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Coal gasification stripped gas liquor (CGSGL) wastewater contains large quantities of complex
organic and inorganic pollutants which include phenols, ammonia, hydantoins, furans, indoles,
pyridines, phthalates and other monocyclic and polycyclic nitrogen-containing aromatics, as
well as oxygen- and sulphur-containing heterocyclic compounds. The performance of most
conventional aerobic systems for CGSGL wastewater is inadequate in reducing pollutants
contributing to chemical oxygen demand (COD), phenols and ammonia due to the presence of

toxic and inhibitory organic compounds.

There is an ever-increasing scarcity of freshwater in South Africa, thus reclamation of
wastewater for recycling is growing rapidly and the demand for higher effluent quality before
being discharged or reused is also increasing. The selection of hybrid fixed-film bioreactor (H-
FFBR) systems in the detoxification of a complex mixture of compounds such as those found
in CGSGL has not been investigated. Thus, the objective of this study was to investigate the
detoxification of the CGSGL in a H-FFBR bioaugmented with a mixed-culture inoculum
containing Pseudomonas putida, Pseudomonas plecoglossicida, Rhodococcus erythropolis,
Rhodococcus qingshengii, Enterobacter cloacae, Enterobacter asburiae strains of bacteria, as

well as the seaweed (Silvetia siliquosa) and diatoms.

The results indicated a 45% and 79% reduction in COD and phenols, respectively, without
bioaugmentation. The reduction in COD increased by 8% with inoculum PA1, 13% with
inoculum PA2 and 7% with inoculum PA3. Inoculum PA1 was a blend of Pseudomonas,

Enterobacter and Rhodococcus strains, inoculum PA2 was a blend of Pseudomonas putida

© University of Pretoria



-
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Q= YUNIBESITHI YA PRETORIA

strains and inoculum PA3 was a blend of Pseudomonas putida and Pseudomonas
plecoglossicida strains. The results also indicated that a 70% carrier fill formed a dense biofilm,
a 50% carrier fill formed a rippling biofilm and a 30% carrier fill formed a porous biofilm. The
autotrophic nitrifying bacteria were out-competed by the heterotrophic bacteria of the genera
Thauera, Pseudaminobacter, Pseudomonas and Diaphorobacter. Metagenomic sequencing
data also indicated significant dissimilarities between the biofilm, suspended biomass, effluent
and feed microbial populations. A large population (20% to 30%) of unclassified bacteria were
also present, indicating the presence of novel bacteria that may play an important role in the

treatment of the CGSGL wastewater.

The artificial neural network (ANN) model developed in this study is a novel virtual tool for
the prediction of COD and phenol removal from CGSGL wastewater treated in a bioaugmented
H-FFBR. Knowledge extraction from the trained ANN model showed that significant non-
linearities exist between the H-FFBR operational parameters and the removal of COD and
phenol. The predictive model thus increases knowledge of the process inputs and outputs and
thus facilitates process control and optimisation to meet more stringent effluent discharge

requirements.

Keywords: Artificial Neural Network (ANN), Bioaugmentation, Biofilm, Coal Gasification,
Chemical Oxygen Demand (COD), Microbial Diversity, Next Generation Sequencing (NGS),

Phenols, Predictive Modelling, Pseudomonas.
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CHAPTER 1
INTRODUCTION

1.1 Background

Coal gasification wastewater, such as stripped gas liquor, is generated during the coal-to-liquid
Lurgi-Phenosolvan® process. The wastewater contains large quantities of complex organic and
inorganic pollutants such as phenols, ammonia, thiocyanate, cyanide (Park et al., 2008; Cui et
al., 2017), monocyclic and polycyclic nitrogen-containing aromatics, and oxygen- and sulphur-
containing heterocyclic compounds (Gubuza, 2008; Ji et al., 2015a). Phenol and its derivatives
induce genotoxic, carcinogenic, immunotoxic, haematological and physiological effects
(Nahed and Saad, 2008) in organisms living in the receiving water bodies and higher-order
organisms (Li and Han, 2013; Pal and Kumar, 2014). The guideline value for phenols is <30
ug/L for freshwater bodies (DWAF, 1996) and <1 ug/L for drinking water (Pishgar et al.,
2012).

Biological treatment has been used to treat coal gasification stripped gas liquor (CGSGL)
mostly after pretreatment by the process of phenol solvent extraction and ammonia stripping
to avoid inhibition of the biological process. Biological treatment is considered more
environmentally compatible and therefore sustainable in the long term (Lim et al., 2013).
However, most conventional aerobic systems for coal gasification wastewater treatment are
not sufficient in reducing chemical oxygen demand (COD), phenols and ammonia due to the
presence of refractory organics (Ji et al., 2015a). For this reason, a more robust biological

system such as the hybrid fixed-film bioreactor (H-FFBR) system was considered.

Efficient removal of pollutants in biofilm systems using carriers was demonstrated by Jeong
and Chung (2006) who reported the removal of COD, thiocyanate, cyanide and nitrogen from
coal processing wastewater using a fluidised biofilm process. High removal efficiencies of
97%, 99%, 99% and 93% were obtained for COD, cyanide, thiocyanate and ammonia,
respectively. Mazumder (2010) reported removal efficiencies of 80% and 90% for COD and
ammonia, respectively, from high-strength wastewater using a shaft-type aerobic hybrid
bioreactor. Li et al. (2011) reported the removal of phenols, thiocyanate and ammonia-nitrogen

from coal gasification wastewater using a moving-bed biofilm reactor (MBBR).

© University of Pretoria
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Li et al. (2011) also reported that biofilm processes were reliable for the removal of organic
carbon and nitrogen without some of the problems associated with conventional activated
sludge processes since nitrifying bacteria in the biofilm would be more resistant to inhibitory
constituents in the wastewater. However, the selection of hybrid fixed-film bioreactor systems
in the detoxification of a complex mixture of compounds such as those found in CGSGL
wastewater has not been investigated. The proposed system in this study relies on improved
contact of pollutants in the wastewater with the biofilm and bioaugmented microbial

community.

1.2 Problem statement

Coal gasification stripped gas liquor (CGSGL) wastewater from a petrochemical refinery does
not meet effluent standards with respect to COD, phenols and ammonia-nitrogen when treating
the effluent using the conventional activated sludge process. The removal of COD, phenols and
ammonia-nitrogen can be achieved biologically by bioaugmenting a hybrid fixed-film
bioreactor (H-FFBR) with strains of Pseudomonas putida, Pseudomonas plecoglossicida,
Rhodococcus erythropolis, Rhodococcus gingshengii, Enterobacter cloacae and Enterobacter

asburiae, as well as the seaweed Silvetia siliquosa and diatoms.

1.3  Aims and objectives

The main objective of this study was to investigate the removal of chemical oxygen demand
(COD), phenols and ammonia-nitrogen in a hybrid fixed-film bioreactor (H-FFBR) inoculated
with a mixed inoculum containing Pseudomonas putida, Pseudomonas plecoglossicida,
Rhodococcus erythropolis, Rhodococcus qingshengii, Enterobacter cloacae, Enterobacter

asburiae strains and other unidentified species of bacteria, seaweed and diatoms.

To achieve the above objective, the following tasks and targets were set:

¢ Quantifying the removal of COD, phenols and ammonia-nitrogen in the H-FFBR by the
indigenous microbial community.

e Determining the main parameters affecting the biofilm structure and biological activity.

e (Characterising the H-FFBR indigenous population by next-generation sequencing (NGS).

© University of Pretoria
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Using 16S rRNA gene sequence analysis to characterise the specific strains of
Pseudomonas putida, Pseudomonas plecoglossicida, Rhodococcus erythropolis,
Rhodococcus qingshengii, Enterobacter cloacae and Enterobacter asburiae selected as
bioaugmentation inocula.

Quantifying the removal of COD and phenols in the H-FFBR inoculated with the selected
strains of Pseudomonas putida, Pseudomonas plecoglossicida, Rhodococcus erythropolis,
Rhodococcus gingshengii, Enterobacter cloacae and Enterobacter asburiae.

Using 18S rRNA gene sequence analysis to characterise the seaweed (Silvetia siliquosa)
and quantifying the removal of suspended solids.
Developing a predictive intelligent model for the removal of COD and phenol from CGSGL

wastewater in a bioaugmented H-FFBR.

Methodology

The removal of COD, phenols and ammonia-nitrogen in the H-FFBR inoculated with specific

blends of Pseudomonas putida, Pseudomonas plecoglossicida, Rhodococcus erythropolis,

Rhodococcus qingshengii, Enterobacter cloacae and Enterobacter asburiae strains was

studied. The methodology employed to achieve these aims and objectives of the study included:

a)

b)

c)

d)

e)

Undertaking a detailed literature review of the generation of the coal gasification stripped
gas liquor (CGSGL) wastewater and biological processes used for the treatment of this
complex wastewater.

Determination of the chemical composition of the CGSGL wastewater to identify
biodegradable and non-biodegradable compounds specific to the petrochemical refinery
wastewater.

Carrying out next-generation sequencing (NGS) studies of the indigenous microbial
community in the H-FFBR to gain an understanding of the community structure and
diversity at different taxa levels.

Conducting experiments to determine the removal of COD, phenols and ammonia-nitrogen
in the H-FFBR by the indigenous microbial population.

Determination of the main parameters affecting the biofilm structure.

Conducting experiments to determine the removal of COD, phenols and ammonia-nitrogen

in the H-FFBR bioaugmented with specific blends of Pseudomonas putida, Pseudomonas

© University of Pretoria
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plecoglossicida, Rhodococcus erythropolis, Rhodococcus qingshengii, Enterobacter

cloacae and Enterobacter asburiae strains.

Organisation of the thesis

This thesis consists of the following chapters and appendices:

Chapter 1 presents an introduction to the study; it explains the motivation, main aims,
objectives and scope of the study, highlighting the importance of the research study. It also
provides an outline of the organisational structure of the thesis.

Chapter 2 provides an extensive review of the literature relevant to the present research,
with technical information on the theoretical background of CGSGL wastewater
composition and biodegradation by biological processes.

Chapter 3 presents technical details of the pilot H-FFBR operating parameters, materials
used, as well as the analytical and experimental methods used.

Chapter 4 describes the characterisation of the indigenous microbial communities in the H-
FFBR by next-generation sequencing, phylogenetic diversities and lineages (phylogenetic
tree).

Chapter 5 presents the composition of the feed and effluent, factors affecting the structure
of the biofilm, and quantifies the removal of COD, phenols, and ammonia-nitrogen in the
H-FFBR by the indigenous microbial community.

Chapter 6 describes the characterisation of the strains of Pseudomonas putida,
Pseudomonas plecoglossicida, Rhodococcus erythropolis, Rhodococcus gqingshengii,
Enterobacter cloacae and Enterobacter asburiae by 16S rRNA gene sequencing and the
characterisation of the seaweed (Silvetia siliquosa) by 18S rRNA gene sequencing. Chapter
6 also presents the quantification of the removal of COD and phenol in the H-FFBR.
Chapter 7 presents a predictive intelligent model based on an artificial neural network for
the removal of COD and phenol in the bioaugmented H-FFBR.

Chapter 8 provides a summary of the key findings of this study and the conclusions drawn
from the findings; also included in this chapter are recommendations for further studies.
Chapter 9 presents a listing of all cited reference materials.

Appendices.
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CHAPTER 2
LITERATURE REVIEW

2.1 Background

Sasol is a signatory to the Responsible Care® initiative, the global chemical industry’s
environmental, health and safety (EHS) initiative to drive continuous improvement in
performance (Beloff et al., 2005). The Sasol refinery is currently expanding its operations both
locally and internationally and, in line with global standards, all new operational designs
employ total reuse or zero liquid discharge (ZLD) approaches. This approach results in the
reduction of water demand through recycling and avoidance of possible off-site impacts on the
surrounding environment (Meerholz and Brent, 2013). Compounding the problem are the
unique characteristics of the effluent streams, thus case studies and best practices in related
industries cannot be applied directly to this petrochemical refinery effluent (Meerholz and

Brent, 2013).

2.2 Sasol-Lurgi Fixed-Bed Dry Bottom (FBDB™) process generating coal gasification

stripped gas liquor wastewater stream

The Sasol process starts at the gasification plant where low rank coal (lignite) is converted to
crude gas under pressure and at a high temperature in the presence of steam and oxygen (Gai
et. al., 2016). At both Sasolburg and Secunda, synthesis gas (syngas) is produced from coal
using the Sasol-Lurgi Fixed-Bed Dry Bottom (FBDB™) gasifiers. Coal is loaded from an
overhead bunker into a lock hopper that is isolated from the reactor during loading, then closed,
pressurised with syngas, and opened to the reactor. The coal from the lock hopper is distributed
over the area of the reactor by a mechanical distribution device, and then moves slowly down
through the bed, undergoing the processes of drying, devolatilisation, gasification and
combustion. The ash from the combustion of ungasified char is removed from the reactor
chamber via a rotating grate, and is discharged into an ash lock hopper. In the grate zone the
ash is pre-cooled by the incoming blast (oxygen and steam) to about 300 °C to 400 °C. The
blast enters the reactor at the bottom and is distributed across the bed by the grate. Flowing
upwards, it is pre-heated by the ash before reaching the combustion zone in which oxygen (O)
reacts with the char to form carbon dioxide (CO.). At this point in the reactor the temperatures

reach their highest level (Figure 2.1).
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Figure 2.1: Sasol-Lurgi FBDB™ gasifier (Higman and Van der Burgt, 2008)

The Oz and steam then react with the coal in the gasification zone to form CO», hydrogen and
methane. The gas composition at the outlet of the gasification zone is governed by the three
heterogeneous gasification reactions: water-gas, Boudouard, and methanation. The gas leaving
the gasification zone then enters the upper zones of the reactor where the heat of the gas is used
to devolatilise, pre-heat and dry the incoming coal. In the process, the coal is cooled from 800

°C at the outlet of the gasification zone to about 550 °C at the reactor outlet (Figure 2.2).

LOCK
COAL FEED EXPANSION GAS LP STEAM BFW

LOCK PRESSURIZING
GAS

BFW
PREHEATER
F
W, RAW SYNGAS
GAS BFW  GAS
WATER LIQUOR LIQUOR

Figure 2.2: Sasol-Lurgi FBDB™ gasification loop (Higman and Van der Burgt, 2008)
A result of the counter-current flow is the relatively high methane content of the outlet gas. On

the other hand, part of the products of devolatilisation are contained unreacted in the synthesis

gas, particularly tars, phenols and ammonia, but also a wide range of other hydrocarbon

© University of Pretoria



&

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Q= YUNIBESITHI YA PRETORIA

species. Bulk removal of this material takes place immediately at the outlet of the reactor by
means of a quench cooler in which most of the high-boiling hydrocarbons and dust carried over
from the reactor are condensed and/or washed out with gas liquor from the downstream
condensation stage. The gas liquor from the quench cooler typically contains suspended matter
(1 000 mg/L), sulphur (600 mg/L), chlorides (50 mg/L), ammonia-nitrogen (10 000 mg/L),
cyanides (50 mg/L), phenols (1 000 mg/L to 5 000 mg/L) and COD (10 000 mg/L) (Higman
and Van der Burgt, 2008). Lurgi developed two processes for the recovery of phenols and

ammonia, i.e. Phenosolvan® and Lurgi CLL™ (Gai et al., 2016) (Figure 2.3).

Excess sludge
dewatered and
indnerated

Lurgi FBOB Activated sludge
gasification Biological

Treatment Plant
Trganir_a

Lurgi CLL Ammonia
recovery

Coal Gasification
Stripped Gas Liquor

Acid gas, €02, H25, HCN

Dephenclised
Lurgi GL5 Process Gas Liquor

Mud liguor

= - - =

Figure 2.3: Flow diagram of the Sasol-Lurgi gasification loop and generation of the CGSGL

02, H2S Solvent l

wastewater stream

The Phenosolvan® process is a proprietary solvent extraction process developed by Lurgi for
the removal of phenols from coke oven and coal gasification process wastewaters (Gai et al.,
2016). The Phenosolvan® process consists of three parts: filtration, extraction and solvent
recovery. Gas liquor from the Gas Liquor Separation™ (GLS) process unit is filtered through
a gravel bed to remove suspended matter. The liquor then enters a counter-current extractor

where phenols are extracted from the liquor by counter-current contact with a solvent such as
7
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diisopropyl ether (DIPE) (Lin et al., 2005; Gai et al., 2008) or butyl ethanoate (Anastasi, 1980).
Diisopropyl ether is mainly used in South African refineries and in most coal-gasification
plants in China (Yang et al., 2013). The extract containing the solvent and phenols is distilled
to separate the solvent. The distilled solvent is then recycled to the extractors. The solvent
contained in the phenol after distillation is recovered by steam stripping and recycled to a
distillation column. The crude phenols are mixed with tar, oil and naphtha recovered from the
GLS process. The dephenolised liquor (raffinate) is gas-stripped with nitrogen (N2) in a

stripping column to remove any residual solvent in the liquor (Yu et al., 2010; Gai et al., 2016).

The Na/solvent is washed with phenol to recover the solvent for recycling (Beychok, 1974).
After N> stripping, the dephenolised gas liquor is fed to the Ammonia Recovery Unit (Lurgi
CLL™) for the recovery of ammonia (fixed and free). The gas liquor is fed into a free ammonia
still where free ammonia and acid gases (hydrogen sulphide and carbon dioxide) are recovered
by live steam injection (Beychok, 1974). The liquid leaving the bottom of the free ammonia
still 1s fed to a lime mixing vessel where a lime slurry is added to free the fixed ammonia. The
mixture from the lime slurry vessel is fed to a fixed ammonia still to recover the remaining

ammonia using steam stripping (Gai et al., 2008; Feng et al., 2009).

The ammonia vapours leaving the top of the fixed ammonia still are combined with the vapour
leaving the free ammonia still and fed to the Phosam-W absorber (ammonium phosphate
solution) for the recovery of ammonia. Upon leaving the ammonia stripping process the
wastewater is known as stripped gas liquor (SGL) (Wernberg et al., 1984; Van Zyl, 2008). In
general, the Phenosolvan® process extracts 99% of the monohydric phenols, 60% of the
polyhydric phenols and 15% of other organics. Approximately 95% of the total organic carbon

is removed by the coal liquefaction process (Higman and Van der Burgt, 2008).

23 Characterisation of coal gasification stripped gas liquor wastewaters

The inorganic and organic constituents of coal conversion wastewaters (gasification,
liquefaction and coking) are very similar; however, these constituents are found at different
ratios and concentrations (Kapusta and Stanczyk, 2011; Li et al., 2011). The composition will
depend on the type of coal, the process and operating conditions, including the degree of
recycling of the wastewater. Lignite coals (low rank) are a source of high levels of aromatic

compounds with a higher oxygen content than higher-ranking coals (Skonde, 2009). Low-
8
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ranking coal used in the Sasol-Lurgi process (Ginster and Matjie, 2005) contains large amounts
of hydrophilic polar groups such as -OH, -COQ, -O, -N, -S (Molva, 2004). A number of coal
gasification plants in China also use lignite coals as a raw material to produce gas via the Lurgi
process (Yang et al., 2006). Jin et al. (2013) observed the presence of phenols, cyanides,
thiocyanates, polycyclic aromatic hydrocarbons (PAHSs), nitrogen-, oxygen- and sulphur-
containing heterocyclic compounds in the coking wastewater. Gai et al. (2008) reported the
presence of hydrogen sulphide (H>S), ammonia (NH3) and fatty acids (carboxylic acids), while
Liu et al. (2013) and Ji et al. (2015) observed the presence of long-chain alkanes.

2.3.1 Organic compounds

Numerous reports have been published since the 1970s indicating the presence of various
organics in the wastewater. In terms of the identification and classification of the organics, it
is important to understand which compounds are present and which are biodegradable. The
organic compounds identified were dependent on the sample preparation and instrumentation

used at the time of reporting.

Beychok (1974) classified the term phenols to include monohydric phenols (cresols, xylenols
and ethyl-phenols) which contain one hydroxyl group, and polyhydric phenols which contain
two or more hydroxyl groups (catechol and resorcinol). Schmidt et al. (1974) detected the
presence of various organic compounds in acid and alkali extracts of the wastewater analysed
by high-resolution mass spectrometry combined with gas chromatography. Phenols, cresols,
indoles, benzofuranols and xylenols were detected in both acid and alkali fractions, whereas
catechols and dihydroxybenzenes were detected only in the acid fractions and the pyridines

were detected only in the alkali fractions.

Stamoudis and Luthy (1980) classified organic compounds into acid fractions, base fractions
and neutral fractions. The acid fraction consisted of phenols and cresols, the base fraction
consisted of nitrogen heterocyclic compounds and the neutral fraction consisted of toluenes
and alkylated cycloalkanes. Stamoudis and Luthy (1980) found that 99% of the acid fractions,
96% of the base fractions and 93% of the neutral fractions would be removed by biological
treatment. Wei and Goldstein (1977) and Liu et al. (2013) reported that phenols were readily

biodegradable and effectively removed by optimising technology and operating parameters.
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Phenolics were reported to comprise 40% to 80% of the organic carbon in the wastewater of
which 70% to 80% were monohydric phenols and 20% to 30% were dihydric phenols
(Beychok, 1974; Bryant et al., 1988; Ji et al., 2015). Yang et al. (2006) reported dihydric and
trihydric phenols to be resistant to biological degradation. Wang et al. (2012) and Fang et al.
(2014) found polycyclic aromatic hydrocarbons (PAHs), ammonia, cyanides and thiocyanates
to be resistant to biological degradation. Ji et al. (2015a) reported that biological processes

were the most cost-effective to treat pretreated coal gasification wastewater.

Interestingly, relatively scant published literature is available on the presence of hydantoins in
coal gasification stripped gas liquor (CGSGL) wastewater. Hydantoins are non-volatile, highly
polar heterocyclic compounds which are not removed by solvent extraction or ammonia-
stripping (Turner et al., 1985). Pavlovich and Luthy (1988) reported that 5,5-dimethyl-
hydantoin (DMH) was slightly more soluble in aqueous media than 5-ethyl-5-methyl-
hydantoin (EMH) and both could form complexes with transition metals at a pH of 8.5.
According to Turner et al. (1985), hydantoins were specific to slagging fixed-bed gasification
due to the high hearth temperatures that promote cyanide formation. Cyanides combine with
carbon dioxide, ammonia and ketones during the gas quenching process to form hydantoins.
Ethylmethylhydantoin (EMH) is formed when the ketone is 2-butanone, and
dimethylhydantoin (DMH) is formed when the ketone is acetone. Olson et al. (1985) reported
that hydantoins were formed at a pH of 8.5 and were found in relatively high concentrations (2
000 mg/L for DMH and 500 mg/L for EMH) in CGSGL. Pavlovich and Luthy (1988) found
DMH to be the major constituent of hydantoins identified in CGSGL from slagging fixed-bed
gasification and that it accounted for most of the chemical oxygen demand (COD) fraction in
CGSGL. According to Wernberg et al. (1984), DMH and EMH contributed up to 90% of the
total COD.

2.3.2 Inorganic compounds and metals

The identification of inorganics, metals and salts is important from an environmental and a
biological treatment perspective since certain substances cause a shift in microbial
communities while others inhibit microbial growth. Iwase et al. (1979) reported the presence
of sodium, potassium, calcium, barium and aluminium, while Luthy et al. (1980) observed the
presence of low levels of heavy metals such as cadmium, chromium, copper, nickel and iron.

Iron complexed with cyanide makes iron unavailable as an inhibitor (complexed cyanide is less
10
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toxic) or as a biological nutrient. According to Luthy et al. (1980), the wastewater was deficient
in magnesium, phosphorus and potassium. Potassium, magnesium, sodium, calcium, iron and
chlorides are macronutrients required for membrane stabilisation. Excessive amounts can be

inhibitory to microbial growth.

Micronutrients such as zinc, manganese, molybdenum, selenium, copper, cobalt, nickel,
vanadium and tungsten have been reported to allow many enzymes to function properly.
Calcium and phosphorus absorb and accumulate in the biofilm as insoluble compounds
rendering the biofilm highly resistant to detachment. Sulphur is required for protein synthesis,
phosphorus for nucleic acids and metabolic cofactors, and nitrogen for proteins, some sugars
and nucleic acids. Aluminium binds to microbial cell membranes and potassium diffuses into

the cell and neutralises the membrane potential (Rava et al., 2015).

2.3.3 Effluent discharge requirements for petrochemical refineries

The trend over the years has been to move away from the identification of specific organic
compounds and to rather focus more on the quantification and reporting of phenols, ammonia-
nitrogen, cyanides, thiocyanates, poly-aromatic hydrocarbons (PAHs) and chemical oxygen
demand (COD) to meet specific discharge guidelines for CGSGL wastewater generated by
petrochemical refineries. This has also led to the use of approved standardised methods for

quantification.

The Minimal National Standard (MINAS) concentration limits for South African refineries are
to be met at the outlet, discharging effluent (excluding discharge from sea-water cooling
systems) to receiving environments (surface water bodies, marine systems or public sewers)
(Mazema et al., 2008). In case of reuse of the effluent directly for irrigation/horticulture
purposes (within the premises of the refinery) and/or make-up water for cooling systems, the

concentration limits will also apply at the outlet before reusing the effluent.

The MINAS guideline is not as comprehensive as that issued by the World Bank Group but is
more stringent in terms of biological oxygen demand (BODs), suspended solids (SS), oil and
grease, sulphides and less stringent on COD, benzene, phenols and total nitrogen. No limits are
indicated for benzo(a)pyrene, copper, cyanides, hexavalent chromium, iron, mercury, nickel,

vanadium and phosphorus (Mazema et al., 2008; World Bank Group, 2007) (Table 2.1).
11
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Table 2.1: Proposed guidelines for discharge or reuse of petrochemical refinery effluent

Pollutant Nigeria European | India MINAS World
Union for SA Bank
Group

pH 6-9 6-8.5 6-9 6-9
BODs 10 2-50 15 15 30
COD 40 30-225 125 150
SS 2-80 20 20 30
Oil and grease 10 0.05-9.8 1.0 5.0 10
Benzene <0.001-1 0.10 0.05
Benzo(a)pyrene 0.05
Chromium 0.1-0.5 2.0 0.50
Copper 0.50
Cyanide (free) 0.10
Cyanide (total) 1.0
Hexavalent chromium 0.05
Iron 3.0
Lead 0.05 0.2-0.3 0.10 0.10
Mercury 0.02
Nickel 0.50
Phenols 0.50 0.03-1 1 0.35 0.20
Sulphides 0.01-1 0.50 1.0
Temperature variation 3 10-35 <35 <3
Total nitrogen 1.5-100 15 10
Total phosphorus 2.0
Vanadium 1.0

@AT] units in mg/L except for temperature (°C) and pH

Most conventional aerobic systems for coal gasification wastewater (CGWW) treatment are

not efficient in reducing COD to meet discharge standards due to the presence of refractory

compounds. Nitrification is also not effective since the typical aromatics in CGWW such as

phenol, cresol, pyridines (Ji et al., 2015a), polynuclear aromatic hydrocarbons (PAHs), phenols

and nitrogen heterocyclic compounds are inhibitory to Nitrobacter (Zhao et al., 2014).
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2.4  Hybrid bioreactors for the treatment of coal gasification stripped gas liquor

wastewater

Hybrid bioreactors have been shown to be the most effective and competitive alternatives for
the treatment of high-strength coal gasification stripped gas liquor (CGSGL) wastewaters based
on their high volumetric loading rate, high microbial biomass and long mean cell retention time
(MCRT) for effective nitrification efficiency and stable effluent quality (Zhou et al., 2014).
Biofilm processes have proven to be reliable for organic carbon and nitrogen removal (Li and
Han, 2013) and these biological methods are simple, cheap and environmentally friendly
operations since the organics are biologically converted to carbon dioxide (CO>) and water

(H20) (Ishak et al., 2012; Lim et al., 2013a).

2.4.1 Hybrid fixed-film bioreactors

Hybrid bioreactors incorporate suspended biomass (flocs) and attached biomass (biofilm)
within the activated sludge process (Borkar et al., 2013). In such a system, the biofilm is grown
on a fixed or movable carrier (media) inside the biological reactor. The combination of
suspended growth and attached growth provides the system with different microbial
communities and increases the biomass concentration and sludge ages, higher than those
normally found in conventional activated sludge processes. Thus, the hybrid system combines
the potential advantages of both suspended and attached bioreactors such as higher carbon and
nitrogen removal (Kim et al., 2011; Li et al., 2012; Makowska et al., 2013). The attached
biomass thus provides improved capacity without construction of new reactors (Sen and
Randall, 2008; Li et al., 2012). The suspended biomass has a higher density than the attached
biomass due to the higher amount of polyphosphate storage which can affect settleability (Kim

etal., 2011; Li et al., 2012).

Hybrid bioreactors have many advantages and can be managed and optimised easily. They
have shorter hydraulic retention times, can operate at temperatures of between 8 °C and 40 °C,
have higher biomass concentrations, low food-to-mass (F/M) ratios, low solids loading on the
settling tank, good settling properties, good resistance to hydraulic and organic shock loadings,
growth of highly specialised biomass to achieve the desired treatment goals, and a continuous

flow process eliminating the backwashing requirements.

13
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This technology also allows for different tank geometries, and conventional activated sludge
processes can easily be retrofitted giving high efficiency removal of organics and nitrogenous
compounds, and retention of slow-growing and temperature-sensitive bacterial communities.
However, the hybrid systems are more complex and are not analysed by conventional methods
for activated sludge processes (Makowska et al., 2013; Shahot et al., 2014). Other
disadvantages are the high cost of the biofilm carriers and its facilities, and the fact that
increasing the volumetric load of biomass may lead to oxygen-supply limitations (Makowska
et al., 2013). Hybrid bioreactors have been used to treat phenolic wastewaters (Sarkar and
Mazumder, 2014) and the attached biomass had a greater activity in removing COD than the
suspended biomass (Jing et al., 2009).

Borghei and Hosseini (2004) reported using a moving-bed biofilm reactor (MBBR) for the
removal of phenolics and COD in wastewater and found that the MBBR was very stable against
hydraulic and toxic shock loads and could handle phenolic wastes at concentrations of up to
220 mg/L of phenol; however, COD removal decreased as phenol concentration increased.
Jeong and Chung (2006) used a fluidised biofilm process for the removal of COD, thiocyanate,
cyanide and nitrogen from a coal processing wastewater. High removal efficiencies of 97%,
99%, 99% and 93% were obtained for COD, cyanide, thiocyanate and ammonia, respectively.
Mazumder (2010) found removal efficiencies of 80% and 90% for COD and ammonia,
respectively, from high-strength wastewater using a shaft-type aerobic hybrid bioreactor. Li et
al. (2011) reported the removal of phenols, thiocyanate and ammonia-nitrogen from coal
gasification wastewater using the MBBR and found that biofilm processes were reliable for the
removal of organic carbon and nitrogen without some of the problems associated with
conventional activated sludge processes since nitrifying bacteria in the biofilm would be more

resistant to inhibitory/toxic constituents in the wastewater.

2.4.2 Biofilm carriers

A moving-bed biofilm reactor (MBBR) and an integrated fixed-film activated sludge (IFAS)
bioreactor are compact biological wastewater treatment systems that use submerged high-
surface-area movable/floating plastic carriers (media) in aerobic and/or anoxic zones (Sen and
Randall, 2008; Boltz et al., 2009). The IFAS process was introduced in the late 1990s as an
evolution of the MBBR where activated sludge is recycled back to the bioreactor containing

the carriers (Rosso et al., 2011).
14
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The analysis of hybrid systems is very complicated due to the difficulty of conducting the
biofilm analyses, and differentiation between suspended (heterotrophic biomass) and attached
(nitrifying biomass) microbial activity (Albizuri et al., 2009). Describing a hybrid system using
a steady state model based on Monod kinetics expressions often yields a set of algebraic
equations having no explicit solution even for biofilm only (Sen and Randall, 2008). At present,
hybrid bioreactors are designed and based on a recommended volume ratio of the biofilm
carrier to the reactor, which is obtained from field experience or experimental results (Fouad
and Bhargava, 2005). Ratcliffe et al. (2006) reported that the filling of carrier media may be
decided for each case giving flexibility in the specific biofilm surface area. A carrier filling
ratio of <70% allowed the plastic media to move freely (Abdul-Majeed, 2012) without dead or

unused spaces in the reactor (Ratcliffe et al., 2006).

Minimal difference in performance was found between a 33% and 66% carrier filling rate;
however, at a carrier filling rate of 70% the attached growth density was 5 to 13 times higher
and responded more strongly to influent COD than that of activated sludge floc found in
suspended activated sludge systems (Qiqi et al., 2012). Makowska et al. (2013) reported that a
carrier filling rate of 70% achieved 91% to 94% removal of organic compounds and 73% to

85% removal of nitrogenous compounds from CGWW.

Biofilm carriers are found in a variety of shapes, sizes, geometries, material composition and
treatment capabilities. Manufactured carriers of the fixed-bed cord type variety include
hexagonal-cell-cord-looped and linear-looped-cord types, while carriers of the movable type
include polyethylene-finned cylinders resembling wagon wheels and cuboid sponges. The
carrier material must protect the biofilm from toxic and inhibitory effects and excessive shear

forces (Boltz et al., 2009; Quan et al., 2012; El-Jafry et al., 2013).

The type of media selected should be such that the biofilm specific surface area does not

decrease significantly as the thickness increases (Sen et al., 2007).

The attachment of biofilm depends mainly on the mechanisms of biofilm adhesion to solid
surfaces and the correlation of adhesion to various characteristics of the carrier such as surface
energy, hydrophobicity, surface roughness (Bolton et al., 2006), large surface area, strength,
porosity and durability (Quan et al., 2012). The properties of an ideal carrier are summarised

in Table 2.2.
15
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Table 2.2: Properties of an ideal carrier material and the effect on biofilm attachment

Property Effect

High adsorbent capacity | Binding of toxic and inhibitory substances, faster colonisation
and thus faster start-up and performance

High active surface Higher biofilm concentration in the reactor, lower degree of
filling requirement and thus smaller volume of the reactor

High porosity Protection of biofilm against adverse effects

Fast wetting Good fluidisation and mass transfer efficiency as well as higher

biological activity

Lower density Lower energy consumption for mixing and circulation (floats
easier)
Hydrophobic surface Adherence of microorganisms to the carrier material and better

process stability

Source: Christian (2014)

Biofilm thickness on the carriers depends on organic loading, as well as the shear forces
imparted by the mixing and roll pattern, and temperature and oxygen concentration (Levstek
and Plazl, 2009). Sloughing also depends on the type of microorganisms and rate of growth
within the biofilm (Maas et al., 2007). The IFAS process needs to be operated at elevated
dissolved oxygen (DO) concentration (>3 mg/L as O») to initiate and increase nitrification
activity (Devi and Setty, 2014) in the attached and suspended biomass (DiMassimo and
Bundgaard, 2011) and to prevent kinetic limitations associated with DO diffusional gradients
through the biofilm (Rosso et al., 2011). A relatively thin (<50 um) (Torresi et al., 2016) and
evenly distributed biofilm results in higher activity of the biomass and full diffusion of
substrates into the biofilm (Makowska et al., 2013). Levstek and Plazl (2009) reported that
from a mathematical point of view, the biofilm in an AnoxKaldnes™ K1 carrier is assumed to
be planar and homogeneous. Boltz and Daigger (2010) reported that high-turbulence bulk
liquid hydrodynamics promotes thin and stable biofilms, i.e. steady detachment and not

uncontrolled sloughing.

Biofilm increases the mass of the carriers which increases the intensity of mixing required and
roll pattern required to keep the carriers afloat (Sen et al., 2007). Sloughing can take place off

the outermost biofilm layer and/or breakage of biofilm off the innermost layer. The air flow

16
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required will increase with the soluble biodegradable COD concentration due to the increase
in the rate of COD uptake and the need to maintain a higher shear force to achieve a thin
biofilm. The carriers are held in suspension within the reactor using aeration and/or mechanical
mixing energy. The carriers can disperse the bubbles released from the bubble aeration diffuser
and thus have a large impact on the volumetric oxygen mass transfer coefficient by affecting
the bubble size and gas-liquid interfacial area. Therefore, it is important that the system is not
oxygen-limited or over-designed. Ideally, the reactor should have a maximum oxygen mass

transfer rate at an efficient mixing and a minimum energy input (Jing et al., 2009).

2.4.3 Microbial degradation of organic compounds in hybrid bioreactors

Several processes have been used for the removal of phenolic compounds, with biological
treatments being preferred to physicochemical treatments. Physicochemical treatments include
solvent extraction, ion exchange, absorption and chemical oxidation. These treatments often
lead to the production of toxic intermediates and the costs involved are high (Shah et al., 2012;
Lim et al., 2013). Biological treatments have been proven to be more cost-effective, practical
and reliable as they lead to a lower possibility of by-product formation. They are green
processes using microorganisms found in the environment and organics are degraded to CO»

and H>O (Silva et al., 2013; Lim et al., 2013; Nakhli et al., 2014).

Aerobic biological methods are preferred to anaerobic methods for the treatment of phenol in
wastewaters. Aerobic microorganisms are more efficient for degrading phenolic compounds
because they grow faster than anaerobes (Pradhan et al., 2012) and use phenolics as their sole
source of carbon and energy (Pishgar et al., 2012). The rate and extent of degradation depend
on the temperature and pH (Marrot et al., 2006). Higher temperatures result in higher
production of metabolites. The pH affects the charge of the phenol thus affecting the
electrostatic attraction to the biomass and will also affect the metabolic pathway for phenol
degradation (Chakraborty et al., 2010). Most microorganisms cannot tolerate pH values of
below 4.0 or above 9.0, since acids and bases are in the undissociated form and can penetrate
cells more easily due to the absence of an electrostatic force across the cell membrane (Shah et

al., 2012).

Aromatic structures with a hydrophilic substituent, particularly phenols which resemble

phospholipids, act as membrane-active agents which increase the permeability of the
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cytoplasmic membrane and cause leakage of the cytoplasmic material (Jiang et al., 2002; Rigo
and Alegre, 2004). Phenols induce changes in the fatty acid composition (saturated versus
unsaturated ratio) of the cell membrane thus affecting the permeability. A concentration-
dependent efflux of potassium ions occurs with addition of phenols. The ability of
microorganisms to tolerate the presence of phenolic compounds has been correlated with
membrane fluidity. In the presence of sub-lethal concentrations of phenol, Pseudomonas can
convert cis-unsaturated fatty acids to trans-fatty acids, thus reducing membrane fluidity due to
steric differences and resulting in increased tolerance against toxic compounds (O’Sullivan,

1998).

Organic compounds in coal gasification and coking wastewater, such as CGSGL, can be
degraded aerobically by fungal species such as Candida and bacterial species such as
Acinetobacter, Alcaligenes, Burkholderia (Agarry and Solomon, 2008; Shah et al., 2012),
Micrococcus, Bacillus (Hamza et al., 2009), Rhodococcus (Barrios-Martinez et al., 2006),
Rhodoplanes (Ma et al., 2015), Arthrobacter, Stenotrophomonas and Ochrobactrum (Pozo et
al., 2002) with Pseudomonas species dominating the biological treatment systems (Jame et al.,
2010). Rhodococcus and Pseudomonas can utilise aliphatic and aromatic hydrocarbons as
carbon source and are the most active bacteria in coal gasification wastewaters (Meng et al.,
2015). These bacteria produce biosurfactants to degrade phenols and aromatics and they have
pathways for the degradation of aromatic hydrocarbons that are not easily transformed by other
microorganisms. Burkholderia and Pseudomonas produce enzymes to access hydantoins and
hydantoin-like molecules as metabolic substrates (Diirr et al., 2006). Pseudomonas has been
reported to degrade complex aromatics such as pyrocatechol, alpha-naphthol, hydroquinone,
naphthalene, isoquinoline and indole (Nawawi et al., 2014), while Rhodococcus spp. and
Burkholderia spp. degrade Cs-Ci6 alkanes, fatty acids, alkylbenzenes and cycloalkanes (Das
and Chandran, 2011).

Some denitrifying bacteria, such as Thauera, Diaphorobacter and Ochrobactrum, have been
reported to degrade aromatic and non-aromatic compounds (Basha et al., 2010), as follows: (i)
Thauera (Cydzik-Kwiatkowska and Zielinska, 2016) are commonly found in coking
wastewater bioreactors and can degrade hydrocarbons, phenols, methyl phenols, quinolinone,
indole (Jia et al., 2016), polyphenols, toluene and halobenzoate (Silva et al., 2010); (ii)
Diaphorobacter (Székely, 2008) display simultaneous nitrification and denitrification of

ammonia-nitrogen to nitrogen gas (Khardenavis et al., 2007) and can degrade phenols,
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pyridines and pyrenes found in coking wastewater (Meng et al., 2015); (iii) Ochrobactrum are
denitrifiers and sulphide oxidisers (Mahmood et al., 2009) which utilise sulphides and
thiosulphates as substrates to reduce nitrite. Ochrobactrum can also adsorb metals, degrade
aromatic hydrocarbons (Bhattacharya et al., 2008) and can form granules (Cydzik-
Kwiatkowska and Zielinska, 2016); and (iv) Xanthobacter (Gomez et al., 2005) can degrade
cyclohexane (Van der Werf et al., 2001).

The rate of substrate consumption in petrochemical refinery wastewater can be divided into
fast and moderate based on the Michaelis-Menten kinetics. At a high substrate concentration,
every site on the microorganism is saturated with the substrate and the rate of reaction is
constant. As the substrate concentration decreases only a few sites of the microorganisms are
covered with the substrate making the substrate reduction rate proportional to the substrate

concentration (Hamza et al., 2009).

2.4.4 Degradation pathways of aromatic compounds

Aromatics are reduced compounds, thus, by increasing the oxidation state of the aromatic ring
the compounds are made more susceptible to degradation enabling microorganisms to use these
compounds as a sole source of carbon and energy (Phale et al., 2007). The first step in the
oxidative degradation of aromatic compounds is the hydroxylation of aromatic organics into
dihydroxylated intermediates catalysed by monooxygenases or hydroxylating dioxygenases.
The reaction, catalysed by hydroxylating dioxygenases, requires the transfer of two electrons
from NAD(P)H; these electrons are consecutively transferred to the terminal oxygenase
through electron carriers such as ferredoxin and/or reductase. Hydroxylation results in the
formation of catechol, protocatechuic acid, hydroxyquinol, or gentisic acid which are substrates
for ring-cleaving dioxygenases. The ring-cleaving dioxygenases couple O bond cleavage with
ring fission of hydroxylated derivatives either between the two hydroxyl groups (ortho
cleavage) or next to one (meta cleavage) to yield either acetyl-CoA and succinyl-CoA or
pyruvic acid and acetaldehyde or pyruvic acid and fumarate that are readily metabolised by

almost all microorganisms (Guzik et al., 2013).

The ortho-pathway is chromosomally encoded (Ambujom, 2001). The intradiol dioxygenases
catalyse the intradiol cleavage of the aromatic ring at 1,2-position of catechol or its derivatives

(protocatechuic acid, hydroxyquinol) with the incorporation of two atoms of molecular oxygen
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into the substrate which leads to the production of cis,cis-muconic acid which is then
subsequently transformed by muconate cycloisomerase to muconolactone. Muconolactone
isomerase shifts the double bond to form 3-oxoadipate-enol-lactone, the first common
intermediate of the catechol and protocatechuate or hydroxyquinol branch. The meta-pathway
is plasmid encoded (Ambujom, 2001). The extradiol catechol and protocatechuate
dioxygenases catalyse the ring fission between position C, and C3 of the catechol ring and
between C; and C4 or C4 and Cs of the protocatechuate ring, respectively. Products of these
reactions (2-hydroxymuconic semialdehyde or carboxy-2-hydroxymuconic semialdehyde) are
transformed to pyruvic acid and oxaloacetic acid in the protocatechuate pathway (Guzik et al.,
2013). The reactions are initiated by electrophilic attack (electron donating) of molecular
oxygen on the hydrocarbon molecule and are deactivated in the presence of electron-

withdrawing groups (EWGs).

Thus, the speed of the reaction is related to the type of group in the aromatic ring and enzyme
activity (Guzik et al., 2013). Electron-withdrawing groups inhibit electrophilic attack by
dioxygenases. Activating substituents favour electrophilic substitution about the ortho and
para positions. Weakly deactivating groups direct electrophiles to attack the benzene molecule
at the ortho and para positions, while strongly and moderately deactivating groups direct

attacks to the meta position (Guzik et al., 2013) (Figure 2.4).
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Figure 2.4: Ortho (intradiol) and meta (extradiol) pathways for the degradation of aromatic

compounds (Guzik et al., 2013)

2.4.5 Degradation pathways of aliphatic compounds

The aerobic attack of aliphatics and cycloaliphatic hydrocarbons requires molecular oxygen.

Oxidation of alkanes is classified as being terminal or subterminal (Figure 2.5).
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Figure 2.5: Peripheral aerobic pathways for n-alkane degradation with (1) alkane mono-

oxygenase; (2) fatty alcohol dehydrogenase; and (3) fatty aldehyde dehydrogenase (Olajire and

Essien, 2014)

The activation is catalysed either by substrate-specific terminal oxygenases (monooxygenases,

non-heme iron monooxygenases, dioxygenases) or subterminal oxidation (cytochrome P450)

(Rohrbacher and St-Arnaud, 2016). The monoterminal oxidation is the main pathway which

proceeds via the formation of the corresponding alcohol, aldehyde and fatty acid. Beta-
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oxidation of the fatty acids results in the formation of acetyl-CoA. The n-alkanes with an
uneven number of carbon atoms are degraded to propionyl-CoA which in turn is carboxylated
to methylmalonyl-CoA and then to succinyl-CoA. Fatty acids of a physiological chain length
may be directly incorporated into membrane lipids; most of the degradation products are
introduced into the tricarboxylic acid cycle (Fritsche and Hofrichter, 2008) which are

catabolised in the Krebs cycle and fully oxidised to CO> (Rohrbacher and St-Arnaud, 2016).

The subterminal oxidation occurs with the lower (C3-Cs) and longer alkanes with the formation
of a secondary alcohol and subsequent ketone. Unsaturated alkenes are oxidised at the saturated
end of the carbon chains. A minor pathway has been shown to proceed via an epoxide which
is converted to a fatty acid. Branching reduces the rate of biodegradation. Methyl side groups
do not drastically decrease biodegradability, whereas complex branching chains, such as the
tertiary butyl group, hinder the action of degradative enzymes. Cyclic alkanes are relatively
resistant to microbial attack due to the absence of an exposed methyl group. In general, alkyl
side-chains of cycloalkanes facilitate biodegradation. Aliphatic hydrocarbons become less
water soluble with increasing chain length of Ci2 and above. Two mechanisms are involved in
the uptake of lipophilic substrates: (1) the attachment of the microbial cells at the oil droplet;
and (2) the production of biosurfactants. Biosurfactants are molecules consisting of a
hydrophilic and a hydrophobic moiety. Biosurfactants act as emulsifying agents by decreasing
the surface tension and forming micelles. The micro-droplets may be encapsulated in the
hydrophobic microbial cell surface. The products of hydrocarbon degradation are introduced
into the central tricarboxylic acid cycle (Fritsche and Hofrichter, 2008). Aliphatic hydrocarbons
are not very reactive since they do not have functional groups making them non-polar and
slightly water soluble. Activation of these compounds makes them more water soluble and

available for microbial degradation.

2.4.6 Microbial degradation of nitrogenous compounds in hybrid bioreactors

Although nitrifying bacteria use ammonia as an electron source for energy, nitrification can be
inhibited by ammonia itself at concentrations above 350 mg/L. The inhibitory effect is due to
free ammonia and not ammonia itself (Lui et al., 2005). Free ammonia diffuses through the cell
membrane into the cell and changes the inner pH, neutralising the membrane potential thus
leading to cell death (Jaroszynski et al., 2011). Thus, 350 mg/L of total ammonia contains 9.0

mg/L of free ammonia at pH 7.5 and 30 °C. The threshold for free ammonia for ammonia
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oxidisers (Nitrosomonas) is lower than for nitrite oxidisers (Nitrobacter). Wagner et al. (2002)
reported that ammonia-oxidising bacteria out-number nitrite-oxidising bacteria in activated
sludge systems. It has been reported that phenol concentrations above 200 mg/L inhibit
nitrification (Marrot et al., 2006; Kim et al., 2008). Nitrification is also inhibited by o-cresol,
phenolics and toluene (Jemaat et al., 2014). Inhibition of nitrification during a toxic shock will
not take place immediately but over a period of several weeks (Bjornsdotter, 2005).
Nitrification can take place by heterotrophic bacterial species such as Thiosphaera,
Alcaligenes, Pseudomonas, Diaphorobacter and Bacillus. According to Devi and Setty (2014),
recent studies have shown that most heterotrophic-nitrifying bacteria are capable of aerobic
denitrification, including Alcaligenes, Pseudomonas, Microvirgula, Acinetobacter and

Rhodococcus species.

Thiocyanate is a major nitrogen compound found in CGSGL. It accounts for 15% of the total
COD in the coke wastewater (Huang et al., 2013). It is inhibitory at concentrations higher than
200 mg/L. Degradation of thiocyanate by nitrifiers will result in an increase in total nitrogen
(200 mg/L thiocyanate = 48 mg/L as N). Thiocyanates can be degraded by heterotrophic
bacteria such as Pseudomonas, Bacillus and Acinetobacter species. Ammonium-nitrogen
produced from the thiocyanate can be used as a nitrogen source by Pseudomonas and
Arthrobacter species and the reduced sulphur used as a source of sulphur and not as an energy
source (Sorokin et al., 2001). Heterotrophic bacteria convert the thiocyanate to CO2 and
ammonia via cyanate enzymatically, while the sulphur is hydrolysed to sulphide which is
further oxidised to tetrathionate via the formation of thiosulphate (Patil, 2013). Thiocyanate-
degrading bacteria (Thiobacillus thioparus) compete with nitrifiers for the inorganic carbon
and nitrogen source and essential nutrients. In the absence of substantial nitrification, the
effluent concentrations of ammonia will be greater than the influent concentration due to the

biodegradation of thiocyanates (Kim et al., 2011).

Thiocyanate can be used as a nitrogen source by the bacterial consortium in a bioreactor in the
presence of an external carbon supply to achieve a C/N ratio of 10 (Geets et al., 2006; De Brito,
2009). The bacterial consortium ceases to grow when the thiocyanate is supplied as the sole
source of carbon since the C/N ratio is 0.5. Biodegradation of thiocyanate will occur after the
biodegradation of ammonium. The degradation rate of thiocyanate will be much faster when
the biomass is immobilised on an inert material in a bioreactor, as this would increase the

amount of biomass in the bioreactor. The optimum pH and temperature for maximum
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biodegradation of thiocyanate was found to be at pH 7.0 (range between 6.0 and 9.0) at 30 °C
(Patil, 2013). Thiocyanate degradation was reduced by 10% in the presence of cations/metal
ions such as nickel, copper and zinc; decreased by 30% to 45% in the presence of lead and
cadmium; and decreased by more than 80% in the presence of iron and chromium due to the
strong iron-thiocyanate and chromium-thiocyanate complexes. Anions such as sulphate,
chlorides and cyanides at relatively low concentrations did not affect the degradation of

thiocyanate (Patil, 2013).

Huang et al. (2013) reported three thiocyanate-oxidising heterotrophic bacterial strains
(Burkholderia, Chryseobacterium and Ralstonia) isolated from coke wastewater which were
able to degrade thiocyanate as the sole carbon source with ammonium-nitrogen and sulphates
produced as the end-products. Continuous increases in ammonia-nitrogen after complete
degradation of thiocyanate was most likely due to endogenous decay of the cell mass. The
sulphate concentration increased relatively slowly after the complete degradation of
thiocyanate (sulphate-sulphur to thiocyanate-sulphur ratio should be 1 for complete sulphur to
sulphate conversion). Thiocyanate nitrifiers are believed to be responsible for thiocyanate
decomposition when the biodegradable carbon sources are consumed by heterotrophic bacteria.
The highest decomposition rates for thiocyanate were observed between pH 6.5 and pH 8.5 at
temperatures of between 30 °C and 40 °C. The optimum decomposition rate (7.2 mg/L.h) was
achieved at pH 7.7 at 35 °C. The biodegradation kinetics of thiocyanate was well fitted with
the Andrew-Haldane model which demonstrated a distinct substrate concentration-inhibited
growth pattern (Huang et al., 2013). Pseudomonas and Arthrobacter have been reported to use

thiocyanates as a source of nitrogen and sulphur for growth (Katayama et al., 1992).

Free cyanide is expected to have the greatest influence on the nitrification of nitrogenous
compounds in CGSGL. Cyanide is classified into free cyanide in the form of cyanide ion and
complex cyanide combined with metals. Cyanides form weak complexes with copper,
cadmium, lead, nickel and zinc and form strong complexes with iron and chromium (Patil,
2013). The complexed cyanide has very low toxicity to nitrifiers; however, the free cyanide
has very high toxicity. Free cyanides at concentrations higher than 0.11 mg/L have been
reported to inhibit nitrification, and levels above 0.5 mg/L produced excessive foam, decreased
the microbial activity in the aeration basin and negatively affected settling of the sludge in the

clarifier (Kim and Kim, 2003; Merlo et al., 2011).
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Nitrite-oxidising bacteria (Nitrospira spp. and Nitrobacter spp.) are more sensitive to cyanide
toxicity than ammonia-oxidising bacteria (Nitrosomonas europaea) (Sharma and Philip, 2014).
Phenol-degrading bacteria degrade phenols via the meta-cleavage pathway to yield
intermediates (muconic acid and a-hydroxymuconic semialdehyde) which are then metabolised
as a carbon source by cyanide-degrading bacteria (Wang and Loh, 1999) and the yeast
Cryptococcus humicolus (Park et al., 2008). Perumal et al. (2013) reported that Klebsiella,
Moraxella, Serratia, Alcaligenes and Pseudomonas could utilise cyanide as a source of carbon
and nitrogen; these authors also observed that Bacillus species were tolerant to high levels of
cyanide (7 000 mg/L) and could degrade cyanide to ammonia and nitrate. The optimum
temperature for cyanide biodegradation was found to be between 25 °C and 37 °C and the
optimum pH between 6.0 and 7.5. According to Chakraborty and Veeramani (2006), cyanide
can be biologically degraded by Bacillus, Pseudomonas and Klebsiella species by suspended

and fixed-film systems under aerobic and anaerobic conditions.

In hybrid bioreactors such as the integrated fixed-film activated sludge (IFAS) reactor, the
attached biomass enhances the slow-growing nitrifying bacteria (autotrophs) which are
required for the removal of nitrogen in wastewater treatment plants and responsible for
ammonia and nitrite oxidation (Li and Han, 2013). Nitrification is accomplished through the
combined activities of ammonia-oxidising bacteria which oxidise ammonia to nitrite and
nitrite-oxidising bacteria which then oxidise nitrite to nitrate. Ammonia-oxidisers are more
sensitive to recalcitrant compounds than nitrite-oxidising bacteria (Boon, 2002). Nitrifiers
growing in the attached phase are retained in the system longer than the suspended phase, which
provides them with longer solids retention time (SRT) since less are washed out from the
aeration tank (Almstrand et al., 2013). Longer SRTs are essential for the growth of nitrifying
(autotrophic) bacteria especially at lower temperatures (Kim et al., 2011; Wang et al., 2012).
Nitrifying bacteria show stable metabolism in biofilms (Woznica et al., 2010) attached to

plastic carriers (Almstrand et al., 2013).

Bioreactor operating parameters such as alkalinity, pH, oxygen and temperature will also affect
nitrification. It is known that alkalinity is lost during nitrification; however, when alkalinity is
higher than 2.5 equivalent HCO3/mole of ammonia-nitrogen, then nitrification will not be
limited due to low alkalinity. The optimum pH for nitrification is between pH 6.45 and pH
8.95. Nitrifying bacteria require nutrients such as an inorganic carbon source and phosphate.

Trace elements such as magnesium, molybdenum, calcium, copper and iron are also required
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for the growth and activity of nitrifying bacteria. An excess of oxygen is required for a well-
functioning nitrification process. The optimum temperature for constant growth of nitrifiers is
between 30 °C and 35 °C and decreases sharply at temperatures of above 35 °C. Ammonia-
oxidising bacteria have a higher growth rate than nitrite-oxidising bacteria at higher

temperatures (Boon, 2002; Bjornsdotter, 2005).

2.4.7 Bioaugmentation of activated sludge systems

Bioaugmentation is the addition of selected microbial strains (indigenous or genetically
modified) (Jianlong et al., 2002) with the desired degradative (catabolic) capacities to improve
the catabolism (hydrolysis) of specific compounds such as refractory organics or overall COD
(Herrero and Stuckey, 2015) from petrochemical wastewater (Zhao et al., 2007) and is an
appropriate and promising alternative for treating CGWW (Fang et al., 2013; Herrero and
Stuckey, 2015) to comply with industrial effluent discharge standards. Bioaugmentation is also
an effective way of enhancing the removal rate (1.5 fold) of long-chain alkanes from coal
gasification wastewater (Liu et al., 2013). Bioaugmentation can enhance the performance of
both conventional activated sludge processes as well as hybrid fixed-film processes (Leu,
2009). Bioaugmentation is a feasible method to enhance biological treatment of refractory

industrial wastewater (Bai et al., 2010).

The purpose of bioaugmentation is to minimise the lag phase (acclimation period) and increase
the log phase (exponential growth) (Yelebe and Puyate, 2012; Lim et al., 2013). The objectives
of bioaugmentation include: (i) accelerating the start-up of the reactor; (ii) protecting the
existing microbial community from adverse effects (shock loads); (iii) increasing the overall
organic removal rate; (iv) compensating for organic or hydraulic overloading; (v) increasing
the removal of refractory organics (Mohan et al., 2009; Herrero and Stuckey, 2015); (vi)
improving flocculation and settling in the clarifier (Schauer-Gimenez et al., 2010); and (vii)

stabilising the microbial community (Jiuan et al., 2011).

Many industries are faced with difficult operating conditions and stringent discharge permits
which challenge the capability of the wastewater treatment plant. Under these conditions
bioaugmentation can be a cost-effective, short-term, or medium-term solution to maintain
effluent compliance until system changes and/or plant upgrades can be implemented. In other

cases, bioaugmentation can be a long-term, cost-effective solution because of the lack of capital
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funds and the expense of system upgrades which often requires an expansion of the biological
treatment system, including the costly installation of additional aeration (oxygen generation)

capacity (Fuller, 2014).

Bioaugmentation can increase diversity and activity of a population by adding specialised
microorganisms with enzymatic systems that allow degradation of previously non-
biodegradable organics or by adding microorganisms which have a higher metabolic rate. An
increase in bacterial diversity increases the gene pool that complements the existing one and
helps further degradation of pollutants in refinery wastewater (Domde et al., 2007). The major
factor affecting the survival of exogenous microorganisms is their ability to flocculate.
Flocculated microorganisms will have a longer residence time in the bioreactor. Dispersed
microorganisms are more susceptible to wash-out due to poor settling (non-steady state). This
means that more bioaugmentation products need to be added which increases treatment costs

(Mulcahy, 1993).

Leu (2009) reported that at higher bioaugmentation levels (1% to 2% of reactor biomass) a
large fraction of the added biomass decays, thus reducing the benefits of bioaugmentation.
Immobilisation of a mixed population of microorganisms, predominantly bacteria, on or within
inert supports has the following advantages: (i) increased reactor biomass concentration; (ii)
strong capacity to handle shock loadings; (ii1) low excess sludge production (Guo et al., 2008);
(iv) biodegradation of organics, nitrification, denitrification, sulphur reduction and phosphorus
accumulation; and (v) helps to prevent microorganisms being washed out of the activated

sludge process (Soljan et al., 2001).

The ability of microorganisms to compete effectively with the exogenous population
determines their persistence and proliferation in the system. Other factors influencing the
survival of added microorganisms include resistance to starvation, motility, nutrients (substrate
and co-factors), growth inhibitors and physical factors such as oxygen concentration,

temperature and pH (Mulcahy, 1993).

Commercial bioaugmentation products consist of patented blends of several selected strains of
bacteria (Dueholm et al., 2014a; 2014b) and fungi (Tatarko, 2008; 2010). The microorganisms
(single or mixed cultures) are isolated from nature and are not genetically modified

(bioengineered) in any way (Simon et al., 2004). The microbes are grown or fermented under
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controlled conditions in a manufacturing facility. The pure cultures of microbes are
concentrated into a paste, reconstituted, and placed on an inert carrier such as bran, oatmeal,
rye or cornhusks. These carrier materials are often sterilised to reduce the natural background

contamination with unwanted microbes (Herrero and Stuckey, 2015).

The reconstituted mixture undergoes a stabilisation procedure, usually freeze-drying. This
process kills about 90% of the microbes, thus only 1.0% to 10% of the microbes can be
recovered after freeze-drying (Whiteman, 2010). The final products can contain wetting agents,
buffers and nutrients (Stephenson and Stephenson, 1992; Abeysinghe et al., 2002). The
products are sold in a variety of forms, with dried microorganisms on a carrier and liquid
products being the two most common. The typical concentrations of bacteria used are in the
billions per gram of dry product and somewhat less in the liquid products (Norman and

Tramble, 2011; Fuller, 2014).

According to Chavan and Mukherji (2008), algae can facilitate spontaneous flocculation of
bacteria to improve the quality of the treated effluent by indirectly providing surfaces for the
adherence of hydrocarbon-degrading microorganisms, thus preventing them from being
washed out. Zhang et al. (2009) reported the use of a cheap source of diatomite to increase the
biomass and the settling rate of sludge when treating CGSGL for the removal of COD and total
phenols. The diatomite-activated sludge system indicated that the diatomite was also acting as
adsorbent for organics and as a carrier for the microorganisms in the bioreactor.
Bioaugmentation is a feasible option for the treatment of coke wastewaters (Park et al., 2008),
CGSGL (Fang et al., 2013) and petrochemical wastewater for the removal of aromatics,
phenols, nitrogenous compounds and hydrocarbons (Liu et al., 2013). Jianlong et al. (2002)
indicated that achieving a COD of less than 200 mg/L for coke plant wastewater was possible

with bioaugmentation.
Acclimation of commercial products can reduce required treatment dosages and increase the

speed of response of bioaugmentation (Norman and Tramble, 2011). Bioaugmentation is an

efficient and cost-effective method for the treatment of aromatics (Yong and Zhong, 2013).
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2.4.8 Benefits of bioaugmentation

Bioaugmentation provides the following key benefits for municipal and industrial wastewater

treatment:

¢ improves floc formation and settling

® increases rates of waste assimilation and versatility in substrate uptake

e decreases sludge solids yield due to a more efficient breakdown of the colloidal material

e allows rapid recovery of metabolic functions after a hydraulic or toxic shock

® increases stability and tolerance to varying growth conditions

¢ reduces operating and energy costs

e provides greener technology

e converts larger organic molecules to smaller organic molecules for easier assimilation

* meets discharge limits with existing facilities while minimising expenditure by reducing or
eliminating surcharges and fines (Bhattacharya et al., 2008)

® improves nitrification (Parker and Wanner, 2007)

Microorganisms selected for bioaugmentation should meet the following criteria (Herrero and

Stuckey, 2015):

® be catabolically able to degrade contaminants in the presence of other potentially inhibitory
pollutants
® Dbe persistent and competitive after introduction into the bio-system

® be compatible with the indigenous microbial communities

2.4.9 Bioaugmentation dosages

The selection of the type and quantity of a bioaugmentation product required to boost treatment
performance depends on the existing conditions of the process, causes of poor treatment, effect
of the bioaugmentation product on the indigenous population and the toxicity of the influent
(Abeysinghe et al., 2002). The bioaugmentation philosophies for aerobic biological treatment
systems differ among manufacturers. Generally, Company 1 recommends dosages based on

flow rates and COD loading of the effluent stream to the biological treatment system, Company
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2 recommends dosages based on the type of aerobic biological system and flow rates, and
Company 3 recommends dosages between 2 mg/L and 10 mg/L. The dosage regimes differ
between start-up, maintenance, upset recovery and post-recovery. Manufacturers’
recommendations may differ due to different fermentation processes and bacterial strains used

(Whiteman, 2010).

2.4.10 Bioaugmentation failures

Stephenson and Stephenson (1992) reported the following as reasons for the failure of

bioaugmentation:

e substrate concentration may be too low to support growth

® gsystem may contain inhibitory substances or be operating under inhibitory conditions such
as temperature

e competition with other microorganisms causing growth inhibition

¢ inoculant may use other organic substances in the system rather than the target pollutant

* number of microorganisms may be too low to effect significant change

e gsupplements not available to initiate breakdown rapidly enough without a period of
acclimatisation

e poor biofilm formation

2.4.11 Quorum sensing

Quorum sensing (QS) plays an important role in the colonisation of the bioaugmented
population within the indigenous population (Zhang and Li, 2016). Quorum sensing is a
coordinated regulation of gene expression in response to fluctuations in cell-population density.
In this process, bacteria produce signalling molecules called auto-inducers (Als), intracellularly
and then release them to the surrounding environment. The concentration of Als in the
bioreactor will increase as the bacterial population increases. When the population reaches a
threshold level, the cognate receptors will bind to the Als and trigger the downstream gene
expression that controls a broad range of bacterial activities such as biofilm formation (Diaz
de Rienzo et al., 2016), production of extracellular polymeric substance (EPS) (Frederik et al.,

2011) and production of exoenzymes (Tan et al., 2015).
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Quorum sensing enables bacteria to survive and adapt very quickly to a continuously changing
environment (Feng et al., 2013). The N-acyl homoserine lactone (AHL)-mediated QS system
is one of the most well-characterised bacterial communication systems and is present in 7% to
10% of Proteobacteria (a-, - and y-Proteobacteria), Bacteroidetes and Actinobacteria) (Chong
et al.,, 2012; Kimura, 2014). Thus, communication among bacteria of different species or
between organisms from different domains is possible (Tan et al., 2015). Quorum sensing in
Gram-negative bacteria is assumed to be mediated by N-acyl homoserine lactone molecules,
while Gram-positive bacteria make use of signalling peptides, such as competence-stimulating
peptide (CSP). An accumulation of CSP induces autolysis releasing chromosomal DNA into
the environment. Subsequent uptake of DNA by neighbouring cells is thought to promote

horizontal gene transfer.

2.4.12 Horizontal gene transfer involved in bioaugmentation

Horizontal gene transfer is an important mechanism for microorganisms to rapidly adapt to
changing environments. The ability of the microorganisms to transfer catabolic genes to the
indigenous population may be of equal or greater importance than the survival of the
microorganism itself. The degradative genes need to spread within the indigenous population,
leading to in situ genetic modification of the existing indigenous microbial community itself
(Bathe et al., 2005). The survival of the donor strain will thus no longer be needed once the
catabolic genes have been transferred and expressed in the indigenous bacteria (Top et al.,
2002). Catabolic genes can be directly inherited by future bacterial generations without
reproduction. The catabolic genes can be disseminated by plasmids to phylogenetically diverse

bacteria (Mohan et al., 2009).

The three main mechanisms of gene transfer are:

¢ Transformation - gene transfer resulting from the uptake of free extracellular DNA from
the environment. This is the most general and non-species-specific type of gene transfer
system (Heuer and Smalla, 2007; OECD, 2010).

¢ (Conjugation - genetic material is transferred from one bacterium to another by cell-to-cell
contact. This transfer is less efficient in dispersed biomass and more efficient with high cell

densities of microorganisms such as activated sludge flocs and bacteria found in biofilms
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(OECD, 2010; Semrany et al., 2012). Either double-stranded DNA or single-stranded DNA
molecules are transported from donor to recipient bacterial cells. The transfer of double-
stranded DNA is found only in Actinobacillus spp., while single-stranded DNA transfer is
ubiquitous in bacteria and Archaea (Koraimann and Wagner, 2014).

e Transduction - transfer of genetic material between bacteria mediated by bacteriophages

(Wasilkowski et al., 2012).

The coal gasification wastewater treatment process has become one of the key factors which
restrict the development of coal chemical industry. A number of modifications to the Lurgi
process have been reported by Yang et al. (2006), Gai et al. (2008), Feng et al. (2009), Yu et
al. (2010), Gai et al. (2016) and Cui et al. (2017). These modifications include retrofitting the
coal gasification process, simultaneous removal of ammonia and hydrogen sulphide using a
single stripper, stripping of ammonia before the extraction of phenol, using methyl isobutyl

ketone (MIBK) instead of diisopropyl ether (DIPE) to recover phenols, etc.

This wastewater has been regarded as one of the most difficult to treat due to high
concentrations of complex inorganic and organic compounds, oils, fatty acids, hydrogen
sulphide, carbon dioxide, phenols and ammonia which cause serious environmental problems.
The performance of most of the known pretreatment techniques is inadequate for the removal
of these compounds which hampers the function of the subsequent biological treatment
processes, thus leading to wastewater not meeting legislative discharge requirements. Thus,
many Lurgi coal gasification plants are facing a risk of suspended operation if the relevant

effluent discharge requirements are not met.
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CHAPTER 3
MATERIALS AND METHODS

3.1 Chemicals, reagents and gases

All chemicals, reagents and gases (Table 3.1) were supplied by Buckman Africa, South Africa.
The pilot plant used in this study was made available by Sasol (Pty) Ltd, South Africa. All
reagents and consumables for the polymerase chain reaction (PCR) sequencing studies were

supplied by the University of Pretoria, South Africa.

Table 3.1: List of chemicals, reagents and gases used in the study

Chemicals, reagents and gases Manufacturer/distributor
Ammonium dihydrogen phosphate (99%) Merck (Pty) Ltd, South Africa
Argon (99.999%) Air Liquide (Pty) Ltd, South Africa
Calcium chloride hydrate (=99%) Sigma-Aldrich, South Africa
Dichloromethane (99.9% BDH HiPerSolv) Merck (Pty) Ltd, South Africa
Ethanol (>99.5%, AR grade) Merck (Pty) Ltd, South Africa
Glutaraldehyde solution (50%, AR grade) Merck (Pty) Ltd, South Africa
Helium (99.999%) Air Liquide (Pty) Ltd, South Africa
Hexamethyldisilazane (=99%) Sigma-Aldrich, South Africa
Hydrochloric acid (34%, AR grade) Merck (Pty) Ltd, South Africa
Iron sulphate heptahydrate (=99%) Merck (Pty) Ltd, South Africa
Magnesium sulphate heptahydrate (99%) Merck (Pty) Ltd, South Africa
Manganese sulphate hydrate (99%) Merck (Pty) Ltd, South Africa
Nitric acid (70%, AR grade) Merck (Pty) Ltd, South Africa
Phenol (99.5%) Saarchem (Pty) Ltd, South Africa
Potassium dihydrogen phosphate (99.5%) Saarchem (Pty) Ltd, South Africa
Potassium phosphate monobasic (=99%) Sigma-Aldrich, South Africa
Sodium cacodylate buffer (0.1M) Sigma-Aldrich, South Africa
Sodium chloride (>99%) Sigma-Aldrich, South Africa
Sodium hydroxide (=97%) Merck (Pty) Ltd, South Africa
Sodium nitrate (=99 %) Sigma-Aldrich, South Africa
Sodium nitrite (>99%) Sigma-Aldrich, South Africa
Sodium sulphate anhydrous (=97%) Sigma-Aldrich, South Africa
Sulphuric acid (98%) Merck (Pty) Ltd, South Africa

All chemicals, except sodium sulphate, were used without further purification. Sodium

sulphate was dried for a minimum of 24 h at 103 °C + 2 °C and stored in a desiccator prior to
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use. All chemicals and reagents were prepared using ultra-pure (Type 1) water from a Millipore

Direct-Q® 5 purification system (Merck Millipore, South Africa).

3.2  Pilot plant reactor design and operating parameters

3.2.1 Pilot plant reactor design

The main components of the stainless steel pilot plant hybrid fixed-film bioreactor (H-FFBR)
(1.8 m long x 1.05 m high x 0.65 m wide) with three aeration compartments in series,
designated as Zone 1, Zone 2, and Zone 3, containing acclimatised fixed and suspended
biomass, and a clarifier (0.5 m diameter, 0.238 m? surface area, 1.43 m side water depth)
(Figure 3.1). The bioreactor was acclimatised to the feed over a period of time such that the
reactor was subjected to at least three complete bacterial sludge ages. The volume in each zone
was approximately 0.250 m?, 0.150 m® and 0.600 m® for Zone 1, Zone 2 and Zone 3,

respectively.

CGSGL

Plant 1
v
Effluent (CA)
Legend . (Clarifier overflow)
Plastic carrier & Air to coarse bubble diffusers
Sampling point ®

Steam for temperature control

Figure 3.1: Configuration of the pilot plant hybrid fixed-film bioreactor used in the study
The AnoxKaldnes™ K1 carrier (Veolia Water Technologies, Sweden) was used in this study.

This carrier is shaped as a small cylinder with a cross on the inside of the cylinder with

longitudinal fins on the outside. It is approximately 10 mm in diameter and 7 mm long with a
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protected surface area of 500 m*’/m?, density of 0.92 g/cm® to 0.96 g/cm® and 95% porosity
(Ratcliffe et al., 2006; Levstek and Plazl, 2009; Ibrahim et al., 2012).

The biofilm carrier filling fraction (based on volume) for the aeration zones was approximately
70% for Zone 1, 50% for Zone 2 and 30% for Zone 3. A 70% filling of biofilm carrier media
corresponded to an effective biofilm growth area equal to 350 m*’/m?, 50% fill equal to 250
m?/m? and a 30% fill equal to 150 m*/m? (Ratcliffe et al., 2006; Aygun et al., 2008). Each
aeration zone was linked to a data-collection-system (DCS) and parameters such as
temperature, dissolved oxygen (DO), recycling rate, feed rate, desludging rate, hydraulic
retention time (HRT), pH and sludge retention time (SRT) were controlled and optimised

automatically.

3.2.2 Reactor operating parameters

The reactor operating parameters and conditions were based on simulating real plant conditions
(Table 3.2). Addition of nitrogen and phosphorus was not required since sufficient levels were

present in the feed stream.

Table 3.2: Reactor operating parameters over the study period

Operating parameters

Reactor volume (m?) 1.30
CGSGL (L/h) 30
Recycle flow (L/h) 60
Feed: Recycle ratio 1:2
Clarifier upflow (m/h) <0.3
Temperature (°C) 36 +1
pH 75+1
DO (mg/L) 5+1
F/M (kg COD/kg MLSS.d) < 0.45 of the biodegradable COD fraction
HRT (h) 33
SRT (d) 18

© University of Pretoria
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33 Collection and preservation of reactor samples

Composite samples of the influent and effluent were collected over a 24-hour period at a rate

of 50 mL/h into 2 000 mL sample bottles with polypropylene caps and liners. The composite

samples were collected daily between 09:00 and 10:00 from the pilot plant. Grab samples (+

500 mL) of the biofilm carriers were taken twice weekly from each aeration zone using sterile

Whirl-Pak® sampling bags (Guth SA, South Africa). The respective samples were packed in a

cooler box with sufficient ice to cool samples (6 °C + 2 °C) and transported within 4 hours to

the laboratory. Sampling and analyses were scheduled as per Table 3.3.

Table 3.3: Sampling and analysis schedule over the study period

Nitrate-nitrogen®
Nitrite-nitrogen®

mg/L as NO3-N
mg/L as NO>-N

Analysis Unit Frequency of testing
Ammonia—nitrogen(b) mg/L. as NH3-N | Monday, Wednesday, Friday
Carbonaceous biochemical oxygen demand | mg/L as O2 Wednesday

(CBODs)®

Biomass oxygen uptake rates (QUR)®® mg O2/L.h Monday

Biomass weight® g TSS/m? Monday, Wednesday
Biomass thickness® um Monday, Wednesday
Chemical oxygen demand (COD)® mg/L as Oz Daily

Conductivity® uS/cm Daily

Cyanide free @ mg/L as CN Wednesday

Dissolved oxygen (DO)® mg/L as Oz Daily

EDX® % Weight Monday

FT-IR®@ cm’! Monday, Wednesday
GC/MS®@ ug/L Monday, Wednesday
M-alkalinity® mg/L Monday, Wednesday, Friday
Metals® mg/L Monday

Monday, Wednesday, Friday
Monday, Wednesday, Friday

Orthophosphates® mg/L as P Monday, Wednesday, Friday
pH®) Daily

Phenols® mg/L Daily

SEM® kV Monday

Sulphates® mg/L as SOu Monday

Sulphides®® mg/L as S* Monday

Suspended solids® mg/L Daily

Temperature®® °C Daily

Total Kjeldahl Nitrogen (TKN)® mg/L as N Monday, Wednesday, Friday

@ Performed before the inoculation period, baseline data (Week 1 to Week 12)
® Performed throughout the study period (Week 1 to Week 65)

© Performed immediately on-site

© University of Pretoria
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All samples were refrigerated at 6 °C + 2 °C upon receipt in the laboratory and analysed within
24 h after sampling, where possible. If not, the samples were preserved as per standard methods

(APHA, 2012).

3.4  Analytical methods and equipment

All instrumentation and methods used in this study were calibrated and validated according to

the ISO/IEC 17025:2005 technical requirements, respectively.

3.4.1 Determination of metals

Samples for the analysis of soluble metals (sodium, calcium, iron, silica, potassium, copper,
zinc, lead, vanadium, manganese, chromium, cobalt, nickel, aluminium, molybdenum and
magnesium) were filtered through 0.45 pm membrane filters (Merck Millipore, South Africa)
and analysed by inductively coupled plasma - optical emission spectrometry (ICP-OES)
(Agilent Technologies, USA). The ICP-OES was operated and controlled using the installed
Agilent ICP Expert II software (Agilent Technologies, USA). ICP-OES operating parameters

are indicated in Table 3.4.

Table 3.4: ICP-OES operating parameters

Operating parameters

Power 1.5 kW
Plasma gas flow rate 15 L/min
Auxiliary gas flow rate 1.5 L/min
Spray chamber type Glass cyclonic
Torch Quartz, Axial
Nebuliser type Glass concentric
Nebuliser flow rate 0.65 L/min
Pump speed 15 r/min
Replicate read time S5s

Number of replicates 3

Sample uptake delay time 30s
Stabilisation time 15s

Rinse time 10s

Fast pump On
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The ICP-OES stock solutions were prepared using Titrisol® ICP single-element standards (1
000 mg/L) (Merck Millipore, South Africa). Secondary standard solutions were prepared from

the stock solutions using diluted nitric acid (5%).

3.4.2 Determination of chemical and physical parameters

Except for suspended solids and oxygen uptake rates (OUR), all samples were pre-filtered
through a 0.45 pm membrane filter (Merck Millipore, South Africa).

(a) Suspended solids (SS) were determined gravimetrically by filtering 100 mL sample
aliquots through Whatman® glass microfibre GF/C filter paper (Merck (Pty) Ltd, South
Africa) under vacuum suction using a vacuum pump (Boeco R-300, Germany) and drying
in an oven (Labcon, South Africa) at 103 °C + 2 °C for 1 h, and cooled in a desiccator for
1 h.

(b) Oxygen uptake rate (OUR), pH and conductivity were measured using a portable Hach®
HQ40d multimeter fitted with a Hach® IntelliCAL™ LDO 101 Iuminescent probe, Hach®
IntelliCAL™ LBOD 101 luminescent probe, Hach® IntelliCAL™ PHC201 gel-filled pH
probe and a Hach® IntelliCAL™ CDC401 conductivity probe, respectively. All samples
were analysed on site.

(c) Dichloromethane (DCM) extractions were performed by liquid-liquid separation according
to the SANS 6051:2007 test method (SABS, 2007) where petroleum ether was substituted
for DCM.

(d) Hach® Test Methods and analyses are presented in Table 3.5.
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Table 3.5: Analyses using Hach® spectrophotometric test methods for wastewater

Analysis

Test
method

Principle

Ammonia-nitrogen

Biochemical oxygen
demand (acclimatised

carbonaceous BODs)

Chemical oxygen

demand (COD)

Cyanides (free)

M-alkalinity

Sulphides

Total Kjeldahl
Nitrogen (TKN)
(Nessler method)

10031

8043

8000

8027

8203

8131

8075

Ammonia compounds combine with chlorine to form
monochloramine. Monochloramine reacts with salicylate to
form 5-aminosalicylate. The S-aminosalicylate is oxidised in
the presence of a sodium nitroprusside catalyst to form a
blue-coloured compound. The intensity of the colour is
proportional to the ammonia-nitrogen concentration.

BOD is a measurement of the oxygen requirements of
municipal wastewater (sewage) and industrial wastewater.
The test results are used to calculate the effect of waste
discharges on the oxygen resources of the receiving waters.
The BOD test measures the oxygen uptake for a specified
effluent over a period of 5 days.

Dichromate ion oxidises organic material in the sample. This
results in the change of chromium from the hexavalent (VI)
state to the trivalent (III) state. The intensity of the colour is
proportional to the COD concentration.

The pyridine-pyrazolone method gives an intense blue
colour with free cyanide. The intensity of the colour is
proportional to the cyanide concentration.

Bromocresol green-methyl red indicator is added to the
sample and titrated to a pH between 4.3 and 4.9 with
sulphuric acid. The volume of titrant indicates the total (M)
alkalinity (carbonate, bicarbonate and hydroxide) in the
sample.

Sulphides and acid-soluble metal sulphides react with N, N-
dimethyl-p-phenylenediamine oxalate to form methylene
blue. The intensity of the blue colour is proportional to the
sulphide concentration.

TKN refers to the combination of ammonia-nitrogen and
organic nitrogen. Organically bound in the trinegative
oxidation state, it is converted into ammonium salts by the

action of sulphuric acid and hydrogen peroxide.
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3.4.3 Determination of anions by ion chromatography

The following anions, i.e. chlorides, sulphates, nitrites, nitrates and phosphates were
determined by ion chromatography based on the APHA Standard Method 4110B (APHA,
2012) and USEPA Method 300.0 (USEPA, 1983) (Table 3.6).

Stock anion standard solutions (1 000 mg/L) were prepared by weighing off the specified
amount of salt, pre-dried to a constant weight at 103 °C %+ 2 °C and made up to 1 000 mL with
water (Table 3.7). Solutions were stored in plastic bottles and refrigerated at 6 °C + 2 °C.
Solutions were stable for a month. Combined working standard solutions (high range and low
range) were prepared daily. Samples were treated with pre-conditioned Cig Sep-Pak®
cartridges (Merck Millipore, South Africa) to remove hydrophobic organic material and

prevent fouling of the column.

Table 3.6: Ion chromatograph parameters used for analysis

Dionex™ DX-120 Ion Chromatograph

Auto-sampler AS 3500
Software PeakNet™ Work station
Anion separator column TonPac AS4A-SC, 4 x 250 mm

Eluent concentrate solution | 0.18 M sodium carbonate/0.17 M sodium bicarbonate

Eluent 1.8 mM sodium carbonate/1.7 mM sodium bicarbonate

Run time 8 min

Flow rate 2.0 mL/min

Injection volume 50 uL

Detection Suppressed conductivity, ASRS-ULTRA (4 mm) in recycle
mode, 50 mA current

System back pressure 6 894.76 kPa

Background conductance 14 uS
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Table 3.7: Compound mass used to prepare 1 L stock solutions (1 000 mg/L)

Anion Compound Mass (g)
Chloride Sodium chloride 1.648
Nitrite Sodium nitrate 1.499
Nitrate Sodium nitrite 1.371
o-Phosphate Potassium phosphate monobasic 1.433
Sulphate Sodium sulphate 1.522

3.4.4 Identification of organic compounds by gas chromatography-mass spectrometry
(GC-MS)

Dichloromethane (liquid-liquid) extractives were characterised using an Agilent 7890A gas
chromatograph (Agilent Technologies, USA) equipped with an Agilent 5975C inert mass
selective detector (MSD) (Agilent Technologies, USA) using an Agilent DB-5MS capillary
column (Agilent Technologies, USA). The GC-MS operating parameters are indicated in Table
3.8.

Table 3.8: GC-MS operating parameters

GC conditions

GC column Agilent DB-5MS capillary column
Column dimensions 30 m x 0.3 mm ID with 0.25 pm film
thickness

GC oven conditions

Initial oven temperature 40 °C (1 min)

Ramp 1 8 °C/min to 280 °C (0 min)
Ramp 2 5 °C/min to 300 °C (1 min)
Carrier gas Helium

Flow rate 1 mL/min

Split ratio 10:1 (direct injection)

MS conditions

Transfer line temperature 280 °C

Source temperature 230 °C
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Table 3.8 continued

MS conditions

Ionisation mode Electron Impact (EI*)
Electron energy 69.9 eV

Mass scan 35-550 amu

Scan time 2.83 scans/s

Solvent delay 3.0 min

Electron multiplier voltage 1600 V

Mass spectral library (database) NISTOS5

3.4.5 Determination of soluble phenols

Phenols (except those with para-substitutions) react with 4-aminoantipyrine (4-AAP) in the
presence of potassium ferricyanide at a pH of 10 to form a stable reddish-brown coloured
antipyrine dye. The intensity of the colour produced is a function of the concentration of
phenolic material in the sample. Phenolic type wastewaters usually contain a variety of
phenols; therefore, it is not possible to duplicate a mixture of phenols to be used as a standard.
Thus, phenol was selected as a standard and any colour produced by the reaction of other
phenolics was reported as phenol. This value will represent the minimum concentration of
phenolic compounds present in the sample. Results were confirmed using phenol (99.5%) as a
standard. Standard solutions were prepared in the intended range of 0.0 mg/L to 5.0 mg/L using
water and Class A volumetric glassware. The range was extended by appropriate dilution of
the sample aliquot. Hach® Phenol Model PL-1 test kit (Hach, USA) was purchased and
supplied by Buckman Africa.

3.5  Mobilisation of the bioaugmentation inocula for laboratory test work

The selected bioaugmentation inocula (PA1, PA2 and PA3) were mobilised by hydrating the
respective freeze-dried inoculum (20% w/v) using a mineral salt medium (Table 3.9 and Table
3.10) and stirring using a Heidolph RZR 2051 (Heidolph, Germany) over-head stirrer at 500
r/min for 60 min. The hydrated inoculum was then filtered through a 100 mesh screen to

remove inert material. The bioaugmentation inoculum PA4 was used without hydration.
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Table 3.9: Salt solution for mineral salt medium

Salt solution Mass (g)/100 mL water
Magnesium sulphate heptahydrate (MgS0O4.7H20) | 4.0
Sodium chloride (NaCl) 0.2
Iron sulphate heptahydrate (FeSO4.7H>0) 0.2
Manganese sulphate hydrate (MnSO4.H>0) 0.2
Calcium chloride hydrate (CaCl,.H>O) 0.2

Table 3.10: Mineral salt medium for exogenous inoculum mobilisation

Mineral salt solution Mass (g)/1 000 mL water
Potassium dihydrogen phosphate (KH2PO4) 3.8
Dipotassium hydrogen phosphate (KoHPO4) 12.5

Di-ammonium hydrogen phosphate (NH4):HPO4 1.0
Salt solution (Table 3.9) 1.0 mL

The respective hydrated exogenous inocula were added daily directly into aeration Zone 1 of
the H-FFBR. Each treatment programme ran for a period of 12 weeks to allow sufficient time
for the exogenous microorganisms to acclimatise to the CGSGL wastewater and to achieve

maximum growth rate and biological activity. The reactor was subjected to three sludge ages.

The microbial activity of the exogenous inocula was determined monthly during the
inoculation phase of the study (9 months). The average heterotrophic plate count (HPC) for
inocula PA1, PA2 and PA3 was 2.2 x 10° cfu/g, 3.0 x 10° cfu/g and 2.4 x 10° cfu/g, respectively.
The Pseudomonas plate count for inocula PA1, PA2 and PA3 was 1.2 x 10° cfu/g, 4.0 x 10°
cfu/g and 1.64 x 10° cfu/g, respectively. The average Cocconeis and Nitzschia cell count in
inoculum PA4 was 3.2 x 10? cells/g and 2.2 x 10? cells/g, respectively. The mass of inoculum
added to the reactor was based on the maximum oxygen uptake rate (OUR) since bacterial

activity is not linearly related to the number of bacterial cells.

The bioaugmentation (inoculation) regime was as follows:

e  Week 1 to 12: Pretreatment (steady-state baseline data)

e Week 13 to 24: PA1 (50 mg/L) and PA4 (20 mg/L)

e  Week 25 to 36: PA1 (50 mg/L), PA2 (150 mg/L) and PA4 (20 mg/L)
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e Week 37 to 48: PA1 (50 mg/L), PA2 (150 mg/L), PA3 (150 mg/L) and PA4 (20 mg/L)

o  Week 49 to 65: Post-treatment

3.6  Phylogenetic analysis of the microbial communities

Samples of the feed, suspended biomass, biofilm and effluent taken from Week 2 to Week 5
of the study period were processed based on the procedures described by Albertsen et al.
(2015). Metagenomic data generated for each individual sample were used for comparative
studies of phylogenetic lineages between and within the respective samples (Lajeunesse, 2009;

Li et al., 2012a).

(i) Removal of DNA from dead cells and extracellular DNA: Samples were spiked with
extracted E. coli DNA relative to the suspended solids content of the samples. Each sample
was divided into 2 mL aliquots and treated with propidium monoazide (Biotium, USA) and
incubated in the dark for 10 min with occasional shaking. After incubation, the samples (on
ice) were subjected to a strong visible light (650 W halogen light) for 10 min at a distance of
20 cm.

(ii) DNA extraction: Genomic DNA (gDNA) was extracted using the FastDNA™ spin kit for
soil (MP Biomedicals, USA) according to the manufacturer’s instructions. The purity of the
extracted DNA was measured spectrophotometrically with a NanoDrop™1000
spectrophotometer at Abs260/230nm and Abszeo28onm (Thermo Fisher Scientific Inc., USA). The
quality of the extracted DNA was evaluated with agarose gel electrophoresis using the
TapeStation™ 2200 (Agilent Technologies, USA) and Genomic DNA ScreenTape™ system
(Agilent Technologies, USA). The concentration of the gDNA was measured fluorometrically
with a Quant-iT™ dsDNA High-Sensitivity assay kit (Molecular Probes, UK) on an Infinite®
M1000 PRO (Tecan, Switzerland) microplate reader.

(iii) 16S rRNA amplicon sequencing: The V1 and V3 variable regions were amplified using
Q5® Hot Start High-Fidelity 2X Master Mix (New England Biolabs (UK) Ltd). Amplicon
library PCR was performed on all replicate extractions separately. The DNA primers used were
27F (5’-AGAGTTTGATCMTGGCTCAG-3) and 518R (5’-ATTACCGCGGCTGCTGG-3).

Thermocycler settings for PCR amplification were as follows: (i) initial denaturation at 95 °C
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for 2 min; (ii) 30 cycles at 95 °C for 20 s; (iii) 55 °C for 30 s; (iv) 72 °C for 30 s; and final
elongation at 72 °C for 5 min. All PCR reactions were run in duplicate and pooled. The
amplicon libraries were purified using the Agencourt® Ampure® XP bead protocol (Beckman
Coulter, USA). The library concentration was measured using the NEBNext® Library Quant
assay kit for [llumina® (New England Biolabs (UK) Ltd). The quality was validated using the
Agilent 2100 Bioanalyzer (Agilent Technologies, USA). The samples were pooled in
equimolar concentrations and diluted to 4 nM based on the library concentrations and
calculated amplicon sizes. The library pool was sequenced on a MiSeq™ (Illumina, USA)
using the MiSeq™ Reagent kit v3, 600 cycles PE (Illumina, USA). The final pooled library
was at 10 pM with 20% PhiX as control.

(iv) Metagenomics: Three replicate DNA extractions used for amplicon sequencing were
selected for metagenome sequencing and prepared according to the Illumina® TruSeq® PCR
free protocol (Illumina, USA). Paired-end sequencing was performed on the prepared libraries
using 2 x 300 base pair MiSeq™ Reagent kits v3 (Illumina, USA). The reads were trimmed
using CLC Genomics Workbench v.7.03 (CLC bio, Aarhus, Denmark) by requiring a QPhred
score >30, a minimum length of >50 base pairs and removing any adaptors. The trimmed
metagenome reads were mapped to the MiDAS database version 1.20 using the map reads to
reference function in the CLC Main Genomics Workbench v.7.03 bioinformatics software
(CLC bio, Aarhus, Denmark) requiring 95% similarity over the full read length and random

assignments of reads.

(v) Metatranscriptomics: Three replicate samples were subjected to RNA extraction using
the RiboPure™-Bacteria Kit (Thermo Fisher Scientific Inc., USA) according to the
manufacturer’s instructions. The purity of the extracted total RNA was evaluated using a
NanoDrop™ 1000 spectrophotometer (Thermo Scientific Fisher Inc., USA). The quality was
determined with the Agilent TapeStation™ 2200 (Agilent Technologies, USA) using the High
Sensitivity ScreenTapes® (Agilent Technologies, USA) and the concentration was determined
using the Qubit® RNA BR assay kit (Thermo Scientific Fisher Inc., USA). The extracted RNA
was used for the library preparation using the TruSeq® stranded mRNA library preparation kit
protocol (Illumina, USA) and sequenced using 2 x 75 base pair MiSeq™ Reagent kits v3 on
an Illumina MiSeq™ (Illumina, USA). The reads were trimmed using the CLC Genomics
Workbench v.7.03 bioinformatics software (CLC bio, Aarhus, Denmark) requiring a minimum

Phred score of 20 and a minimum length of 75 base pairs. The trimmed metatranscriptome
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reads were mapped to the MiDAS database version 1.20 using the map reads to reference
function in CLC Genomics Workbench v.7.03 bioinformatics software (CLC bio, Aarhus,

Denmark) requiring 95% similarity over the full read length and random assignments of reads.

3.7  DNA extraction and PCR analysis of the bioaugmentation inocula

Bacterial isolates were characterised by sequencing the 16S rRNA wusing the ZR
Fungal/Bacterial DNA MiniPrep™ test kit (Zymo Research Corp, USA). The universal
primers  16S-27F  (5’-AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5 -
CGGTTACCTTGTTACGATT-3’) were used to amplify the 16S rRNA target region using
DreamTaq™ DNA polymerase (Thermo Fischer Scientific, USA) and the primers were gel
extracted using the Zymoclean™ Gel DNA Recovery Kit (Zymo Research, USA) and
sequenced in the forward and reverse directions on the ABI PRISM 3500x1 Genetic Analyzer
(Applied Biosystems, USA). Amplification of DNA was performed using the following
conditions: (i) initial denaturation at 95 °C for 2 min; (ii) denaturation at 95 °C for 30 s; (iii)
annealing at 50 °C for 30 s, and repeating steps (1) to (iii) for 45 cycles; and (iv) the reaction
was terminated after the extension at 72 °C for 10 min. The amplicons from each DNA sample,
which were amplified in triplicate, were pooled and gel purified using 0.8% agarose gel. The
PCR products were purified using the ZR-96 DNA Sequencing Clean-up Kit™ (Zymo
Research Corp, USA) and the purified products were analysed using the CLC Main Genomics
Workbench v.7.03 bioinformatics software (CLC bio, Aarhus, Denmark) followed by a
nucleotide-nucleotide BLAST (BLASTn) (Altschul et al., 1990) similarity (>98%) genome
search in the public NCBI GenBank database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to obtain

an indication of the phylogenetic affiliation. All sequences were assigned to species level

grouping.

The hydrated PA4 sample was prepared using the NEB® PCR cloning kit (New England Biolab
(UK) Ltd) purchased from Inqaba Biotechnology, South Africa and supplied by the University
of Pretoria, South Africa. The primers wused were 18S_D512_F (5’-
ATTCCAGCTCCAATAGCG-3’) and 18S_D978_R (5’-GACTACGATGGTATCTAATC-
3’) based on the method of Zimmerman et al. (2011). The identification was achieved with data
from reference and type strains, as well as environmental clones. Evolutionary genetic
distances were derived from the sequence pair dissimilarities calculated using the Kimura-2-

parameter (K80) model. The phylogenetic reconstructions were done using the Unweighted
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Pair Group Method with Arithmetic Mean (UPGMA) algorithm, with bootstrap values
calculated from 1 000 replicate runs using the CLC Main Genomics Workbench v.7.03
bioinformatics software (CLC bio, Aarhus, Denmark). Complete genomes producing

significant alignments were used for the generation of phylogenetic trees.

3.7.1 Metagenomic sequencing data

All metagenomic sequencing data were deposited in the NCBI GenBank database under
Bioproject: PRINA 315566 and Biosample accession numbers: SAMN 04565875 to SAMN
04565882.

3.7.2 16S rRNA and 18S rRNA sequencing

A representative sequence from each sample cluster was BLASTed (Altschul et al., 1990)

against an updated NCBI GenBank public database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to

obtain an indication of the phylogenetic affiliation. All sequences were assigned to species

level grouping at a cut-off similarity threshold of 0.05.

3.8  Analysis of attached and suspended biomass

3.8.1 Attached biomass weight

Attached biomass (biofilm) was determined by grabbing approximately 200 randomly selected
plastic carriers from the respective aeration zones. Carriers were rinsed well, but gently, with
water. The rinsed carriers were split into three portions, placed on watch-glasses and dried in a
drying oven (Labcon, South Africa) at 103 °C £ 2 °C for 24 h, cooled in a desiccator for 1 h,
and then weighed using a 4 decimal place analytical balance (Mettler, Germany). The carriers
were then soaked in a 0.25 N NaOH solution for 24 h with intermittent shaking. The alkali
wash was repeated after rinsing the carriers well with copious amounts of water. The second
alkali wash was performed in an ultrasonic water-bath (Integral Systems, South Africa) for 90
min. The carriers were then rinsed well with copious amounts of water, placed on watch-glasses
and dried for 24 h at 103 °C + 2 °C, cooled in a desiccator for 1 h, and re-weighed (Equation
(3.1).
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Biomass (mg/carrier) = (B — A)/C x 1000 (3.1
where:

B is the mass (g) of the carriers after rinsing and drying

A is the mass (g) of the carriers after second alkali wash and drying

C is the number of carriers

Biomass (mg/carrier) was converted to g TSS/m>.

3.8.2 Attached and suspended biomass activity

The oxygen uptake rate (OUR) for each aeration zone was measured on-site at 36 °C = 1 °C
using a calibrated portable Hach® model HQ40d multimeter fitted with a Hach® LBOD 101
probe. The attached biomass activity was measured by filling a biochemical oxygen demand
(BOD) sample bottle (300 mL) with 150 mL carrier media and 150 mL of activated sludge
from the specific aeration zone. The suspended biomass activity was determined in the same
manner except that no carriers were added to the BOD bottle. The dissolved oxygen (DO) was
measured every 60 s for a period of 10 min. The respective OUR (mg O2/L.h) was calculated
using Microsoft Excel™ for Windows 7, where OUR is the slope (mm) of a straight line (y = mx

+ ¢) obtained by plotting the DO concentration versus time (Qiqi et al., 2012).

3.8.3 Biofilm structure

Biofilm samples were fixed using 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH
7.4) for 20 min and then exposed to an ethanol dehydration series of 50%, 60%, 70%, 80%,
90%, and 2 x 100% for 10 min at each concentration. This was followed by a chemical
dehydration series of ethanol and hexamethyldisilazane (HMDS) at 50%, 60%, 70%, 80%,
90%, and 2 x 100% HMDS for 5 min at each concentration.

The last HMDS change was allowed to evaporate overnight. The biofilm samples were
mounted on aluminium stubs using adhesive carbon tape and then sputter coated with a very
thin film of gold/palladium before imaging. Scanning electron microscopy (SEM) was
performed with a Zeiss Ultraplus Field Emission Gun-Scanning Electron Microscope (FEG-SEM)
(Zeiss, Germany) at an acceleration voltage of 10 kV. Images were digitally captured using the

calibrated SmartSEM® software (Zeiss, Germany). The optical magnification range was 20-135X,
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electron magnification range was 80-130000X and the maximum digital zoom was 12X. The energy
dispersive X-ray spectroscopy (EDX) was performed using the AZtecEnergy software (Oxford
Instruments, UK) linked to an Oxford detector (Oxford Instruments, UK) with an 80 mm? detection
window. Imaging was performed using an in-lens detector for surface structure and an SE2 (Everhart-

Thornley) detector for topography (Zeiss, Germany).
3.8.4 Fourier transform infrared (FT-IR) spectroscopy

An Agilent Cary 670 Fourier Transform Infrared (FT-IR) spectrophotometer (Agilent
Technologies, USA) was used to identify the functional groups in the dichloromethane
extractives in the mid-IR wavelength range (4 000 cm™ to 400 cm!). About 50 uL of the
extracted sample was placed on a NaCl crystal window to form a thin film. The spectra for the
respective samples were read after evaporation of the solvent under vacuum at room

temperature.
3.9. Artificial intelligence model development
3.9.1 Model topology development

The artificial neural network (ANN) with multi-layer perceptron (MLP) was structured for this
study. The artificial neural network topology adopted for the H-FFBR consisted of 1 input layer
of 10 neurons, 1 hidden layer comprising 14 neurons and 1 output layer of 14 neurons (10-14-
14) (Figure 3.2). A logistic sigmoid transfer function was employed for the hidden layer. This
hidden layer served two purposes; addition of weighted inputs as well as the linked bias and
shift input data to a non-linear form as shown in Equation (3.2) and Equation (3.3) (Rorke et

al., 2017). Microsoft™ Visual basic v.6.0 was used for the ANN object.

sum= Y =1 1 ¢ (3.2)
where:

wi (i = 1, n) are the connection weights

0 is the bias

xi is the input variable

f(sum) =

1
(1+exp(—sum))

(3.3)
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Figure 3.2: Artificial neural network (feed forward back-propagation) topology adopted for the
H-FFBR

3.9.2 Selection of input variables

Ten H-FFBR input variables were selected, as follows: bioaugmentation type (BT); dissolved
oxygen zone 1; dissolved oxygen Zone 3; feed phenol; suspended solids (SS) feed; return
activated sludge (RAS); feed COD; M-alkalinity feed; COD load; and total dissolved solids
(TDS). Fourteen H-FFBR output variables were selected: Zone 1 biofilm thickness; Zone 2
biofilm thickness; Zone 3 biofilm thickness; Zone 1 OUR; Zone 2 OUR; Zone 3 OUR;
suspended biomass (MLSS); SS effluent; 0-PO4 as P effluent; ammonia-N; effluent COD;
effluent phenol; COD removal; and phenol removal. The experimental data obtained in this

study were used for the model development.
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The input data streams for the bioaugmentation regimes were coded as follows:

0 = Pretreatment (baseline data) with no bioaugmentation

2 =PAI1 (50 mg/L) and PA4 (20 mg/L) bioaugmentation

3 =PA1 (50 mg/L), PA2 (150 mg/L) and PA4 (20 mg/L) bioaugmentation

4 =PA1 (50 mg/L), PA2 (150 mg/L), PA3 (150 mg/L) and PA4 (20 mg/L) bioaugmentation

1 = Post-treatment; no bioaugmentation

Experimental data were normalised according to Equation (3.4):

ei_Emin
: 3.4)

max—Emin

Normalised (e;) =

where:
e; is the normalised data
E,.in denotes the minimum value

Enax denotes the maximum value
3.9.3 ANN training and validation
The artificial neural network (ANN) was trained using a back-propagation algorithm (Figure

3.3) with the goal of achieving a minimum net error on the validation data set while preventing

overtraining or memorisation (Rorke et al., 2017).
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Figure 3.3: Back-propagation training algorithm used for the ANN training model
(MSE = mean square error; E = error; Yo = observed experimental values; Yp = model predicted

values) (Rorke et al., 2017)

The experimental data sets were randomly divided into two sets: (i) 75% of the data were used
for training; and (ii) 25% of the data were used for the validation and testing process. A net
error value on the validation data set of 0.018 was achieved after 3 700 training epochs. The
accuracy of the developed model was assessed on 14 novel process conditions (validation data
set). With this data set, the regression analyses on predicted and observed process outputs, and

the coefficients of determination (R?), were calculated for each model output.

The learning patterns were randomly selected during the learning process. The root mean
square error (RMSE) between predicted and observed values for the cross-validating data was
calculated according to Equation (3.5) (Desai et al., 2008; Sewsynker and Kana, 2016). The

lower the RMSE, the more accurate the prediction model.
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oI 1 (yin-9in)?
NM

RMSE = J (3.5)
where:

N refers to the number of patterns used in the training

M denotes the number of output nodes

i denotes the index of the input system (vector)

y'n denotes the actual output

y'n denotes the predicted output
3.9.4 Sensitivity analysis and knowledge discovery

Mathematical equations illustrating the various functional relationships between the various
process inputs and outputs from the developed model were derived using curve fitting

(CurveExpert Professional v.2.4.0).

The process models developed in this study have been deposited into the Repository of
Experimental Data & Intelligent Models [REDIM] with accession number PRNQOO00775
(http://www.redim.org.za/?search=PRNQO000775).

3.10 Statistical analysis

Statistical analysis was performed using Minitab® 17 and Microsoft™ Excel.
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CHAPTER 4
METAGENOMIC STUDY OF THE MICROBIAL COMMUNITY IN THE H-FFBR

4.1 Microbial community and diversity by Illumina high-throughput sequencing

The microbial community determines the metabolic pathways for the removal of chemical
oxygen demand (COD), phenol, and ammonia-nitrogen from coal gasification stripped gas
liquor (CGSGL) wastewater. This study reveals the microbial communities between and within
the samples (biofilm, suspended biomass, effluent and feed) taken across the hybrid fixed-film
bioreactor (H-FFBR) using culture-independent Illumina high-throughput sequencing.
Knowledge of the indigenous microbial community and diversity is essential in order to select
inoculum strains to facilitate enhanced biodegradation of the organic compounds present in the

CGSGL wastewater.

4.1.1 Microbial community and diversity at high taxonomic levels

The results revealed that bacteria (97.9%-99.8%, average 98.9%) and Archaea (0.2%-2.1%,
average 1.15%) were the dominant taxa for the biofilm, suspended biomass (SB), effluent (CA)
and feed (RAS). In addition to the taxa level, the bacterial community diversity was also

analysed at the phylum level.

The results revealed that Proteobacteria was the most abundant phylum in the H-FFBR. The
proportions of Proteobacteria in the samples ranged between 50% and 95%. The other
dominant phyla were Firmicutes (0.57%-17%, average 8.78%), Actinobacteria (0.28%-3.74%,
average 2.01%) and Bacteroidetes (0.18%-5.16%, average 2.67%).

The less dominant phyla Deinococcus-Thermus (0.5%), Acidobacteria (0.22%) and
Chloroflexi (2.5%) were only found in the feed and Planctomycetes (2.1%) in the suspended
biomass. The proportion of unidentified (uncultured bacteria) phyla across the H-FFBR ranged
between 12% and 25% thus indicating the possibility of novel bacteria in the treatment of the

CGSGL wastewater.
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4.1.2 Microbial community and diversity at low taxonomic levels

The dominant classes revealed in the Proteobacteria phylum were a-Proteobacteria, S-
Proteobacteria and y-Proteobacteria with a-Proteobacteria dominant in the effluent (59%) and
suspended biomass (34%), f-Proteobacteria dominant in the biofilm (43%) and the feed (28%)
and y-Proteobacteria dominant in the effluent (18%). The class J-Proteobacteria was not

detected in the above-mentioned samples.

The uncultured classes in the Proteobacteria phylum were as follows:

e Feed: 7% to 12% a-Proteobacteria, 0.7% to 1.1% p-Proteobacteria and 0% to 1.2% y-
Proteobacteria

¢ Biofilm: 0.8% to 5.8% p-Proteobacteria

e Suspended biomass: 1% to 2% o-Proteobacteria, 0.3% to 3% pf-Proteobacteria

e Effluent: 0% to 3.7% y-Proteobacteria

The dominant orders revealed were Burkholderiales (3%-16%, average 18.5%), Rhizobiales
(1%-29%, average 15%), Pseudomonadales (3%-12%, average 7.5%) and the less dominant
orders were Clostridiales (17%) in the feed, Rhodocyclales (2%) and Xanthomonadales (4%)
in the biofilm, Bacteroidales (4%) and Xanthomonadales (5%) in the suspended biomass and
Rhodospirillales (8%) in the effluent. The absence of the order Nitrosomondales and the
presence of the order Rhizobiales in all the above samples indicates the absence of autotrophic
ammonia-oxidising bacteria (Nitrosomonas and Nitrosospira) and the presence of autotrophic
nitrifying bacteria (Nitrobacter and Nitrospira), respectively. Both species are required for
autotrophic nitrification/denitrification to take place since ammonia oxidation is regarded as

the rate-limiting step in autotrophic nitrification (Ma et al., 2015).

Except for the absence of d-Proteobacteria and Nitrosomondales, the phyla, classes and orders
were similar to those reported in coking wastewater (Felfoldi et al., 2010), desalination plants
(Sanchez et al., 2013), sea sediment (Zhang et al., 2014), river sludge (Liu et al., 2015), steel
industry wastewaters (Ma et al., 2015) and industrial wastewater treatment plants (Cydzik-
Kwiatkowska and Zielinska, 2016). However, the abundance and diversity differed due to the

varying physical, chemical and organic compositions of the respective effluents.
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4.1.3 Core microbial genera and species of the indigenous microbial community

The closest match for the four most abundant identifiable species (16S rRNA, homology

>99%) in the samples taken across the H-FFBR (feed, biofilm, suspended biomass and effluent)

is revealed in Table 4.1 in order of decreasing abundance.

Table 4.1: Core genera and species across the H-FFBR

(AF440523.1)
(6-8%; average 7.5%)

Rhodoplanes
cryptolactis
(AB087718.11)
(2-5%; average 4.5%)

Xanthobacter
polyaromaticivorans
(AB106864.1)

(1-3%; average 1.3%)

Diaphorobacter
nitroreducens
(AB076856.1)
(0.6-2%; average
1.5%)

(NR_040797.1)
(5-10%; average 6.9%)

Pseudaminobacter
salicyclatoxidans
(NR_028710.1)
(3-5%; average 3.6%)

Pseudomonas
aeruginosa
(AF440523.1)

(1-3%; average 2.3%)

Diaphorobacter
nitroreducens
(AB076856.1)

(1-2%; average 1.6%)

(AB120120.1)
(2-4%; average 2.2%)

Thauera
butanivorans
(NR_040797.1)
(1-4%; average 1.7%)

Pseudomonas
aeruginosa
(AF440523.1)

(1-3%; average 1.6%)

Ancylobacter
polymorphus
(NR_04279.1)
(0.6-2%; average
1.2%)

Feed (RAS)® Biofilm® Suspended biomass® | Effluent®
Pseudomonas Thauera Ochrobactrum Rhodoplanes
aeruginosa butanivorans anthropi cryptolactis

(AB087718.1)
(1-8%; average 2.8%)

Pseudomonas
putida
(AEO015451.1)
(0.3-5%; 1.2%)

Pseudomonas
aeruginosa
(AF440523.1)

(0-4%; average 0.9%)

Diaphorobacter
nitroreducens
(AB076856.1)

(0-3%; average 0.5%)

Samples (16) taken from Week 2 to Week 5 of the study period

The most abundant bacterial genera and species in the feed, biofilm, suspended biomass (SB)

and effluent (CA) were Pseudomonas aeruginosa, Thauera butanivorans, Ochrobactrum

anthropi and Rhodoplanes cryptolactis, respectively. The least abundant species were

Diaphorobacter nitroreducens in the feed, biomass and effluent and Ancylobacter
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polymorphus in the suspended biomass. The bacteria belonging to a-Proteobacteria
(Pseudaminobacter, Ancylobacter, Xanthobacter and Rhodoplanes) are sensitive to
temperature shifts (Cydzik-Kwiatkowska and Zielinska, 2016). The bacteria belonging to the
[S-Proteobacteria (Thauera, Diaphorobacter and Ochrobactrum) have slow degradation rates,
whereas y-Proteobacteria (Pseudomonas) have higher degradation rates in coal gasification
wastewaters (Felfoldi et al., 2010). The class f-Proteobacteria, commonly found in coal
gasification wastewater, are heterotrophic denitrifying bacteria converting nitrates to nitrogen
gas and are also capable of degrading a range of aromatic and aliphatic organic compounds
(Basha et al., 2010; Cydzik-Kwiatkowska and Zielinska, 2016) as follows: (i) Thauera degrade
hydrocarbons, phenols, methyl phenols, quinolinone, indole (Jia et al., 2016), polyphenols,
toluene and halobenzoate (Silva et al., 2010); (ii) Diaphorobacter (Székely, 2008) display
simultaneous nitrification and denitrification of ammonia-nitrogen to nitrogen gas
(Khardenavis et al., 2007) and can also degrade phenols, pyridines and pyrenes found in coking
wastewater (Meng et al., 2015); (iii) Ochrobactrum are both denitrifiers and sulphide oxidisers
(Mahmood et al., 2009) which utilise sulphides and thiosulphates as substrates to reduce nitrite.
Ochrobactrum can also adsorb metals, degrade aromatic hydrocarbons (Bhattacharya et al.,
2008) and form granules (Cydzik-Kwiatkowska and Zielinska, 2016); and (iv) Xanthobacter
(Gomez et al., 2005) can degrade cyclohexane (Van der Werf et al., 2001).

The results revealed (Table 4.1) that up to 45% of the total microbial community washed out
in the effluent were Pseudomonas (y-Proteobacteria) resulting in the higher abundance of the
slow degraders (S-Proteobacteria) returning to the H-FFBR. Ochrobactrum form flocs/granules
which explains their abundance in the suspended biomass. Flocculated cells have longer
residence times but lower substrate assimilation times due to intra-floc diffusive transport
limitations (Hull and Kapuscinski, 1987). Pseudomonas do not form flocs and settle slowly in
the clarifier and are thus easily washed out (Székely, 2008). However, they have higher
assimilation rates than flocculated cells (Hull and Kapuscinski, 1987). The rate of substrate
consumption in petrochemical refinery wastewater can be divided into fast and moderate based
on the Michaelis-Menten kinetics. At a high substrate concentration, every site on the
microorganism is saturated with the substrate and the rate of reaction is constant. As the
substrate concentration decreases, only a few sites of the microorganisms are covered with the
substrate, making the substrate reduction rate proportional to the substrate concentration

(Hamza et al., 2009).
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4.2  Measurement of community diversity across the H-FFBR

Alpha diversity evaluates the richness and evenness within the same microbial community.
Shannon entropy (H.) increases as the number of phyla increases and as the distribution
becomes even (abundance and richness). Simpson’s index (D) indicates phyla dominance and
reflects the probability that two individuals randomly selected from a sample belong to the
same phylum. The index varies between O and 1 and the index increases as the diversity
decreases. The Chao 1 richness estimator coverage (C) is a non-parametric estimator that
calculates the rare operational taxonomic units (OTUs) present in the sample and indicates the

number of phyla in the microbial population (Lemos et al., 2011; Garrido et al., 2014).

Beta diversity is a visual interpretation of the distance (dissimilarity) between two or more
microbial communities. Principal coordinates analysis (PCoA), a multivariate statistical
technique, is used to reveal the dissimilarities between the microbial communities by finding
clusters that reflect the dissimilarities of the microbial communities. PERMANOV A statistical
analysis using the unique fraction metric (UniFrac) was used to determine the significance of

these dissimilarities.

4.2.1 Alpha diversity

The results revealed that the feed (RAS) had the highest richness and evenness (Hy = 5.8), the
suspended biomass (SB) had the highest species dominance (D = 0.71) and the biofilm had the

highest richness (C = 550) within the microbial community (Table 4.2).

Table 4.2: Diversity within the samples taken across the H-FFBR

Sample Shannon entropy Simpson’s index Chao 1-biased
(Ho) (D) corrected (C)

Effluent (CA) 4.3 0.73 480

Feed (RAS) 5.8 0.91 400

Suspended biomass (SB) | 3.2 0.72 520

Biofilm 5.1 0.91 550
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Ma et al. (2015) reported a lower H, range (3.0 to 4.4) and higher richness range (C =534 to 1
223) for communities in coking wastewaters from steel industries. However, the community
richness and diversity for coal gasification and coking wastewaters are lower than those of

municipal wastewater due to the presence of inhibitory organic compounds (Ma et al., 2015).

4.2.2 Principal coordinates analysis (PCoA) of beta diversity

The PCoA analysis reveals phylogenetic dissimilarities between the feed (RAS) and effluent

(CA) and dissimilarities between the biofilm and suspended biomass (SB). The coordinates

PCol, PCo2 and PCo3 explain 69%, 23% and 8% of the dissimilarities, respectively (Figure
4.1).

PCo 2 (23%)
\
RAS
S

| o

|

— —_ PCo 1 (69%)
/ .Hiulillll
@cA 4'.0 3 (8%)

Figure 4.1: PCoA analysis indicating dissimilarities between samples taken across the H-FFBR

4.2.3 PERMANOVA statistical analysis using unique fraction metric (UniFrac)

The PERMANOVA weighted UniFrac diversity indicated a significant dissimilarity (pseudo-
F> 353, Po.o3s1) between the phylogenetic communities of the respective biomass samples taken

across the H-FFBR. The pair-wise distance PERMANOVA weighted UniFrac (with

Bonferroni correction) dissimilarity remained above 0.3 which reveals significant phylogenetic
dissimilarities between the following pairs of samples:

¢ Suspended biomass (SB) and biofilm (pseudo-Fe ss0s; Po.3333)
[ ]

Suspended biomass (SB) and feed (RAS) (pseudo-F13.603; Po.3333)
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¢ Biofilm and feed (RAS) (pseudo-Fis gss; Po.3333)
¢ Biofilm and effluent (CA) (pseudo-Fi.6931; P0.3333)
¢ Feed (RAS) and effluent (CA) (pseudo- Fo.7328; Po.s666)

4.2.4 Effect of operating parameters on microbial community diversity

The biofilm (attached biomass) and suspended biomass (flocculated biomass) were subjected
to higher aeration rates and temperatures than the effluent and feed. The age of the attached
biomass (biofilm) was approximately 126 d (Toerien and Van Niekerk, 2013) which was far
longer than the suspended biomass age of approximately 18 d. The effluent (dispersed cells)
was not aerated and its temperature was 2 °C lower than those of the biofilm and suspended
biomass in the H-FFBR. The feed (settled flocculated biomass) was not aerated and its
temperature was 3 °C lower than those of the biofilm and suspended biomass in the H-FFBR
and 1 °C lower than that of the effluent. The feed consisted of flocculated sludge recycled from
the bottom of the clarifier back to the H-FFBR. The presence of the order Clostridiales in the
feed indicates the presence of anoxic zones in the sludge bed. A higher microbial diversity
means that the organics present in the CGSGL wastewater can be degraded under a wider range
of operating conditions. Microbial communities are constantly changing even when operating
conditions and reactor performance are constant. The ammonia-oxidising bacteria (AOB) were
out-competed by heterotrophic bacteria and ammonia-oxidising Archaea (AOA) in the high
C/N environment of the H-FFBR. The Archaea were most abundant in the anoxic zones such
as the feed (RAS). The class f-Proteobacteria was found to be the predominant microbial
community in the H-FFBR. Thus, microbial communities from the class y-Proteobacteria and
class Actinobacteria were selected for bioaugmentation of the indigenous microbial community

in the H-FFBR.

These findings reveal that dissolved oxygen, biofilm structure, biofilm thickness, temperature
and chemical characteristics of the CGSGL wastewater impact the microbial community and
diversity across the H-FFBR. The microbial communities and diversities between and within
the samples taken across the H-FFBR (biofilm, suspended biomass, feed and effluent) were

significantly dissimilar, thus indicating different phylogenetic lineages.
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CHAPTER 5
PERFORMANCE OF THE H-FFBR IN REMOVING ORGANIC POLLUTANTS

5.1 Characterisation of the coal gasification stripped gas liquor

This study reveals the physical, chemical and organic characteristics of the real-time CGSGL
wastewater fed continuously to the hybrid fixed-film bioreactor (H-FFBR) used in this study.
The characterisation of this wastewater is a vital step in gaining an understanding of the effect
this wastewater has on the acclimatised biomass when in contact with pollutants such as

phenols, ammonia-nitrogen and organics contributing to the chemical oxygen demand (COD).

5.1.1 Identification of organic compounds in the feed and effluent by GC-MS

The organic compounds revealed by gas chromatography-mass spectrometry (GC-MS)
“finger-printing” analyses (Table A-1 in Appendix A) were identified as hydantoins,
benzoquinones, heterocyclic aromatic amines (acetylindole, benzimidazoles, indole,
quinolinones), benzoic acid derivatives (benzamides), heterocyclic aromatic organics (furans,
pyridines), aromatic isocyanates, unsaturated mono-carboxylic acids (Ci-Cis), aromatic
carboxylic acids (benzoic acids), alkenes (olefins), saturated cyclic alkanones
(cyclopentenones), and phenol. No semi-volatile organic carbons (SVOC) or polycyclic
aromatic hydrocarbons (PAHs) were detected above the respective test method detection limits

(Table A-2 in Appendix A), thus complying with MINAS requirements.

The composition of the feed has a direct effect on the removal of specific groups of organic
compounds. Organics identified in the feed and not in the effluent are regarded as being
available to the indigenous microbial population for degradation (Das and Chandran, 2011).
No organics were detected above the method detection limit (25 pg/L) in the effluent when the

following groups of compounds were detected in the feed:

(1) saturated carboxylic acids (C4HsOz; CsHi202; C7H1402; CsHi502; Ci6H3202);
unsaturated carboxylic acids (CsHeO2; CsHgOz); substituted unsaturated carboxylic
acids (CeH1002); substituted benzoic acids (CsHsO2; CoH1002; CioH1202; C11H1402),
substituted cyclopentenones (CsHeO); quinolinols (Ci1oH7NO; C1oHoNO); acetylindoles

(C11H11NO) and phenol (CsHsO)
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(i1) phenol (CeHgO); aniline (CsHsNH»); isoquinolinones (CoH7N); benzoquinones
(C7H60O2; CsHgO2); benzenediol (CsHeO2; C7HgO»); indoles (CoHoN); benzamides
(CsHoNO); phenyl-isocyanates (CoHoNO); substituted cyclopentenones (CsHsO;
C7H100; CioH100); substituted cyclopentenones (CsHsO)

(iii))  saturated short-chain carboxylic acids (C4HsO»; CsH1202) and unsaturated long-chain
carboxylic acids (Ci16H3202; C1sH3602)

(iv)  aniline (Ce¢HsNHz); phenol (CsHsO); benzimidazoles (CsHsN2); isoquinolinols
(C10H7NO; C10HoNO); quinolinones (CoH7N); substituted cyclopentenones (CsHgO);
substituted cyclopentenones (CsHsO; C7Hi10O; Ci0H100); benzamides (CsHoNO) and
benzimidazoles (CsHsN2)

V) traces of long-chain hydrocarbons (>Cis)

However, phenol (CsHsO), isoquinolinones (CoH7N) and saturated carboxylic acids (C4HgO»;
CeH1202; C7H1402; CsHi502; Ci6H3202) were detected in the effluent when phenol (CsHsO),
isoquinolinones (CoH7N), substituted cyclopentenones (CsHsO), substituted benzoic acids
(CsHsg03) and phenylbutenones (C10H100) were present in the feed. Thus, slower degradation
of these compounds occurred when phenylbutenones (substituted aromatic alkenone) were
present in the feed. Hydantoins (CsHsN2O»; CsH10N202) were only detected in the effluent
when phenol (CsHsO), aniline (C¢HsNH), substituted cyclopentenones (Ce¢HsO), furans
(CsHgO) and pyridines (CsH7No) were present in the feed.

The sourcing of calibration standards for all the organic compounds (>42) detected by GC-MS
was not possible due to availability. Qualitative analysis, based on the relative percentage of
the total peak area, was used to estimate the concentrations of phenols (100 mg/L to 150 mg/L),
hydantoins (200 mg/L to 250 mg/L), carboxylic acids (150 mg/L to 250 mg/L), extractable
hydrocarbons (10 mg/L to 30 mg/L) and nitrogen-containing organics (20 mg/L to 30 mg/L)
in the feed. The concentrations of phenol (0.35 mg/L to 5 mg/L), carboxylic acids (<20 mg/L),
hydantoins (50 mg/L to 70 mg/L), extractable hydrocarbons (10 mg/L to 30 mg/L) and
nitrogen-containing organics (20 mg/L to 30 mg/L) were also estimated in the effluent. From
these results it is clear that phenols, hydantoins and carboxylic acids were readily degraded by
the indigenous microbial communities due to their lower molecular weight and simpler organic

structure (lower oxidation state).
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The GC-MS “finger-printing” of the composite biofilm sample revealed the sorption of trans-
2-methyl-2-butenoic acid (C¢H1002); 3-methyl-2-butenoic acid (CsH1002), 5-ethyl-5-methyl-
hydantoin (Ce¢HioN202); methyl-isobutyl-hydantoin (CgHi4N20O2), hydantoin substitutions,
long-chain hydrocarbons (>Cis) and n-hexadecanoic acid (CisH3202) to the biofilm. Methyl-
isobutyl-hydantoin (CsH14N20»), trans-2-methyl-2-butenoic acid (CsH1002) and 3-methyl-2-
butenoic acid (CsHi0O2) were not detected in the feed or effluent. Thus, 5-ethyl-5-methyl-
hydantoin (CsH10N20>) and n-hexadecanoic acid (CisH3202) were present in the H-FFBR and
the suspended biomass. The most abundant organics detected in the biofilm were 3-methyl-2-
butenoic acid, followed by 5-ethyl-5-methyl-hydantoin, methyl-isobutyl-hydantoin, n-

hexadecanoic acid, substituted hydantoins and traces of long-chain hydrocarbons.

5.1.2 Identification of organic compounds in the effluent by FT-IR

The Fourier transform infrared (FT-IR) absorption spectra of composite effluent samples
revealed the presence of various functional groups which correlated with the organic
compounds revealed by GC-MS. Absorption peaks were detected at the following wave
numbers: 3 401 cm™! (hydroxyl groups -OH); 3 244 cm™! (hydrocarbon C-H); 3 000 cm™! and 2
800 cm™ (C-H stretch aliphatics); 2 926 cm™ ! (C-H stretch); 2 200 cm™! (cyanate and
thiocyanate ions); 1 738 cm™! (ester compounds); 1 716 cm™ (carboxylic acid and ketones); 1
652 cm’! (quinone or conjugated ketone); 1 313 cm™! (aryl alkyl asymmetric groups); 1 264 cm’
' (aryl ether structure); 1 050 cm™ (polysaccharide-like or polysaccharides); 800 cm!
(hydrogen bending on an aromatic ring), 756 cm™ (1,2 di-substitution aromatic ring), 651 cm”
(C-0-8 stretching); 590 cm™ and 570 cm™! (alkyl derivative stretching) and peaks in the region
between 1 200 cm™ and 500 cm™ (combination of hydrocarbons and/or alcohols) (Zhao et al.,

2013; Chandralal et al., 2014).

Ramasamy et al. (2014) reported that the extracellular polymeric substance (EPS) layer
produced by Ochrobactrum anthropi indicated the presence of hydroxyl groups (-OH) at 3 401
cm’!; C-H stretching at 2 926 cm™!; C-H aliphatic stretching between 2 800 cm™ and 3 000 cm
I and polysaccharide or polysaccharide-like substances at 1 050 cm™. The FT-IR results
revealed the presence of various functional groups, including sulphur-containing groups,
cyanates, and possible biomass wash-out which was not detected by the GC-MS analyses.
Ochrobactrum anthropi are denitrifying and sulphur-oxidising bacteria present in the

suspended biomass of the H-FFBR.
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5.1.3 Chemical and physical composition of the effluent

The concentration of sulphides, free cyanide, phosphorus and pH of the CGSGL wastewater
complied with the minimal national standard (MINAS) for South Africa and the World Bank
Group guidelines (Mazema et al., 2008). However, the concentration of chemical oxygen
demand (COD), phenol, suspended solids (SS) and ammonia-nitrogen (NH3-N) did not comply
(Table 5.1) with the MINAS standards. The COD, ammonia-nitrogen and phenol
concentrations were higher than the Chinese specifications for COD (<100 mg/L) and
ammonia-nitrogen (<16 mg/L) (Zhou et al., 2012) and the Indian minimum standards for
phenol (<0.5 mg/L) and ammonia-nitrogen (<50 mg/L) (Kumar and Pal, 2014) for CGSGL

wastewater and coking wastewater, respectively.

Free cyanide was not detected above the test method detection limit (0.1 mg/L); however,
cyanates were detected by GC-MS and FT-IR, thus indicating the importance of testing
samples using different techniques so that as many compounds as possible are identified to
gain an understanding of the microbial mechanisms in a complex effluent such as CGSGL
wastewater. The presence of cyanates and thiocyanates plays an important role in the removal

of ammonium-nitrogen and phenol.

Table 5.1: Chemical and physical composition of the effluent

© University of Pretoria

Analysis Maximum | Minimum | Average Standard

deviation
Ammonia-nitrogen (mg/L as N) 512 172 285 64
Chemical oxygen demand (mg O2/L) | 977 400 692 186
Chlorides (mg/L as Cl) 158 19 48 13
Conductivity (uS/cm) 9310 1470 2920 192
Cyanide (free) (mg/L as CN) <0.1 <0.1 <0.1 <0.1
Nitrate-nitrogen (mg/L as NOs3-N) 7.91 4.04 5.41 0.78
Nitrite-nitrogen (mg/L as NO»-N) <0.2 <0.2 <0.2 <0.2
o-Phosphate (mg/L as P) 10.2 4.24 6.29 1.11
pH 7.68 7.21 7.50 0.11
Phenols (mg/L) 34 6 15 8.0
Sulphates (mg/L as SO4) 516 68 443 130
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Analysis Maximum | Minimum | Average Standard
deviation

Sulphides (mg/L as S*) <0.50 <0.50 <0.50 <0.50

Suspended solids (mg/L) 460 44 160 140

Temperature (°C) 35.9 37.0 359 0.10

TKN (mg/L as N) 730 240 380 90

Total phosphorus (mg/L as P)® 3.32 1.38 2.05 0.36

@ Determined by calculation: o-Phosphate (mg/L) x 0.3262

S5.14

Metals in the effluent and effect of metals on biomass activity

The concentration of the heavy metals chromium, iron, copper, nickel, vanadium and lead in

the effluent (Table 5.2) complied with the MINAS standard and the World Bank Group

guidelines (Mazema et al., 2008). Microorganisms require certain trace metals (zinc,

manganese, molybdenum, selenium, copper, cobalt, nickel, vanadium and tungsten) to achieve

optimum growth by proper functioning of microbial enzyme systems (Todar, 2006).

Table 5.2: Soluble metals detected in the effluent

Analysis Maximum Minimum Average Standard

deviation
Aluminium (mg/L as Al) 5.60 1.71 2.91 1.67
Calcium (mg/L as Ca) 9.37 0.14 2.84 0.05
Chromium (mg/L as Cr) <0.001 <0.001 <0.001 <0.001
Cobalt (mg/L as Co) <0.001 <0.001 <0.001 <0.001
Copper (mg/L as Cu) <0.001 <0.001 <0.001 <0.001
Iron (mg/L as Fe) 3.62 0.11 0.68 0.12
Lead (mg/L as Pb) <0.001 <0.001 <0.001 <0.001
Magnesium (mg/L as Mg) 8.28 0.25 1.34 0.38
Manganese (mg/L as Mn) <0.001 <0.001 <0.001 <0.001
Nickel (mg/L as Ni) <0.001 <0.001 <0.001 <0.001
Potassium (mg/L as K) 15.2 0.43 1.83 1.12
Silica (mg/L as SiO») 31.5 8.61 18.9 4.64
Sodium (mg/L as Na) 18.6 3.10 11.0 2.00
Vanadium (mg/L as V) 0.34 0.11 0.23 0.06
Zinc (mg/L as Zn) 3.14 0.10 0.75 1.34

66

© University of Pretoria




-
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Q= YUNIBESITHI YA PRETORIA

Skepu (2000) reported that the presence of magnesium, manganese, cobalt and copper reduces
the conversion of hydantoins to amino acids by the hydantoinase enzyme and Pozo et al. (2002)
stated that the presence of calcium, sodium, cobalt, magnesium, zinc and iron increases the
hydantoinase activity of Ochrobactrum anthropi. These bacteria were present in the suspended

biomass.

According to Defiery and Reddy (2014), metals can increase or decrease the removal of
phenols, i.e. magnesium, iron or calcium do not inhibit catechol 1,2-dioxygenase from
Pseudomonas aeruginosa since they have mechanisms to counteract metal-induced stress such
as sequestration, reduction and direct flux of the metal out of the cell. Pseudomonas aeruginosa
was present in the H-FFBR. However, the production of catechol 1,2-dioxygenase by

Rhodococcus spp. is inhibited by iron, copper and mercury.

5.2  Attached biomass and suspended biomass

The impact of the CGSGL wastewater characteristics on the acclimatised suspended biomass
and fixed biomass (biofilm) properties, structure and activity is revealed in this section.
Knowledge of the CGSGL wastewater characteristics is of significance since the microbial
diversity plays an important role in the removal of COD, ammonia-nitrogen and phenols in the

H-FFBR.

5.2.1 Attached biomass activity versus suspended biomass activity

The average values (22 samples per aeration zone) for the biofilm thickness were 51.45 + 40.3
um, 6.19 £ 3.09 um and 6.61 £+ 4.13 um for the respective aeration zones (Table 5.3). The
differences in biofilm thickness across the aeration zones were significant (p<0.001; a=0.05)
(Figures B-1 and B-2 in Appendix B). The average values (13 samples per aeration zone) for
the fixed biomass activity were 62.58 £ 15.56 (mg O2/L.h), 33.80 £ 8.07 (mg O»/L.h) and 33.71
+ 10.65 (mg O2/L.h) for the respective aeration zones. The differences across the aeration zones
were significant (p<0.001; 0=0.05) (Figures B-3 and B-4 in Appendix B). The average values
(13 samples per aeration zone) for the suspended biomass activity were 48.47 + 14.98 (mg
O2/L.h), 37.48 + 16.45 (mg O2/L.h) and 37.48 £+ 13.76 (mg O2/L.h) for the respective aeration
zones (Table 5.3). The differences across the aeration zones were not significant (p=0.116;

0=0.05) (Figures B-5 and B-6 in Appendix B). The average values (60 samples per aeration
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zone) for the DO were 3.91 + 0.75 mg/L, 4.95 + 0.48 mg/L and 4.86 + 0.45 mg/L for the
respective aeration zones (Table 5.3). The difference across the aeration zones was significant
(»=0.001; a=0.05) (Figures B-7 and B-8 in Appendix B). The average values (60 samples per
aeration zone) for pH were 7.42 + 0.18, 7.50 £ 0.18 and 7.50 + 0.15 for the respective zones.

The difference across the aeration zones was not significant (p=0.250; a=0.05).

Table 5.3: Biomass thickness and biomass activity for each aeration zone in the reactor

Parameter Biofilm OUR fixed film | OUR suspended | DO (mg/L)
thickness (um) | (mg O2/L.h) biomass
(mg O2/L.h)

Zone 1 (70% carrier fill)
Average 51.5 62.58 48.47 3.91
Maximum 213 76.88 68.56 5.54
Minimum 1.79 27.66 19.66 2.23
Std dev 40.3 15.63 14.98 0.75

Zone 2 (50% carrier fill)
Average 6.19 33.80 37.08 4.95
Maximum 13.6 43.90 67.90 6.20
Minimum 0.46 18.32 14.70 3.60
Std dev 3.09 8.07 16.45 0.48

Zone 3 (30% carrier fill)
Average 6.61 37.48 37.48 4.86
Maximum 24.0 51.46 59.64 6.03
Minimum 1.45 14.72 11.98 3.75
Std dev 4.13 10.65 13.76 0.45

The results revealed a relationship between the percentage carrier fill, biofilm thickness,
biomass oxygen uptake rate (OUR) and dissolved oxygen (aeration). Higher aeration rates
increase the mixing energy of the carrier (roll pattern), resulting in higher shear across the
biofilm layer which influences the biofilm thickness, microbial population and growth rate.
The mixing energy provided by the aeration is critical for sloughing off the biomass and the

formation of a thin biofilm yielding higher kinetic rates due to a larger surface area for substrate
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penetration. Thin biofilms (<50 pm; Torresi et al., 2016) increase the available surface area

and reduce the variability of solids discharge due to sloughing (Goode, 2010).

5.2.2 Biofilm structure

Energy-dispersive X-ray (EDX) analyses of the respective biofilm layers revealed the presence

of carbon, oxygen, sodium, aluminium, silicon, phosphorus, sulphur, chloride, potassium,

calcium, nitrogen, copper and iron for all three aeration zones. The presence of aluminium,

silicon, calcium and iron was highest in Zone 1; nitrogen, oxygen, sodium, magnesium,

potassium and chlorides were highest in Zone 2; while carbon, phosphorus and copper were

highest in Zone 3. The EDX analyses revealed that copper was the only metal bound to the
biofilms in Zone 1 and Zone 3 (Table 5.4, Figure 5.1, Figure 5.2, Figure 5.3).

Table 5.4: List of elements identified in the respective biofilm layers

Element Zone 1 (% by weight) | Zone 2 (% by weight) | Zone 3 (% by weight)
Carbon 67.74 66.22 68.38
Nitrogen <0.1 0.88 0.62
Oxygen 24.66 25.70 25.01
Sodium 0.17 0.47 0.22
Magnesium 0.10 0.19 0.01
Aluminium 0.42 0.24 0.22
Silicon 0.41 0.10 0.22
Phosphorus 0.24 0.21 0.28
Sulphur 4.79 4.86 4.23
Chloride 0.10 0.37 0.16
Potassium 0.12 0.21 0.15
Calcium 0.36 0.22 0.22
Iron 0.85 0.55 0.40
Copper 0.13 0 0.20

© University of Pretoria
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Figure 5.1: EDX of the fixed biofilm in aeration Zone 1 during the operation of the H-FFBR
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Figure 5.2: EDX of the fixed biofilm in aeration Zone 2 during the operation of the H-FFBR
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Figure 5.3: EDX of the fixed biofilm in aeration Zone 3 during the operation of the H-FFBR
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The effect of metals on the biofilm structure is summarised as follows:

¢ Silicon and aluminium increase biomass resistance to toxic shocks and the presence of iron,
sulphur and copper contribute to the aggregation of biomass (Annachhatre and
Bhamidimarri, 1992).

¢ Potassium, magnesium, sodium and calcium are required for membrane stabilisation and
are enzyme activators (Revanuru and Mishra, 2011).

e Potassium is also required for osmotic balance, sodium for cell integrity and transport
across the membrane, iron for an energy source and heme-containing enzymes and proteins,
cobalt for co-enzymes, manganese for transferring phosphate groups and molybdenum for
nitrogenase (Hu et al., 2013).

e (alcium and phosphorus are absorbed by and accumulate in the biofilm as insoluble
compounds, rendering the biofilm highly resistant to detachment by maintaining the
intercellular polymer matrix structure (Goode, 2010).

e Sulphur is required for protein synthesis, phosphorus for nucleic acids and metabolic
cofactors, and nitrogen for proteins, some sugars and nucleic acids (Todar, 2006; Rava and

Chirwa, 2016).

Scanning electron microscopy (SEM) analyses of the biofilm from the respective aeration
zones revealed the biofilm structure to be relatively uniform and dense for Zone 1 (Figure 5.4),
ripple-like for Zone 2 (Figure 5.5) and porous for Zone 3 (Figure 5.6). Thus, the elements
bound to the biofilm have an effect on the biofilm structure. This effect was also reported by

Lembre et al. (2012) and Ward and King (2012).

iy K-
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WD = 12 Mag = 1.00 K XX

b o TR, T

Figure 5.4: SEM image of the dense biofilm on the carriers taken from aeration Zone 1
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Figure 5.6: SEM image of the porous biofilm on carriers taken from aeration Zone 3

Bioreactor hydrodynamics and biofilm characteristics influence the performance of the H-
FFBR. Thus, the control of the biofilm properties is important for a stable bioreactor
performance since the biofilm controls the rate of mass transfer of nutrients and substrate to

the microbial community.

5.3  Performance of the H-FFBR in removing pollutants

The performance of the H-FFBR was measured in terms of phenol, COD and ammonia-
nitrogen removal. The H-FFBR was continuously fed real-time CGSGL wastewater directly

from the plant. Thus, the acclimatised microbial communities were exposed to varying

physical, chemical and organic characteristics of the wastewater.
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5.3.1 Removal of phenols

The phenol concentration (Figure 5.7) of 60 feed samples ranged between 40 mg/L and 90
mg/L with an average of 70 + 20 mg/L. The phenol concentration of 60 effluent samples ranged
between 6 mg/L and 34 mg/L with an average of 15 + 9 mg/L. The removal of phenols ranged
between 62% and 93% with an average of 79%, thus 21% of the total phenols were soluble,
but not readily degradable. The performance of the H-FFBR in terms of phenol removal was
lower than 83% (pH 7.2; 30 °C) and 95% (pH 6.8-7.5; 30 °C) reported by Chakraborty et al.
(2010) and Crutescu et al. (2008), respectively, when treating similar coal gasification
wastewaters. The degradation of phenols is influenced by factors such as pH, temperature,

biodegradation kinetics, microbial diversity and metabolic potential and nutrients.

Phenol removal in the H-FBBR
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Figure 5.7: Removal of phenol in the H-FFBR without bioaugmentation (Week 1 to Week 12)

The degradation rate depends on the structure and the number of substituents on the aromatic
nucleus and the positions of the methyl groups. The para-substituted phenols are more readily
degradable than the meta- or the ortho-substituted phenols because they are weaker electron

donors (lower oxidation state) (Adabju, 2013; Rava et al., 2015).

5.3.2 Removal of soluble COD

The COD concentration (Figure 5.8) of 60 feed samples ranged between 1 718 mg/L and 1 900
mg/L with an average of 1 710 £ 60 mg/L. The COD concentration of 60 effluent samples

ranged between 400 mg/L and 977 mg/L with an average of 940 + 70 mg/L. The removal of
73
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COD ranged between 37% and 55% with an average of 45%, thus 55% of the COD was not
readily degradable. The removal of COD was in the range (40% to 60%) reported by Galil et

al. (1988) for coal gasification wastewater.

% COD removal in the H-FFBR
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Figure 5.8: Removal of COD in the H-FFBR without bioaugmentation (Week 1 to Week 12)

The results also revealed (Table 5.5) that 60% of the feed COD was degraded in Zone 1, 27%
of the COD not degraded in Zone 1 was degraded in Zone 2 and 30% of the COD not degraded
in Zone 2 was degraded in Zone 3. Thus, the most biodegradable COD fraction was
biodegraded in Zone 1. The biomass attached to the carriers in the respective aeration zones
were higher than reported by Aygun et al. (2008), the ratio of attached biomass (98%) across
the H-FFBR was higher than 90% reported by Makowaska et al. (2013) and 93% reported by
Plattes et al. (2006) for the treatment of municipal wastewater in a H-FFBR. Toerien and van
Niekerk (2013) reported the attached biomass age for the H-FFBR used in this study to be
approximately 126 d which is in line with the biomass age (>100 d) reported by Makowska et
al. (2013).

Table 5.5: COD removal performance profile across the H-FFBR

COD parameters Zone 1 Zone 2 Zone 3 Average
Attached biomass (g TSS/m?) 470 70 110 216
COD loading rate (g COD/m?.d) 25 1.8 5.8 10.8
COD removal rate (g COD/m?.d) 15 (60%) | 0.5127%) |1.730%) |5.73
COD removal rate (g COD/g TSS.d) | 0.032 0.007 0.015 0.018
74
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The characteristics of the CGSGL wastewater, microbial diversity, aeration rate, biofilm
thickness, biofilm structure and carrier fill had an effect on the COD loading and removal rates
in the respective aeration zones. The rate of COD removal decreased as the concentration of
the biodegradable organics decreased in the H-FFBR (Zachopoulos and Hung, 1990) which is
typical for microbial degradation of mixed substrates (Donaldson et al., 1987). A slower
growing porous biofilm such as in Zone 3 has a higher specific activity than the biofilms in

Zone 2 and Zone 3 (Wijeyekoon et al., 2004).

5.3.3 Removal of nitrogen

The removal of ammonia-nitrogen ranged between 2% and 46% with an average of 15% for
58% of the samples (26/45) and increased between 13% and 97% with an average of 24% for
42% of the samples (19/45) (Figure 5.9). The removal of nitrate-nitrogen ranged between 1%
and 38% with an average of 15% for 55% of the samples (25/45) and increased between 16%
and 69% with an average of 18% for 45% of the samples (20/45) (Figure 5.9).

Ammonia-nitrogen and nitrate-nitrogen trends in the H-FFBR
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Figure 5.9: Ammonia-nitrogen and nitrate nitrogen trends for the feed and effluent samples

There was no significant difference between the feed and effluent ammonia-nitrogen (p=0.123;
0=0.05) and between the feed and effluent nitrate nitrogen (p=0.151; 0=0.05). Ammonia-
nitrogen and nitrate-nitrogen spikes were observed in 26% of the effluent samples thus
indicating aerobic degradation of organic nitrogenous compounds (Table A-1 in Appendix A)
by members belonging to the genus Pseudomonas (Katayama et al., 1992). Pseudomonas

aeruginosa, Pseudomonas putida and Pseudomonas stutzeri were present (culturable isolation
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technique; 10°-10° cfu/mL) in the H-FFBR biomass. Metagenomic (non-culturable isolation
technique) studies also indicated the presence of numerous Pseudomonas species in the H-

FFBR biomass. The TKN required for biological growth was 54 mg/L (Table 5.6).

Table: 5.6: Soluble nitrogen levels in the feed and effluent (Week 1 to Week 12)

Parameters NOs3-N NOs3-N NH3-N NH3-N TKN TKN
Feed Effluent Feed Effluent Feed Effluent
(mgll) | (mgL) |(mgl) |(mgl) |(mgl) | (mgL)

Average 5.66 5.41 317 285 434 380

Maximum 7.59 7.91 714 512 971 730

Minimum 4.00 4.04 202 172 243 240

Std dev 0.87 0.78 110 64 85 90

No. samples | 45 45 45 45 45 45

NO»-N: <0.2 mg/L; TON = TKN — NH3-N; TN = TKN+NO;-N+ NO,-N; TKN = NH3-N+ TON

The relatively high organic substrate concentration (C/N ratio, >1.5) (Ji et al., 2015a) resulted
in a competition between the fast-growing heterotrophs and the slower growing nitrifying
bacteria for nutrients, thus influencing the microbial community diversity, biofilm
composition, biofilm thickness and oxygen gradient in the biofilm. Ammonia-oxidising
bacteria (Nitrosomonas spp.) and nitrite-oxidising bacteria (Nitrobacter spp.) are required for
the nitrification process to take place (Ma et al., 2015). However, Nitrosomonas and
Nitrobacter were not detected, by culturable and non-culturable isolation techniques, in the
biomass. Oxidation of hydantoins occurs simultaneously during the nitrification process by the
symbiotic relationship between Nitrobacter spp. and Arthrobacter spp. (Mazumder, 2010).
Degradation of ammonia-nitrogen and hydantoins will result in an increase in nitrates and the
degradation of nitrates will result in an increase in nitrites (Turner and Wernberg, 1985). No

significant changes in nitrite, nitrates and ammonia-nitrogen levels were detected.

5.3.4 Nutrient uptake

The average (45 samples) ammonia-nitrogen concentration was 317 + 110 mg/L and 285 + 64
mg/L in the feed and effluent, respectively. A nutrient (BODs:N:P) ratio of 100:5:1 is used as
a benchmark for nutrient addition in nutrient-limited wastewaters (Slade et al., 2011) and

100:15:3 to 120:10:1 for biodegradation of aromatic compounds (Bamforth and Singleton,
76
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2005). The CGSGL wastewater ratio was 100:31:2 and the biodegradability (BODs/COD;
>0.35) ratio was 0.56. Thus, nutrients were available and the wastewater was biodegradable
(Sarkar and Mazumder, 2015). The average (36 samples) total phosphorus (TP) concentrations
in the feed and effluent were 24.8 + 4.32 mg/L and 2.04 + 0.36 mg/L, respectively. Cells
saturated with phosphorus have a higher tendency to flocculate and to adhere due to their
increased hydrophobicity. Cells with lower phosphorus levels are more hydrophilic and have a
lower tendency to flocculate and adhere (Annachhatre and Bhamidimarri, 1992). Thus, this

will affect biofilm formation (adherence) and dispersion (adhesion) of suspended biomass.

The H-FFBR was not deficient in nutrients such as ammonia-nitrogen (NH3-N) and total
phosphorus (TP). Ammonia-oxidising bacteria (AOB) and nitrate-oxidising bacteria (NOB)
were absent from the fixed biomass (biofilm), suspended biomass, effluent and feed samples
due to competition for nutrients by the faster growing heterotrophic bacteria such as
Pseudomonas spp. Toerien and van Niekerk (2013) reported the nitrogen content in the waste
activated sludge (WAS), from the H-FFBR used in this study, to be 9.6% higher than typical
values found in conventional wastewater treatment plants. The relatively high nitrogen
concentration in the waste was most probably due to the low concentration of suspended solids
and associated less biodegradable nitrogen compounds in the effluent returning to the reactor
(RAS). Thus, improved settling in the clarifier will allow for greater removal of waste sludge
thus reducing the return of particulate slowly biodegradable nitrogenous compounds (Rava et

al., 2016).
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CHAPTER 6
BIOAUGMENTATION OF THE H-FFBR FOR THE REMOVAL OF COD AND
PHENOLS

6.1 Microbial community and degradation of organic compounds in the H-FFBR

The bacterial species to be used for bioaugmentation were selected from the y-Proteobacteria
(Enterobacter and Pseudomonas) and the Actinobacteria (Rhodococcus) class of bacteria based
on the indigenous microbial community revealed in Chapter 4 and the composition of the
CGSGL wastewater revealed in Chapter 5. A mixed microbial community increases the
degradation rate of pollutants since the genetic information of more than one microorganism is
required to degrade complex effluents (Tzirita, 2012) such as CGSGL wastewater. This study
reveals the identity of the bioaugmented microbial communities to species level and their

respective performance in the removal of COD and phenol to meet effluent discharge criteria.

6.2  Mixed microbial community across the H-FFBR during bioaugmentation

Culture-dependent techniques identified the presence of Aeromonas hydrophila, Bacillus
cereus, Burkholderia cepacia, Pseudomonas putida, Pseudomonas aeruginosa and
Pseudomonas stutzeri in the indigenous microbial community and Bacillus amyloliquefaciens,
Bacillus pumilus, Bacillus subtilis and Pseudomonas monteilii in the bioaugmented microbial
communities. Thus, the bioaugmented microbial community in the H-FFBR included algae,
diatoms, Archaea and different classes of bacteria belonging to the a-Proteobacteria, /-

Proteobacteria, y-Proteobacteria and Actinobacteria.

All the above-mentioned bacteria are aerobic mesophilic Gram-negative except for Bacillus
spp- (spore-forming) and Rhodococcus spp. (non-spore-forming) which are Gram-positive.
Pseudomonas putida, Bacillus pumilus and Bacillus subtilis cleave the aromatic nucleus via
the meta-pathway, while Pseudomonas stutzeri, Actinobacillus spp. and Rhodococcus spp.
cleave the aromatic nucleus via the ortho-pathway. Ring fission via the ortho-pathway is
plasmid encoded and slower than via the meta-pathway which is chromosomally encoded

(Ambujom, 2001).
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6.2.1 16S rRNA and 18S rRNA PCR sequencing of the bioaugmented microbial

communities

Commercially formulated microbial products designed to degrade a wide range of aliphatic
and aromatic compounds in aerobic biological wastewater treatment systems contain a range
of non-pathogenic microorganisms including members of the genera Aeromonas, Bacillus,
Pseudomonas, Rhodococcus (Mulcahy, 1993) and Enterobacter spp. (Hesnawi et al., 2014).
The bacteria and seaweed in the respective bioaugmentation inocula used in this study were

identified to species level.

6.2.2 Inoculum PA1

The complete genome sequencing producing significant alignments are presented in Table 6.1
and the phylogenetic tree in Figure 6.1. The bacterial BLAST nucleotides were >99%
homologous to three strains of Pseudomonas putida, two strains of Enterobacter cloacae, one

strain of Enterobacter asburiae and one strain of Rhodococcus erythropolis.

Table 6.1: Bacterial species and strains identified in the bioaugmentation inoculum PA1

Clone number Predicted bacteria GenBank number
1 Pseudomonas putida strain ppnbl FJ545651.1

2 Enterobacter cloacae strain ECNIH 4 CP009850.1

3 Enterobacter cloacae strain SB 3013 GU191924.1
4,5,7 Enterobacter asburiae strain 35734 CP012162.1

6 Rhodococcus erythropolis strain BG43 | CP011295.1

8,9 Pseudomonas putida strain POXNO1 KC189961.1

10 Pseudomonas putida JX514408.1
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CP011295 Rhodococeus enthropolis
’_[ NR_115708 Rhodocaceus [lalinglae

NR_043535 Rhodacaccus gingshengii
L PA1 Clone-6

PA1 Clene-7

0.050

PAT Clone-5

PA1 Clone-4

CP011591 Enferobacter asburiae
00458561 Pseudomonas putida
FJ545651 Pseudomaonas pulda
DQOE0242 Pseudomonas pulida

JFT72064 Enterobacter cloacae
PA1 Clong-2
GU181824 Enterobacler cloacas
HMO30748 Enferobacler cloacae
CP012162 Enferobacter asburiae
PA1 Clone-3

I

AT Clone-10
PA1 Clone-8
PA1 Clone-8
PA1 Clene-1

Figure 6.1: Phylogenetic tree for inoculum PA1. The scale bar (0.050) represents evolutionary

distance.

6.2.3 Inoculum PA2

Complete genome sequencing producing significant alignments are presented in Table 6.2 and

the phylogenetic tree in Figure 6.2. The bacterial BLAST nucleotides were >99% homologous

to six different strains of Pseudomonas putida.

Table 6.2: Bacterial species and strains identified in the bioaugmentation inoculum PA2

Clone number

Predicted bacteria

GenBank number

1,2,4
3,6,10
5

7
8
9

Pseudomonas putida strain CDd-9
Pseudomonas putida strain POXNO1
Pseudomonas putida

Pseudomonas putida strain L1-5
Pseudomonas putida strain W619

Pseudomonas putida

GU248219.1
KC189961.1
CP010979.1
GU354317.1
CP000949.1
DQ060242.1
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NR_115708 Rhodacoccus jialingiae
PAZ Clone-5

0.050

PAZ Clone -8
GU248219 Pseudemonas putida
KC189961 Pseudomaonas putida
JX514408 Pseudomonas putida
DQO60242 Pseudomonas pulida
DQ060242 Pseudomonas putida
PAZ Clone-: 3
PAZ Clone-10
PAZ Clone- 7
GU354317 Pseudomonas putida
PAZ Clone-1
PAZ Clone-8
PAZ Clone-; 2
PAZ Clone-4

|—- PAZ Clone- 9

GU191824 Enterobacter cloacae

Figure 6.2: Phylogenetic tree for inoculum PA2. The scale bar (0.05) represents evolutionary

distance.

6.2.4 Inoculum PA3

Complete genome sequencing producing significant alignments are presented in Table 6.3 and

the phylogenetic tree in Figure 6.3. The bacterial BLAST nucleotides were >99% homologous

to three strains of Pseudomonas plecoglossicida, five strains of Pseudomonas putida, one strain

of Enterobacter cloacae, and one strain of Rhodococcus gingshengii.

Table 6.3: Bacterial species and strains identified in the bioaugmentation inoculum PA3

Clone number

Predicted bacteria

GenBank number

1
2,6
3

O o0 3 U B~

Pseudomonas plecoglossicida
Pseudomonas putida strain S6
Enterobacter cloacae strain ECNH4
Pseudomonas plecoglossicida
Rhodococcus gingshengii

Pseudomonas putida strain CDd-9
Pseudomonas putida strain POXNO1
Pseudomonas plecoglossicida strain NyZ12

Pseudomonas putida

AY972168.1
HG421014.1
CP009850.1
NR_024662.1
KM873626.1
GU248219.1
KC189961.1
CP010359.1
K(C93469.1
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MNR_043535 Rhodococcus gingshengii
CP011285 Rhodococcus enghropolis
L PA3 Clone-5

GU1915924 Entercbacier cloacae
HMO30748 Entercbacter cloacae
CP012182 Enterobacter asburiae
JFTT2064 Enterobacter cloacas
(R CP011581 Enlercbacter asburiae

PA3 Clone-3

JES14408 Pseudomonas pulida
FJ545651 Pseudomonas pufida
DQ060242 Pseudomonas putida
DO458961 Pseudomonas putida
KC189981 Pseudomonas putida

’_I MNR_115708 Rhodococous jialingiae

GU24821% Pseudomonas putida
PA3 Clone-8

PA3 Clone-10
PA3 Clone-4
PA3 Clone-2
PA3 Clone-1
— PAS Clone-3
GU254317 Pseudomonas putida

0.050

Figure 6.3: Phylogenetic tree for inoculum PA3. The scale bar (0.050) represents evolutionary

distance.

6.2.5 Inoculum PA4

Complete genome sequencing producing significant alignments are presented in the
phylogenetic tree (Figure C-1 in Appendix C). The BLAST nucleotides were >99%
homologous to the seaweed Silvetia siliqguosa (GQ433994). Microscopic observations of
inoculum PA4 indicated the presence of the marine diatoms Cocconeis and Nitzschia. The
hypothesis was that the diatoms and the seaweed (<50 um particle size) would assist with the

settling of suspended solids in the clarifier.

6.2.6 EDX analysis of the bioaugmentation inocula

The bacteria selected for the various bioaugmentation inocula were immobilised (adsorbed) on
carrier material (so-called immobilised bioaugmentation). A cereal bran was used as carrier
material; the carrier acts as a secondary carbon source, as it contains surfactants (Mulcahy,
1993) enzymes and specific nutrients and buffers to assist with the rapid growth of the
respective bioaugmentation inocula in the H-FFBR (Tzirita, 2012). The inert material identified

to be present in the respective bioaugmentation inocula PA1, PA2 and PA3 (Figures C-2, C-3
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and C-4 in Appendix C) were carbon and oxygen which form part of the cereal bran carrier.
All the bioaugmentation inocula contained potassium, aluminium and titanium. Phosphorus
was only present in inocula PA2 and PA3. Inoculum PA4 (Figure C-5 in Appendix C)
contained calcium, bromine, magnesium, iron, sodium and higher concentrations of oxygen

and silicon due to the presence of the diatoms (SiO2) (Table 6.4).

Table 6.4: Average EDX values of the elements identified in the bioaugmentation inocula

Element (% dry weight) PA1 PA2 PA3 PA4
Carbon 39.36 66.9 60.25 0.74
Oxygen 54.98 23.26 38.03 40.51
Phosphorus 0 1.85 0.55 0
Potassium 5.66 4.32 1.22 3.26
Magnesium 0 0 0 2.76
Calcium 0 0 0 3.12
Iron 0 0 0 15.92
Bromine 0 0 0 5.39
Silicon 0 0 0 21.62
Sodium 0 0 0 2.07
Aluminium 3.25 2.69 2.34 3.55
Titanium 2.12 0.55 6.68 1.79

Samples were analysed in triplicate (N=3)

6.3 Removal of COD

The COD removal increased by 8% (45% to 53%) (Table 6.5, Figure 6.4) with the addition of
inocula PA1 and PA4 which contained various strains of Pseudomonas putida, Enterobacter
spp. and Rhodococcus erythropolis; increased by 13% (53% to 66%) with the addition of
inocula PA2 and PA4 which included different strains of Pseudomonas putida; and increased
by 7% (66% to 73%) with the addition of inocula PA3 and PA4 which included different strains
of Pseudomonas putida, Pseudomonas plecoglossicida and Rhodococcus qingshengii. The
increase in COD removal for each inoculum phase was significant (p<0.001; a=0.05) when
compared to the baseline value (Figures C-6 and C-7 in Appendix C). The combination of

inocula PA1, PA2, PA3 and PA4 increased the removal of COD by a total of 28% of which
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inocula PA2 and PA4 contributed 13%. The removal of organics more complex than phenol

(CODphenol/CODrotal) increased after each inoculation

Table 6.5: Soluble COD and phenol in the feed and effluent

Parameter

Pre-

PAI and PA1,PA2 | PAl, PA2, | Post-
treatment® | PA4®@ and PA4® | PA3and | treatment®
PA4®

Feed COD (mg/L) 1710+£60 | 1750£20 | 1690£40 | 1720+70 | 175050
Effluent COD (mg/L) 940 + 70 810 £ 80 570 £ 40 480 + 40 870 £ 70
9% COD removal 45+4 53+4 66 + 5 73+2 62 + 12
Feed phenol (mg/L) 70 £20 75 +£20 78 £ 15 73+ 10 72 £5
Effluent phenol (mg/L) | 159 14+4 13+8 14+4 11+2
% Phenols removal 79+9 73+7 77+ 11 82+5 78 +4
CODphenol™/CODsoluple 0.038 0.041 0.054 0.069 0.030

@Average value per treatment phase + standard deviation (Week 1 to Week 65 of the study)

®CODphenol = phenol (mg/L) x 2.38
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Figure 6.4: Comparison of COD removal from Week 1 to Week 65 of the study
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The removal of COD increased by another 3% (73% to 76%) over a period of 2-3 weeks after

the last inoculation made in Week 48 and then fluctuated between 45% and 53% after 15 weeks

without bioaugmentation. This finding suggests that the transfer of catabolic plasmids between
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the bacterial populations was dependent on the survival of donor plasmids which had a limited

long-term impact (Mohan et al., 2009).

6.4  Removal of phenols

The removal of phenols decreased by 6% (79% to 73%) with the addition of inocula PA1 and
PA4 which included strains of Pseudomonas putida, Enterobacter spp. and Rhodococcus
erythropolis; increased by 4% (73% to 77%) with the addition of inocula PA2 and PA4 which
included different strains of Pseudomonas putida; and increased by a further 5% (77% to 82%)
with the addition of inocula PA3 and PA4 which included different strains of Pseudomonas
putida, Pseudomonas plecoglossicida and Rhodococcus qingshengii. The decrease in the
removal of phenol for each inoculum phase was significant (p<0.048; a=0.05) when compared
to the baseline value. The increase in the effluent CODphenol/CODsolunle ratio indicated that
organic compounds other than phenol were degraded by the mixed communities resulting in
lower phenol removal. Pseudomonas putida, Enterobacter spp. and Rhodococcus erythropolis

strains in PA1 significantly (p<0.001; 0=0.05) decreased the removal of phenol.

6.5 Settling of suspended solids in the H-FFBR clarifier

The inoculation of PA4 did not initially improve settling of suspended solids in the clarifier as
had been expected. The suspended solids in the effluent increased during the additions of
inocula PA1 and PA4 and then decreased during the additions of inocula PA2 and PA3. As a
separate study, the feed to the clarifier was collected and treated (6 mg/L) with a cationic
polyacrylamide flocculant (5% mole charge and 10-15 x 10° Daltons). An increase in the
settling of the suspended solids was observed, thus reducing the solids carry-over in the effluent
by 70%. Decreasing the level of suspended solids in the effluent is important to meet discharge
requirements. A benefit of using a flocculant is that previously dispersed cells will not be

washed out but rather form part of the diverse flocculated microbial community in the H-FFBR.

The bioaugmentation of the H-FFBR with strains of bacteria selected from the y-Proteobacteria
and Actinobacteria class enhanced the removal of COD and phenol. Thus, a mixed microbial
community with various metabolic activities and pathways is required for the removal of
organics contributing to COD and phenols in the feed. The settling of the suspended solids in

the clarifier was improved using a cationic polyacrylamide flocculant rather than seaweed and
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diatoms. Improving the settling will allow greater retention of the dispersed biomass thus
increasing the abundance of y-Proteobacteria in the H-FFBR and reducing suspended solids

carry-over to the effluent to comply with effluent discharge legislation.
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CHAPTER 7
AN INTELLIGENT MODEL FOR THE PREDICTION OF COD AND PHENOL
REMOVAL

7.1 Intelligent model development and knowledge discovery

This study reveals the development of an intelligent model based on artificial neural networks
(ANNSs) and non-linear mathematical curve-fitting to predict the removal of chemical oxygen
demand (COD) and phenols from coal gasification stripped gas liquor (CGSGL) wastewater
under novel hybrid fixed-film bioreactor (H-FFBR) operating conditions not previously used

in model development.

7.1.1 Model validation

The validation was achieved by using the artificial neural network (ANN) model to predict the
process output values of Zone 1 biofilm thickness, Zone 2 biofilm thickness, Zone 3 biofilm
thickness, Zone 1 OUR, Zone 2 OUR, Zone 3 OUR, suspended biomass (MLSS), COD
removal (%) and phenol removal (%) based on 14 process conditions not previously exposed
to the model. The output values gave varied coefficients of determination (R?) up to 0.96

(average 0.85).

A high coefficient of determination value (R?>>0.7) suggests a higher reproducibility and
accuracy in the model prediction when subjected to the novel H-FFBR operating conditions

(Whiteman and Kana, 2014; Rorke et al., 2017).

Thus, models with higher coefficient of determination (R*>0.7) accounted for more than 70%
variation in the observed data (Desai et al., 2008; Sewsynker and Kana, 2016). The only
coefficients found to be below 0.7 were orthophosphate (R?> = 0.06) and phenol removal
efficiencies (%) (R?= 0.57). The removal of orthophosphates was not considered significant

enough to be estimated using the developed ANN model (Figure 7.1).
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R-squared for each output

COD removal (%)

Phenol removal (%)
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Zone 1 Biofilm thickness (um)
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Zone 2 Biofilm thickness (um)
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Zone 3: Biofilm thickness (um)
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Figure 7.1: Comparative regression (R?) values for each output using ANN (outliers excluded)

(refer to Figures D-1 to D-9 in Appendix D for scatter plots)

7.1.2 Impact of input changes on process output

The sensitivity studies focused on the impact of process input variations on the H-FFBR
process outputs. A high sensitivity to an input implies that the process output will be highly
affected with little variation on the process input and vice versa (Rorke et al., 2017). The effects
of varying input parameter values within the operational window of COD removal, phenol

removal and biofilm thickness are illustrated in Table 7.1.

The sensitivity analyses revealed that the biofilm thickness in Zone 1, Zone 2 and Zone 3
increased during each bioaugmentation programme. The relationship between biofilm
thickness and bioaugmentation programme was best fitted by a dose-response multistage-2
type equation for Zone 1 (Table 7.1a) and Zone 2 (Table 7.1b) and dose-response Hill-type
equation for Zone 3 (Table 7.1c). The removal of COD increased by 5% (45%-50%) with
bioaugmentation Programme 1, by a further 5% (50%-55%) with bioaugmentation Programme
2 and by a further 20% (55%-75%) with bioaugmentation Programme 3. The suspended
biomass decreased from 870 mg/L to 630 mg/L during bioaugmentation Programme 1,
decreased from 630 mg/L to 500 mg/L during bioaugmentation Programme 2 and decreased
from 500 mg/L to below 200 mg/L during bioaugmentation Programme 3. The suspended
biomass decreased as the attached biomass (biofilm thickness) increased. The relationship
between biomass loss and bioaugmentation was best fitted by a dose-response Hill-type

equation (Table 7.1d). The removal of phenol increased by 3% (64%-67%) during
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bioaugmentation Programme 1 and bioaugmentation Programme 2 and increased by 8% (67%-
78%) during bioaugmentation Programme 3. The direction and rate of COD and phenol
removal as a function of bioaugmentation were best fitted by a dose-response Hill-type
equation (Table 7.1e, Table 7.1f). Bioaugmentation increased microbial diversity, metabolic
rate and enabled hydrolysis of biodegradable and less biodegradable compounds by diverse

catabolic pathways (Mitra and Mukhopadhyay, 2016).

An increase in phenol (feed) concentration between the operational windows (OW) of 10 mg/L
and 20 mg/L resulted in a slight decrease in phenol removal. The removal of phenol increased
as the concentration of phenol in the feed increased from 20 mg/L to 85 mg/L. The phenol
removal rate was highest when the phenol concentration in the feed ranged between 45 mg/L
and 65 mg/L; however, the COD removal rate at this concentration remained constant at 50%.
Phenol concentrations of between 60 mg/L and 85 mg/L in the feed increased the removal of
phenol and decreased the removal of COD by 4.2% and 5%, respectively. The removal of
phenol started to decrease as the phenol concentrations increased above 85 mg/L. The direction
and rate of COD removal were best fitted by a rational model response-type equation (Table
7.1g) and the removal of phenol was best fitted by a dose-response Hill-type equation (Table
7.1h). This suggests that relatively high concentrations of phenol and organic intermediates
generated in the CGSGL wastewater inhibit the activity of the mixed microbial community.
With a decrease in phenol loading rate, the inhibitory effect decreases and therefore phenol is
degraded (Fan, 1983). The same trend was reported by Nakhli et al. (2014) for the removal of

phenol and COD from wastewater using a moving bed biofilm reactor (MBBR).

An increase in M-alkalinity (inorganic carbon source) between the OW of 100 mg/L to 600
mg/L resulted in a 9.5% (53.5%-44%) and 8.5% (72%-63.5%) decrease in COD and phenol
efficiencies, respectively. The decrease in COD removal was linear between 280 mg/L and 460
mg/L, while the decrease in phenol removal was linear between 150 mg/L and 300 mg/L. The
direction and rate of COD removal were best fitted by a Farazdaghi-Harris model response-
type equation (Table 7.1i) and the removal of phenol was best fitted by a dose-response Hill-
type equation (Table 7.1j). Mixed-species biofilms exposed to bicarbonate alkalinity (HCO3")
have been reported to trigger bacterial autolysis of subpopulations releasing DNA (eDNA)
within the biofilm in a pH-independent manner. Biofilms containing eDNA have been
associated with abundant carbonic anhydrases which can convert aqueous CO>to HCO3™ (Rose

and Bermudez, 2016). Enzymatic degradation of eDNA can weaken the biofilm structure and
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release microbial cells from the surface (Jakubovics et al., 2013) thus reducing the removal of

COD and phenol.

An increase in suspended biomass (RAS) between the OW of 500 mg/L to 1 500 mg/L resulted
in a 6% (56%-50%) and 8% (72%-64%) decrease in COD and phenol removal efficiencies,
respectively. However, the removal of phenol increased by 10% (64%-74%) when the
suspended biomass was increased from 1 500 mg/L to 4 000 mg/L. The direction and rate of
COD and phenol removal were best fitted by a rational model-type equation (Table 7.1k and
Table 7.11). The solids retention time (SRT) of the attached biomass (biofilm) was much longer
(126 days) than that of the suspended biomass (18 days) in the H-FFBR. Increasing the
suspended biomass concentration increased the phenol biodegradation capacity of the H-
FFBR. Sarkar and Mazumder (2014) reported a similar trend when treating slowly
biodegradable substances in a H-FFBR.

The COD removal efficiency increased by 13% (41%-54%) when the COD loading rate was
increased from 2 kg/m3.d to 4.5 kg/m>.d. The phenol removal efficiency increased by 4.5%
(63%-67.5%) when the COD loading rate was increased from 2 kg/m>.d to 2.8 kg/m®.d and
then decreased by 2.5% (67.5%-65%) when the COD loading rate was increased from 2.8
kg/m>.d to 3.8 kg/m>.d. The phenol removal efficiency increased by 7% (64%-71%) when the
COD loading was increased from 3.8 kg/m>.d to 4.6 kg/m>.d. The highest phenol removal rate
was between 2 kg/m>.d and 2.75 kg/m>.d and the highest COD removal rate was between 2.5
g/m>.d and 3.5 g/m>.d. The direction and rate of COD removal were best fitted by a Morgan-
Mercer-Flodin model response-type equation (Table 7.1m) and the removal of phenol was best
fitted by a Farazdaghi-Harris-type equation (Table 7.1n). The increase in COD and phenol
removal efficiency was due to the formation of a thicker biofilm layer on the carriers. The
decrease in COD and phenol removal was due to the detachment of biomass from the carriers

which follows a linear relationship with the organic loading rate (OLR) (Aygun et al., 2008).

The COD removal efficiency increased by 4.5% (47.5%-52%) and the removal of phenol
decreased by 11% (70%-61%) when the total dissolved solids (TDS) concentration in the feed
OW was increased from 500 mg/L to 3 500 mg/L. The direction and rate of COD and phenol
removal were best fitted using a hyperbolic decline model response-type equation (Table 7.10
and Table 7.1p). An increase in TDS concentration decreases the solubility of phenolic

compounds (Noubigh et al., 2007). The increase in COD removal efficiency is due to the ability
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of the microbial community to metabolise aromatic compounds with low water solubilities.
Some bacteria may facilitate the uptake of poorly soluble compounds by producing emulsifiers
or may have hydrophobic cell surfaces that facilitate access and uptake of compounds

(O’Sullivan, 1998).

The COD removal efficiency decreased by 4.5% (52.5%-48%) and the removal of phenol
increased by 10% (62%-72%) when the COD concentration in the feed OW increased from 1
500 mg/L to 1 900 mg/L. The highest phenol removal rate occurred between 1 640 mg/L and
1 720 mg/L and the highest COD removal rate occurred between 1 590 mg/L and 1 740 mg/L.
The direction and rate of COD and phenol removal were best fitted by a reciprocal quadratic
model response-type equation (Table 7.1q and Table 7.1r). These results were found to be in
line with the observed removal of COD and phenols in the H-FFBR inoculated with a mixed
microbial community with different metabolic pathways and the less biodegradable
intermediate products contributing to the COD. The microbial hydrolysis of the organic
compounds results in the formation of biodegradable and less biodegradable intermediate
compounds. Some compounds are not consumed as fast as they are produced, e.g. organic
acids. The continuous change in feed composition and substrate availability triggers shifts in
the microbial community composition and the cell growth rate (Mitra and Mukhopadhyay,
2016). The cell growth rate of the microbial communities assimilating biodegradable
compounds follows the Monod growth rate kinetic model. The cell growth rate of microbial
communities assimilating less biodegradable compounds follows the Haldane growth rate

kinetic model (Mohanty, 2012).

The developed ANN revealed that COD removal (%) and phenol removal (%) exhibited high
sensitivity to bioaugmentation Programme 3, M-alkalinity, TDS, suspended biomass (RAS),
COD loading rate and phenol concentration in the feed. Significant non-linearities were
observed between operating conditions (inputs) and the removal of COD (%) and phenol (%).
The developed intelligent model gave R2-values of up to 0.96 and an average R-value of 0.85,
illustrating that it can accurately predict the removal of COD (%) and phenols (%) from the
CGSGL wastewater in a bioaugmented H-FFBR. This knowledge will enhance the design of
bioaugmentation programmes for the removal of COD and phenols to meet more stringent

effluent discharge criteria.
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Table 7.1: Model equations for the bioaugmented H-FFBR illustrating the direction and rate of change of outputs when input parameters were

varied within their boundaries

Eq. | Process Model equation form Equation type | Fitted model R?
input/output value
pair

(a) | BR:Zone 1 y=y+ (1 +y)[1l—ePxFx*] | DR-Multistage |y = 1.84x10! + (1 — 1.84x107)[1 — ¢~230¥107"x+133x107") 0.967
biofilm -2
thickness

(b) | BR: Zone 2 y=y+(1+y)[1—ePrxFx’] | DR-Multistage |y = 4.88 + (1 — 4.88)[1 — ¢~ 161x107"x+7.09x107%] 0.989
biofilm -2
thickness

(¢) | BR:Zone3 y= a+0x"/k"+ xM) DR-Hill y = 1.43x10" + (1.05x101/3.901-04¥10" 4 y1.04x10%) 0.997
biofilm
thickness

(d) | BR: Suspended |y = a+ (6x"/k" + x") DR-Hill y = 8.57x102 + (— 3.62x105x134/5.00x102"* + x13%) 0.999
biomass

() | BR: Phenol y= a+0x"/k"+ xM) DR-Hill y = 6.48x10" + (1.50x101x108x10" /3 51.08%10% 4 ,1.08x10%) 0.998
removal

(f) | BR: COD y= a+ @x"/k" + x™) DR-Hill y = 4.79x10* + (3.69x101x599/3.83%9% + x>9) 0.981
removal

(g) | Feed phenol: y= a+bx/1+cx +dx? Rational y = 8.61x10° + 1.16x10%x/1 + 2.29x10%*x + 1.44x10 x> 0.931
COD removal

(h) | Feed phenol: | y = a+ (6x"/k" + x7) DR-Hill y = 6.26x10" + (4.50x%%7/5.36x10"°" + x527) 0.997

Phenol removal

BR: Bioaugmentation regime, DR: Dose response
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Eq. Process Model equation form Equation type | Fitted model R?
input/output value
pair

6 M-alkalinity: | ¥ = 1/(a + bx®) Farazdaghi- _ 1 0.999
COD Harris Y = 1.86x1072 + 2.54x10-8x186
removal

G) M-alkalinity: | y = a + (8x7/k" + x") DR-Hill y = 7.25x10 + (—9.30x316/2.19x102*"° 4 x316) 0.998
Phenol
removal

(k) RAS: Phenol |y = a+ bx/1+ cx + dx? Rational y = 7.29x10" + 4.68x107%x/1 + 9.42x10 *x — 8.22x1078x2 0.998
removal

) RAS:COD | y= a+bx/1+cx+dx? Rational y = 5.60x10" + 8.93x1072x/1 + 1.84x1073x + 1.22x108x? 0.999
removal

(m) CODload: | y=ab+cx?/b+x* Morgan-Mercer- | y = 4.09x101(2.41x10°) + 5.38x10'x18%10" /2 41x105 + x1.98x10" | 0.998
COD Flodin
removal

(n) COD load: y =1/(a+ bx°) Farazdaghi- y = 1/(1.53x1072 — 3.71x10™ 135 143x10"y 0.623
Phenol Harris
removal

DR: Dose response
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Eq. Process Model equation form Equation type | Fitted model R?
input/output value
pair

(0) TDS: Phenol | y = qo(1 + bx/a)1/?) Hyperbolic y = 7.20x10%(1 + 3.64x/1.57x10%)(-1/3.69) 0.999
removal decline

(p) TDS: COD | y = qo(1 + bx/a)/D) Hyperbolic y = 4.73x10(1 + 1.81x/—4.07x10%)(-1/1:81) 0.997
removal decline

Q) Feed COD: y =1/(a + bx + cx?) Reciprocal y =1/(4.73x1073 + 1.39x107°x — 2.84x10 9x2 0.995
COD quadratic
removal

(r) Feed COD: y =1/(a + bx + cx?) Reciprocal y =1/(—4.95x1073 + 2.99x10 5x — 1.05x10 8x? 0.988
Phenol quadratic
removal

Refer to Figures E-1 to E-18 in Appendix E for model response graphs.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

The results obtained in this study have led to the following conclusions and recommendations.

8.1

8.2

Conclusions

Real-time diluted coal gasification stripped gas liquor (CGSGL) wastewater can be treated
in a hybrid fixed-film bioreactor (H-FFBR) bioaugmented with specific strains of
Pseudomonas putida, Pseudomonas plecoglossicida, Rhodococcus erythropolis,
Rhodococcus qingshengii, Enterobacter cloacae, Enterobacter asburiae and Silvetia
siliquosa.

A diverse microbial community decreased COD and phenol concentrations; however,
ammonia-nitrogen was not decreased since no autotrophic ammonia-oxidising bacteria
were present in the H-FFBR.

The microbial community diversities in the biofilm, suspended biomass, feed and effluent
samples were significantly dissimilar, thus indicating that microbial communities were
affected by the different growth environments in the H-FFBR.

Novel bacteria can play an important role in the treatment of the CGSGL wastewater; this
was confirmed by the fact that uncultured bacteria were present across the H-FFBR.

The developed intelligent model is a novel virtual tool for the prediction of COD and phenol
removal from CGSGL wastewater treated under varying operating conditions in a

bioaugmented H-FFBR.

Recommendations

A combination of biological and chemical treatments such as the fixed-bed metal-oxide
catalyst reactor should be investigated for increased removal of organic and nitrogenous
compounds to meet discharge or reuse criteria. Preliminary tests using this technology
revealed >99% removal of COD, phenol and ammonia-nitrogen.

A low-charge cationic polyacrylamide flocculant can be used to improve the settling rate
of the suspended solids in the clarifier and thus decrease the wash-out of bacterial cells and

lower the cost of bioaugmentation.
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e Studies on the Archaea population present in the biomass should be initiated to determine
whether these species are ammonia-oxidisers to assist with the removal of ammonia-

nitrogen and other organic compounds contributing to the effluent COD.
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APPENDICES

Appendix A

Table A-1: Organic compounds detected in the feed and effluent (>80% fit by GC-MS)

Organic compound

Empirical formula

2-Butenoic acid

2-Pentenoic acid

2-Methyl-2-pentenoic acid

Hexanoic acid

Heptanoic acid

Octanoic acid

Hexadecanoic acid

Octadecadienoic acid

2-Methylbenzoic acid; 3-methylbenzoic acid; 4-methylbenzoic acid
3,4-Dimethylbenzoic acid; 2,5-dimethylbenzoic acid;3,5-dimethylbenzoic acid
4,1-Methylethylbenzoic acid

4-Ethylbenzoic acid

2-Methylcyclopentanone; 3-methylcyclopentanone; Phenol
1,2-Benzenediol (catechol)

2-Methyl-1,4-benzenediol

2,5-Dimethylfuran; 2-Methyl-2-cyclopenten-1-one; 3-Methyl-2-cyclopenten-1-one
3,4-Dimethyl-2-cyclopenten-1-one; 2,3-Dimethyl-2-cyclopenten-1-one
4-Phenyl-3-buten-2-one

2-Methyl-p-benzoquinone

2,5-Dimethyl-p-benzoquinone; 2,6-Dimethyl-p-benzoquinone
Aniline

2-Methyl-1H-benzimidazole

3-Methylpyridine

1(2H)-isoquinolinone

6-Methyl-1H-indole

4-Methylbenzamide

2,6-Dimethylphenyl isocyanate

5-Isoquinolinol

2-Methyl-8-quinolinol

1-Methyl-2-acetylindole

5-Ethyl-5-methyl-hydantoin (EMH)

5,5-Dimethyl-hydantoin (DMH)

C4HeOo
CsHgO»
CsHi1002
CsH1202
C7H140;
CsHi60:
Ci6H320;
CisH3602
CsHgO»
CoH1002
CioH1202
CiH140;
CsHeO
CsHeO2
C7H30,
CsHsO
C7H00
CioH100
C7HeO»
CsH3O,
CsHsNH,
CsHsN»
CsH7N
CoH7N
CoHoN
CsHoNO
CoHoNO
CioH;NO
CioHoNO
CuHiNO
CsHi0N20:
CsHsN>O»

2Detection limit: 25 pg/L

© University of Pretoria

123




-
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Q= YUNIBESITHI YA PRETORIA

Table A-2: SVOC and PAHs in the feed and effluent samples

SVOC-PAHs Result (ug/L)
Naphthalene <24
Acenaphthylene <26
Acenaphthene <34
Fluorene <19
Phenanthrene <28
Anthracene <46
Fluoranthene <38
Pyrene <30
Benzo(a)anthracene <34
Chrysene <33
Benzo(b)fluoranthene <44
Benzo(k)fluoranthene <45
Benzo(a)pyrene <44
Indeno (1;2;3-cd)pyrene <70
Dibenzo (a;b) anthracene <75
Benzo (ghi) perylene <56

2 < below test method detection limit
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Appendix B

One-Way ANOVA for Z1, Z2, Z3
Diagnostic Report

Distribution of Data Data in Worksheet Order
Compare the location and spread. Investigate any outliers (marked in red).
Z1 z1
50
25
o
z2 z2
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25
— | o w
Z3 z3
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25

’7—\ OW
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Figure B-1: Biofilm thickness (um) in Zone (Z1), Zone 2 (Z2) and Zone 3 (Z3) during the
operation of the H-FFBR (Week 1 to Week 12)
x-axis: Weekly samples (2 data points per week except week 11 and week 12 only 1 data point);

y-axis: Biofilm thickness (um)

One-Way ANOVA for Z1, Z2, Z3
Summary Report

Do the means differ? Which means differ?
o 0.05 0.1 > 0.5 Sample Differs from
z2 Z3 Z1
ves IR No 73 z2 71
P < 0.001 Z1 z2 73

Differences among the means are significant (p < 0.05).

Means Comparison Chart
Red intervals that do not overlap differ. Comments

- Test: You can conclude that there are differences among the
means at the 0.05 level of significance.
« Comparison Chart: Look for red comparison intervals that do

22 not overlap to identify means that differ from each other.
Consider the size of the differences to determine if they have
practical implications.

z3 —

zZ1 _—

o} 10 20 30 40

Figure B-2: Significance of difference in biofilm thickness (um) between Zone 1 (Z1), Zone

2 (Z2) and Zone (Z3) during the operation of the H-FFBR (Week 1 to Week 12)
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One-Way ANOVA for Z1 Fixed Bio, Z2 Fixed Bio, Z3 Fixed Bio
Diagnostic Report

Distribution of Data Data in Worksheet Order
Compare the location and spread. Investigate any outliers (marked in red).
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Figure B-3: Fixed biomass OUR (mg O>/L.h) in Zone 1 (Z1), Zone 2 (Z2) and Zone 3 (Z3)
during the operation of the H-FFBR (Week 1 to Week 12)
x-axis: Weekly samples (each data point represents the weekly sample result; 2 samples tested

in Week 12); y-axis: OUR (mg O»/L.h)

One-Way ANOVA for Z1 Fixed Bio, Z2 Fixed Bio, Z3 Fixed Bio
Summary Report

Do the means differ? Which means differ?
o 0.05 0.1 > 0.5 # Sample Differs from

1 Z2 Fixed Bio 3

Yes| N No 2 Z3 Fixed Bio 3

P < 0.001 3 Z1 Fixed Bio 1 2
Differences among the means are significant (p < 0.05).
Means Comparison Chart
Red intervals that do not overlap differ. Comments

« Test: You can conclude that there are differences among the
means at the 0.05 level of significance.
- Comparison Chart: Look for red comparison intervals that do

e B not overlap to identify means that differ from each other.
Consider the size of the differences to determine if they have
practical implications.

Z3 Fixed Bio —_——

Z1 Fixed Bio —_—————

30 40 50 60 70

Figure B-4: Significance of difference in fixed biomass OUR (mg O/L.h) between Zone 1
(Z1), Zone 2 (Z2) and Zone 3(Z3) during the operation of the H-FFBR (Week 1 to Week 12)
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One-Way ANOVA for Z1 Suspended, Z2 Suspended, Z3 Suspended
Diagnostic Report

Distribution of Data Data in Worksheet Order
Compare the location and spread. Investigate any outliers (marked in red).
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60 \.770\,,

e
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Figure B-5: Suspended biomass OUR (mg O/L.h) in Zone 1 (Z1), Zone 2 (Z2) and Zone 3
(Z3) during the operation of the H-FFBR (Week 1 to Week 12)
x-axis: Weekly sample (each data point represents the weekly result; 2 samples tested in week

12); y-axis: OUR (mg O»/L.h)

One-Way ANOVA for Z1 Suspended, Z2 Suspended, Z3 Suspended
Summary Report

Do the means differ? Which means differ?
o 0.05 0.1 > 0.5 # Sample Differs from
1 Z3 Suspended
Yes N No 2 Z2 Suspended None Identified
P =0.116 3 Z1 Suspended

Differences among the means are not significant (p > 0.05).

Means Comparison Chart
Blue indicates there are no significant differences. Comments

- Test: There is not enough evidence to conclude that there are
differences among the means at the 0.05 level of significance.
« Comparison Chart: Blue intervals indicate that the means do

Z3 suspended not differ significantly.

Z2 Suspended .

Z1 Suspended

30 36 42 48 54

Figure B-6: Significance of difference in suspended biomass OUR (mg O/L.h) in Zone 1 (Z1),
Zone 2 (Z2) and Zone 3 (Z3) during the operation of the H-FFBR (Week 1 to Week 12)
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One-Way ANOVA for DO 1, DO 2, DO 3
Diagnostic Report

Distribution of Data Data in Worksheet Order
Compare the location and spread. Investigate any outliers (marked in red).

DO 1

DO 1

DO 2

DO 3

Figure B-7: DO (mg O2/L) in Zone 1 (DO2), Zone 2 (DO2) and Zone 3 (DO3) during the
operation of the H-FFBR (Week 1 to Week 12)
x-axis: Individual daily samples (each data point is the daily result); y-axis: DO (mg O2/L)

One-Way ANOVA for DO 1, DO 2, DO 3
Summary Report

Do the means differ? Which means differ?
o 0.05 0.1 > 0.5 # Sample Differs from
1 DO 1 2 3
lm— -
P < 0.001 3 DO 2 i
Differences among the means are significant (p < 0.05).
Means Comparison Chart
Red intervals that do not overlap differ. Comments
+ Test: You can conclude that there are differences among the
means at the 0.05 level of significance.
DO 1 - Comparison Chart: Look for red comparison intervals that do
not overlap to identify means that differ from each other.
Consider the size of the differences to determine if they have
practical implications.
DO 3 —
DO 2 —_—
5.00 5.25 5.50 5.75 6.00

Figure B-8: Significance of difference in DO between Zone 1 (DO1), Zone 2 (DO2) and Zone
3 (DO3) during the operation of the H-FFBR (Week 1 to Week 12)
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Appendix C

PAd Clone-8

0433004 Silveka siliquosa
P Clone-10

Fid Clone-3

Pad Clone-11

P Clone.8

Péd Clone-4

Fid Clone-13

P Clone-1

P Clone6

——————————————————— PA{ Clone-12

,—0 HOQ388020 Durdllaea polalorem

I—' HO386036 Durvllasa chathamansis

HEBE6893 Deamareska aculeala

, 0012

Figure C-1: Phylogenetic tree for inoculum PA4. The scale bar (0.012) represents evolutionary

distance.

ey
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Figure C-2: EDX of inoculum PA1 performed in triplicate (EDX Spectrum 4, 5, and 6)
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Figure C-5: EDX of inoculum PA4 performed in triplicate (EDX Spectrum 10, 11 and 12)
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One-Way ANOVA for Pre-Treat, PA1+PA4, PA1+PA2+PA4, PA1+PA2+PA3+,...
Diagnostic Report

Distribution of Data Data in Worksheet Order
Compare the location and spread. Investigate any outliers (marked in red).

Pre-Treat PA1+PA4
80

Pre-Treat | ® ®ow=s (]

: /\M
PAl1+PA4 o §eo o 0 '/./‘\/\\/\/\/
80 PA1+PA2+PA4 PA1+PA2+PA3+
o o oo
PA1+PA2+PA4 -e 60
40
PA1+PA2+PA3+ eame 80 Post-treat

60

Post-treat S oo ame .\'\/””"\/\'\‘\’_‘

40

40 60 80

Figure C-6: COD removal during the operation of the H-FFBR with and without
bioaugmentation (Week 1 to Week 65)
x-axis: Weekly average COD value (each data point represents the average of 5 samples tested

per week); y-axis: % COD removal

Where:

Week 1-12: Pre-treatment (baseline data; no bioaugmentation)
Week 13-24: PA1+PA4 (Bioaugmentation Regime 1)

Week 24-36: PA1+PA2+PA4 (Bioaugmentation Regime 2)
Week 37-48: PA1+PA2+PA3+PA4 (Bioaugmentation Regime 3)

Week 49-65: Post-treatment (no bioaugmentation)
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One-Way ANOVA for Pre-Treat, PA1+PA4, PA1+PA2+PA4, PA1+PA2+PA3+,...

Summary Report

Do the means differ? Which means differ?
o 0.05 0.1 > 0.5 # Sample Differs from
1 Pre-Treat 3 4 5
ves TN No 2 Post-treat 4 s
P < 0.001 3 PAl1+PA4 1 4 5
Differences among the means are significant (p < 0.05). 4  PAL+PA2+PA4 1235
5 PA1+PA2+PA3+ 1 2 3 4
Means Comparison Chart
Red intervals that do not overlap differ. Comments

« Test: You can conclude that there are differences among the

Pre-Treat —— means at the 0.05 level of significance.

= Comparison Chart: Look for red comparison intervals that do
not overlap to identify means that differ from each other.
Consider the size of the differences to determine if they have

Post-treat —— practical implications.
PA1l+PA4 — e
PA1+PA2+PA4 ——
PA1+PA2+PA3+ —o—
40 50 60 70

Figure C-7: Significance of difference in COD removal during the operation of the H-FFBR

with and without bioaugmentation (Week 1 to Week 65)
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Appendix D
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Figure D-1: Regression plot showing the predicted versus observed COD removal values,

exhibiting an R? value of 0.89
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Figure D-2: Regression plot showing the predicted versus observed Zone 1 oxygen uptake
rate values, exhibiting an R? value of 0.91
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Figure D-3: Regression plot showing the predicted versus observed Zone 2 oxygen uptake

rate values, exhibiting an R? value of 0.94
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Figure D-4: Regression plot showing the predicted versus observed Zone 3 oxygen uptake

rate values, exhibiting an R? value of 0.82

50

Predicled Zono 1 Biolilm thickness (um)
&

20 i ] 0 =0 L] ]

&
k
[ -

Obsearved Zone 1 Baallm thackoness (jarm)

Figure D-5: Regression plot showing the predicted versus observed Zone 1 biofilm thickness

values, exhibiting an R? value of 0.96
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Figure D-6: Regression plot showing the predicted versus observed Zone 2 biofilm thickness

values, exhibiting an R? value of 0.93
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Figure D-7: Regression plot showing the predicted versus observed Zone 3 biofilm thickness

values, exhibiting an R? value of 0.95
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Figure D-8: Regression plot showing predicted versus observed suspended biomass values,

exhibiting an R? value of 0.70
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Figure D-9: Regression plot showing the predicted versus observed phenol removal values,

exhibiting an R? value of 0.57
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Appendix E
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1.0 1.5 2.0 25
Bicaugmentation Regime
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Figure E-1: Graph illustrating the model response of Zone 1 biofilm thickness as a function of

Bioaugmentation Regimes 0, 1, 2, 3 and 4
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Figure E-2: Graph illustrating the model response of Zone 2 biofilm thickness as a function

of Bioaugmentation Regimes 0, 1, 2, 3 and 4
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DR-Hill
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Figure E-3: Graph illustrating the model response of Zone 3 biofilm thickness as a function

of Bioaugmentation Regimes 0, 1, 2, 3 and 4
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Figure E-4: Graph illustrating the model response of suspended biomass as a function of

Bioaugmentation Regimes 0, 1, 2, 3 and 4
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Figure E-5: Graph illustrating the model response of phenol removal as a function of

Bioaugmentation Regimes 0, 1, 2, 3 and 4
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Figure E-6: Graph illustrating the model response of COD removal as a function of

Bioaugmentation Regimes 0, 1, 2, 3 and 4
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Figure E-8: Graph illustrating the model response of phenol removal

-
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Q= YUNIBESITHI YA PRETORIA

Rational Model

52 N L A

5-1 _....._..é....._

&67.0
56.5
66 .0
65.5
65.0
64 .5
64 .0
63.5
63.0

62.5
41

phenol

A0 50 60 O
Feed Phenol {(mag/L)

DR-Hill

Graph illustrating the model response of COD removal as a function of feed phenol
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Figure E-9: Graph illustrating the model response of COD removal as a function of feed

M-alkalinity
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Figure E-10: Graph illustrating the model response of phenol removal as a function of feed

M-alkalinity
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Figure E-11: Graph illustrating the model response of phenol removal as a function of RAS

(feed suspended solids)
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Figure E-12: Graph illustrating the model response of COD removal as a function of RAS

(feed suspended solids)
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Figure E-13: Graph illustrating the model response of COD removal as a function of COD
load
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Figure E-14: Graph illustrating the model response of phenol removal as a function of COD

load
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Figure E-15: Graph illustrating the model response of phenol removal as a function of TDS
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Figure E-16: Graph illustrating the model response of COD removal as a function of TDS
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Figure E-17: Graph illustrating the model response of COD removal as a function of feed

COD
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Figure E-18: Graph illustrating the model response of phenol removal as a function of feed

COD
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