. At high
HRT (20 days) the energy efficiency increased with an increase in OLRap majorly due to an
increase in bioenergy production per unit volume with an increase in OLRap. In a similar study
of anaerobic digestion of wastewater, higher methane production per unit feed flow rate was
recorded at high OLRap and high HRTap than at low OLRap and low HRT (Zinatizadeh et al.,
2010). Moreover, high HRTap at high OLRAp leads 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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An increase in HRTap at low OLRap did not significantly improve the energy efficiency. This
was due to the fact that at low OLRAap bioenergy production per unit feed volume was usually
low irrespective of the HRTap applied under this study. Operating bioreactor at low OLRap
and high HRT ap is considered uneconomical since low organic load could be degraded within
a short time. It therefore follows that there was no substantial difference in photodegradation
energy requirement for effluent discharged by bioreactor operating at low OLRap at either low
or high HRT ap as shown in Figure 6-9b. In fact, operating a bioreactor at high HRTap and low

OLRApD can lead to cell death due to starvation.
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Figure 6-10: Perturbation plot for energy efficiency.

Perturbation, which indicates the deviation of the energy efficiency from the reference point
caused by the variables, is shown in Figure 6-10. 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
particular point. In Fig. 6, 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
6-6).
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6.3.11 Electrical energy and carbon dioxide emission reduction analysis
The environmental sustainability of the integrated process was evaluated on the basis of the

electrical energy generation from the bioemethane produced by the AD process and carbon
dioxide emission reduction (CER) associated with the application of the generated electrical
energy in the ensueing photodegradation process. The conditions for this study were OLRap of
3 kg COD/m3d and HRT ap of 6-20 days. The fixed OLRap of 3 kg COD/m3d was chosen since
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 co-
generation process was considered (Moraes et al., 2015). To estimate the CER, a base line
emission factor, when electricity from national grid was applied, of 0.957 kg CO:
equivalent/kWh of electricity generated was applied (Spalding-Fecher, 2011). The CER
achieved by applying the electricity generated from the bioemethane was compared to the
carbon emission (CE) when electricity from the grid was applied to power the UV lamp in the

photodegradation post-treatment (Figure 6-11).

In Figure 6-11a and b, the electricity consumption of the photoreactor components (UV lamp
and compressor), and the CE reduced with an increase in HRT ap while the energy generation
and the CER increased with an increase in HRT ap. This was due to the fact that at low HRT ap
the effluent discharged by the AD process had a higher concentration or colour intensity than
that at high HRTap and therefore 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 low HRT ap compared to that at high HRTap leading to low electricity generation. In
Figure 6-11a 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 6-11b the bioenergy application as electricity source for UV lamp led to CER of 57
kg CO2e/m3seeq corresponding to a 31% CER compared to the case when electricity from the
grid was applied. The CER could go up to 134.7 CO2e/m3seq OF 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 base line emission factor of 0.4829 kg CO2/kWh and obtained a CER of about 55 kg COe/m®
when energy generated from anaerobic treatment of distillery effluent in an industrial scale was
applied in the economy. Apart from the difference in the applied baseline emission factor,
which varies significantly with regions (Spalding-Fecher, 2011), the CER values obtained by

Yasar et al. (2015) were close to those of this study.
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Figure 6-11: (a) Electricity consumption of: UV lamp (o), compressor used for mixing in
the photoreactor (A), pump for the AD process (0); Electricity (m) and heat (A ) generated
from biogas. (b) Carbon dioxide emission due to the electricity consumption by the UV
lamp (o) and carbon dioxide emission reduction when biomethane was presumably
applied as electricity source (m), as heat (A ) and a combination of electricity and heat (e).

It was observed, in Figure 6-11a, that increasing HRTap led to a reduction in electricity
requirement of the photoreactor; in contrast, it led to an increase in electricity demand of the
bioreactor. Economic analysis was used to investigate cost reduction by application of

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 by applying cost of electricity unit of
0.08 USD/kWh (Yasar et al., 2015). In Figure 6-12 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 HRTap due to 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 high HRT ap than at low HRT ap in this study. This is due to
the fact that, although, increasing HRTap from 6 days to 20 days led to an increase in
operational cost of the AD process, the increase was only 9 USD/m? compared to a reduction
of 28 USD/m? for UV lamp operation cost when HRT ap Was increased from 6 days to 20 days.

Besides, at high HRT ap there was a better colour and TOC reduction than at low HRT ap.
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Figure 6-12: Electricity consumption cost of operating the photoreactor, UV lamp (D)
compressor (A), electricity consumption for bioreactor (A) and the electricity cost
subsidized by the application of bioenergy (e).

The possible cost subsidized by renewable energy applied in photodegradation could be 31%
for the UV lamp at HRT ap of 20 days while it was as low as 2% for low HRTap of 6 days. The
low value at low HRTap was due to 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 subsidize up to 24% of the total electricity
cost for the photodegradation unit which corresponds to a cost reduction of USD 4.7/m3etfiuent.
Further analysis showed that the electricity from the bioenergy can subsidize up to 12% of the
global cost of operating an integrated AD — UV process. Fuess & Garcia (2015) reported a cost
reduction of 5-15% when energy from distillery effluent is utilized in the distillation process.

Conclusion

The pollution removal and energy efficiency of an integrated anaerobic digestion (AD) and
photodegradation treatment process for distillery effluent was studied. The interaction between
the organic loading rate and hydraulic retention of the initial AD step on the efficiency of the
combined process was modelled using response surface methodology (RSM). Kinetic analysis
of the integrated system showed that high substrate utilization rate in the initial AD step was
not additive to the rate of photodegradation post-treatment. However, substrate removal
efficiency was a more significant indicator, as compared to substrate utilization rate, in
predicting the performance of the post-treatment unit. The integrated process was found to be

efficient in energy utilization as the renewable energy from the AD could supply up to 31% of
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the electricity requirement of the UV lamp in the photodegradation process, leading to an
operational cost reduction of USD 4.8/m? efient. As a result, the process led to environmental
conservation as the carbon dioxide emission reduction when electricity from bioenergy was
used to power the UV lamp, was 28.8 kg CO.e/m3. This led to reduction in carbon dioxide
emission by 30% compared to when electricity from the grid was used to power the UV lamp.

Therefore, the integrated process is suitable for the treatment of distillery effluent.
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Chapter 7

7  Conclusions and recommendation
7.1 Conclusion
The review of the available literature showed that there was a need for integrating anaerobic

digestion (AD) with an appropriate treatment technique to remove both biodegradable and
biorecalcitrant components of distillery effluent. This study found that it was efficient to
integrate AD with UV photodegradation, as AD converted the biodegradable components,
which formed about 90% of distillery effluent, into biomethane while photodegradation
removed the colour-causing biorecalcitrant components which are majorly melanoidins. The
study designed an integrated AD-UV treatment system consisting of both a fluidised bed
anaerobic reactor and fluidised bed photoreactor. The aim of the study was to achieve effective
pollution reduction at a reduced operational cost by estimating the cost reduction when
electricity from biomethane, produced by the AD process, was used to operate the energy

intensive UV photoreactor.

The optimal hydrodynamic conditions for the digester and the photoreactor were determined
using an optical attenuation technique based on particle and gas distribution in the respective
reactors. Best particle distribution in the bioreactor was found to be at superficial liquid velocity
of between 0.6 cm/s and 0.75 cm/s. The radial bubble distribution in the photoreactor was found
to vary with superficial gas velocity (Ug) and the reactor aspect ratio. The bubble trajectory
was found to be spiral or zig-zag in nature attributed to large bubble size, which was ranging
between 6 and 11 mm in diameter depending on the applied Ug. The optimal gas hold up and
solid hold up for the photoreactor was found to be 0.077 and 0.003, respectively.

Kinetic analysis was applied to evaluate the stability and the performance of the fluidized bed
anaerobic reactor at various (hydraulic retention time) HRT and (organic load rate) OLR. The
degradation followed first order kinetics and fitted the Michaelis-Menten kinetic model for
substrate utilization. The kinetic analysis further showed that about 10% of the TOC was non-
biodegradable. It was then established that the non-biodegradable component was responsible
for the dark-brown colour of the distillery effluent since anaerobic digestion resulted in low
colour reduction but high TOC reduction. Therefore, there was a need to employ a post-
treatment technology for the removal of the melanoidins. Further, it was found that biomass
yield was 0.4658 g/g while endogenic micro-organisms’ decay coefficient was 0.0293 which
suggested that there was a need to install a sludge handling unit prior to the photodegradation

post-treatment. This was due to fact that the suspended solid (sludge) could hamper the
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efficiency of photodegradation due to increased light attenuation. The mean cell residence time
(MCRT) or the sludge retention time (SRT) was found to be at least 2.5 times the HRT which
indicated that the zeolite that was applied in the reactor led to effective separation between
HRT and SRT, since zeolite retained the micro-organisms in the reactor.

A study on combined anaerobic digestion and photodegradation treatment of distillery effluent
in batch fluidised bed reactors showed that anaerobic digestion as a single unit was efficient in
TOC reduction but was ineffective in colour reduction while photodegradation was efficient in
colour reduction but was less effective in TOC reduction. Thus, photodegradation post-
treatment was effective for colour removal in anaerobically treated effluent. During
photodegradation, nitrate (NOs”) and ammonium (NH.s") were formed indicating the
degradation of the biorecalcitrant coloured melanoidins. This confirmed mineralization of
nitrogen heteroatom within the melanoidin structure which when bonded to carbon, forms a
chromophore. Subsequently, the degradation of carbon — nitrogen bond led to colour reduction

through the breaking down of the chromophores.

The interaction between HRTap and OLRap of the initial AD step on the overall performance
of the integrated process was modelled using response surface methodology (RSM). It was
more efficient to operate the system at both high OLRap and HRT ap since high OLRap led to
high bioenergy production while high HRT ensured that the AD process discharged effluent
with low concentration to the photoreactor resulting in low energy utilization in the
photoreactor. It was found that the initial biological step removed about 90% of TOC and only
about 50% of the colour while photodegradation post-treatment removed 98% of the remaining
colour. Energy demand of the UV lamp was lowest at low OLRap irrespective of HRT ap, with
values ranging between 87 and 496 kWh/m®. The energy analysis further showed that the
electricity requirement of the UV lamp in photodegradation was 80% of the total energy
requirement of a fluidised bed photoreactor while mixing consumed 20% of electricity. The
AD process produced 59 kWh/m? of electricity which could supplement the electricity demand
of the UV lamp by 30% leading to operation cost reduction of about USD 4.8/m?. The presumed
carbon dioxide emission reduction (CER), when electricity from bioenergy was used to power
the UV lamp, was 28.8 kg CO2e/m*. Thus, the combined process was effective in pollutant

removal at a reduced energy cost.
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7.2  Recommendations

Research on improving the performance of the integrated process by employing a photocatalyst
with enhanced activity is recommended. A photocatalyst, with high quantum efficiency, which
can degrade the melanoidins at a more reduced time than TiO2/SiO- catalyst, could result in
reduced energy requirement and thus reduce the operational cost further. Furthermore,
application of robust techniques such as computational fluid dynamic modelling for reactor
design and operation can be employed to optimize the reactor operating conditions and this can

lead to an increased reaction rate resulting in a reduction in reactor size and operation cost.

The performance of the UV photodegradation post-treatment was highly affected by the
turbidity of the digester effluent and the sludge discharged from the bioreactor. This was due
to the fact that turbidity and sludge particles led to light attenuation in the photoreactor. To
mitigate this ozonation process, which is not affected by turbidity, should be studied as an
alternative to UV photocatalysis. Moreover, ozononation is reported to be capable of
solubilizing sludge. This again can eliminate the application of the sludge filtration unit.
Finally, application of solar energy to drive photodegradation in the integrated process should
be investigated. It can lead to remarkably improved energy efficiency and substantial

improvement on reduction in carbon dioxide emission.
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Figure A2: Reactor and OAT set up, (a) side view and (b) Top view.

Figure A3: Picture of the reactor and OAT, (a) Bioreactor and (b) Photoreactor
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Figure A4: Bubble size estimation in the photoreactor.

Figure A5: Integrated anaerobic digestion and photodegradation set-up.
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