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Abstract

There is potential for the anaerobic baffled reactor (ABR) to be implemented on-site for pre-treatment of

coloured wastewaters. The implementation of waste minimisation and cleaner production strategies in

industry will result in the production of smaller volumes of concentrated wastewaters. With

implementation of the ABR, the concentrated waste stream could be pre-treated, with an acclimated

biomass, which should facilitate sufficient degradation such that the effluent could be discharged to sewer

for further treatment.

The ABR is a high-rate compartmentalised anaerobic bioreactor, the design of which promotes the spatial

separation of microorganisms. The use of molecular teclmiques to characterise the microbial populations

and the dynamics of these populations with time and/or changing operating conditions will add to the

current understanding of the process, which is based on the biochemical pathways and chemical analyses.

This knowledge will allow for optimisation of the design of the ABR.

The hypothesis of the horizontal separation of acidogenesis and methanogenesis through the ABR was

proven. Changes in the HRT affected the operation of the reactor, however, recovery from these upsets

was almost immediate and operation of the reactor was stable.

Two synthetic dye waste streams, one food dye (tartrazine) and one textile dye (Cl Reactive Red 141),

and a real industrial dye wastewater, were treated in separate laboratory-scale ABRs. These investigations

showed that successful treatment of a highly coloured wastewater is possible in the ABR. The design of

the ABR facilitates efficient treatment of concentrated dye wastewaters by protecting the sensitive

methanogens from the inhibitory dye molecules and promoting efficient colour and COD reduction.

The molecular-based method, fluorescent in situ hybridisation, allowed the direct identification and

enumeration of microbial populations active in the ABR. In all of the reported investigations, there was a

definite shift in the microbial populations through the ABR, with a predominance of eubacteria in the first

compartments (acidogenesis) and archaea (methanogenesis) in the later compartments. The number of

compartments involved in each depended on the strength of the substrate (organic loading rate - OLR). A

combination of FISH probing, and the analysis of 98 archaeal l6S rDNA clone inserts provided useful

descriptions of the methanogens actively involved within each compartment. These showed a

predominance of the Methanosaeta spp., particularly in the last compartments of the reactor.

Methanogens present in the first four compartments consisted of species of Methanobacterium and

Methanospirillum, a relatively unstudied methanogen Methanomethylovorans hollandica, and an

unidentified short filamentous species.
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Acclimation

Acetogenesis

Acid dye

Acidogenesis

Adsorption (dye)

Aerobic

Anaerobic digestion

Anionic dye

Anthraquinone dye
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Glossary

The adaptation of a microbial community to degrade a

previously recalcitrant compound, through prior exposure to

that compound.

The reaction that degrades short chain fatty acids such as

propionic acid, butyric acid, or longer chain fatty acids, as well

as other intermediates such as ethanol, to acetic acid and

hydrogen.

An anionic dye characterised by substantivity for protein fibres
\

and often applied as an acidic dye solution.

The process in which long chain soluble monomers or dimers,

such as carbohydrates and amino acids, are reduced to short

chain volatile fatty acids, such as acetic acid, propionic acid,

butyric acid, lactic acid and ethanol, or longer chain fatty acids.

Binding of dye compounds to surfaces such as microbial cells or

activated carbon, usually through electrostatic interaction

between the dye and the charged cell.

The condition of living or acting in the presence of molecular

oxygen.

The microbial degradation of an organic compound in the

absence of oxygen.

A dye that dissociates in aqueous solution to give a negatively

charged coloured ion.

Dye based on the structure of 9, lO-anthraquinine, with powerful

electron donor groups in one or more of the four alpha

positions.

A chemical or formulated product which enables a processing

operation in preparation, dyeing, printing or fmishing to be

carried out more effectively or which is essential if a given

effect is to be obtained.



Azo dye

Basic dye

Batchwise processing

Biodegradation

Carcinogenic

Chemical Oxygen Demand

(COD)

Chromophore

Colour Index

Colourant

Decolourisation

Electron transport chain

Enrichment

Exhaustion

Facultative anaerobe

Fermentation
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Dye which contains at least one azo group (-N=N-) and can

contain up to 4 azo bonds.

A cationic dye characterised by its substantivity for the acidic

types of acrylic fibre and for tannin mordanted corton.

Processing of materials as lots of batches in which the whole of

each batch is subjected to one stage of the process at a time.

The microbial degradation of organic compounds to inorganic

molecules.

Cancer-causing

A measure of the total amount of organic iTIaterial in the waste

stream.

A chemical group which, when present in a compound, is

responsible for the appearance of colour.

An authoritative, descriptive catalogue of natural and synthetic

colourants and intermediates in terms ofgeneric name.

Organic chemical used for colouring fabrics or food products

and includes dyes and pigments.

The removal of colour from solution by destruction of the

chromophore.

A chain of carrier molecules with fixed orientation in the cell

membrane, through which electrons are transported and ATP

generated.

Selection of microorganisms with certain characteristics, from a

mixed culture, through manipulation of culture conditions.

The proportion of dye or other substance taken up by a substrate

at any stage of a process, to the amount that was originally

available.

An organism capable of either aerobic or anaerobic respiration.

Amino acids and sugars are degraded to propionic acid and

other intermediary products, acetic acid and hydrogen by



Headspace

Hydrolysis

Inhibition

Intermediates (dye)

Labile

Medium

Metabolism

Metabolites

Methanogenesis

Mineralisation

Mixed culture

Pollution

Reactive dyes

Recalcitrant

Residence time distribution
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fermentative or acidogenic bacteria.

The volume in a sealed vessel not occupied by the liquid phase.

Breakdown of complex long-chain macromolecules

(carbohydrates, lipids and proteins), via the Embden-Meyerhof

pathway, to short-chain compounds (sugars, fatty acids and

glycerol, and amino acids, respectively). First phase of the

anaerobic digestion process.

An impairment of bacterial function.

The compounds used to synthesise dyes.

Readily degradable.

Mixture of nutrient substances required by cells for growth and

metabolism.

The physiochemical transformations through foodstuffs are

synthesised into complex elements, complex substances are

rendered into simple ones and energy is made available for use

by the organism.

Intermediate compounds formed during dye catabolism.

The process by whereby low molecular weight substrates are

degraded to form methane.

Microbial decomposition of an organic compound into

inorganic constituents such as carbon dioxide, methane and

water.

Culture consisting of two or more types of microorganisms.

An adverse alteration of the envirorunent.

Coloured components capable of forming a covalent bond

between the dye molecule and the fibre.

Resistant to microbial degradation.

The distribution of ages of liquid elements in a vessel.



Textile finishing

Volatile fatty acid (VFA)

Xenobiotic

Vlll

A collection ofprocesses in which raw cloth/yam is cleaned and

prepared for dyeing and printing.

Short-chain organic acid formed by the anaerobic digestion

process.

A compound not found in nature.
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Chapter One
Introduction

In the constitution of the Republic of South Africa (Act 108 of 1996) (Constitutional Assembly, 1996), it

states in Chapter 2, Section 24 that ....everyone has the right to an environment that is not harmful to

their health or well-being and have the environment protected, for the benefit of present and future

generations, through responsible legislative and other measures that prevent pollution and ecological

degradation, promote conservation, and secure ecologically sustainable development and use ofnatural

resources while promoting justifiable economic and social development. Everyone has the right to have

access to water....

South Africa is a water scarce country with an average annual rainfall of < 60 % of the world average

(Gravelet-Blondin et al., 1997). Water is a public commodity and the actions of users and polluters affect

others. The monitoring and management of water quality in rivers is thus vital for the adequate long-term

protection of South Africa's water resources. In coastal areas, such as KwaZulu-Natal, the biggest

problem with industrial water users is the amount of fresh water lost via efflue~t'pipelines to sea; the

water should be treated and returned to the rivers for reuse. It is, therefore, important to encourage

industries to minimise water consumption, and recycle and re-use water and effluent where possible.

Cleaner production is defined as the continuous application of an integrated environmental strategy,

applied to processes, products and services to increase eco-efficiency and to reduce risks for humans and

the environment. Implementation of cleaner production and waste minimisation practices, at the effluent

source, will lead to the production of more concentrated effluents. Anaerobic digestion has the potential

to treat these effluents. Agro-industries characteristically produce effluents ofaxenobiotic nature and/or

of high organic strength. Industries such as the food, leather and textile industries also utilise synthetic

colourants in their processes, resulting in coloured effluents.

Increasing awareness in recent years of the cumulative effects of pollution has led to growing public

concern and increasingly strict legislation relating to the discharge of industrial wastes. Anaerobic

digestion is a naturally occurring process which has been harnessed for its twin benefits of reducing

organic pollutants in waste streams and producing energy in the form of a methane-rich biogas. The

challenge in advancing anaerobic digestion for high-strength or toxic organic waste streams lies largely in

enhancing the bacterial activity taking place per unit of reactor volume and, in the case of xenobiotics, in

the acclimation of the biornass to the compound. Taking into consideration the slow growth rate of many

anaerobic microorganisms, particularly methanogens, the main objectives of efficient reactor design must

be high retention time of bacterial cells within the reactor, together with good mixing to ensure contact

between cells and their substrate (Grobicki, 1989). The anaerobic baffled reactor (ABR) achieves both

objectives by means of a design that is both simple and inexpensive to construct. High rates of hydraulic
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throughput are possible with very little loss of bacteria from the reactor; the reactor is extremely stable

during operation and achieves high rates of removal (Barber, 1999).

The results of previous research (Sacks, 1997) identified a number of industries, in the KwaZulu-Natal

region, that produced effluent streams that would be amenable to treatment by anaerobic digestion. The

organic content of these effluents (based on COD) was too high to permit conventional treatment at a

wastewater treatment works. In the short term, these effluents could be treated in the under-utilised

anaerobic digestion capacity in the region. However, with the projected increase in the load on

wastewater treatment works, this available capacity will ultimately be needed for sewage treatment.

1.1 WATER QUALITY IN SOUTH AFRICA

The South African Department of Water Affairs and Forestry is responsible for the management of water

resources in South Africa, thereby ensuring the provision of adequate water supplies of acceptable quality

for all recognised users (Gravelet-Blondin et al., 1997). Adequate long term protection of South Africa's

water resources is of vital importance for sustained economic growth and development (Department of

Water Affairs and Forestry, 1993). South Africa is a semi-arid country in which rainfall and water bodies

are unevenly distributed, both temporally and spatially. The rapidly increasing population and

demographic changes have resulted in an expansion in demand which could lead to water becoming

increasingly scarce in many parts of South Africa. In addition, greater pollution loads and reduced flows

in the country's rivers will place further pressure on the limited resources (Department of Water Affairs

and Forestry, 1993).

1.1.1 The South African Water Act

The strict effluent discharge regulations promulgated in terms of the Water Act of 1956 resulted in the

construction of wastewater purification plants. Before the advent of the Water Act of 1956, there was no

.statutory provision for State control over the purification and disposal of effluent, except that the

discharge of sewage into public streams was prohibited (Department of Water Affairs, 1986). The Water

Act, in anticipation of water shortages, made provision for the compulsory purification of effluent by the

user to specified standards and its subsequent disposal in a manner that would make it available for reuse.

The Act provided for control over the use of water for industrial purposes as well as for control over and

the prevention of water pollution.

The Department of Water Affairs and Forestry completed an intensive review of the 1956 Water Law in

1997. The review was motivated by the need for preparation for new legislation that would reflect

democratic principl~s and equitable access to the resource by all; symbolised by the slogan some for all,

forever (Department of Water Affairs and Forestry, 1997). With the adoption of the White Paper, in

1997, participation from communities, water users, academic institutions, scientific councils and

Government at national, provincial and local levels, was encouraged, for the development of the new

National Water Bill. At its meeting on 21 January 1998 Cabinet approved the presentation of the National

Water Bill, 1998.
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The new Water Act (1998) has integrated resource-directed measures for protection, such as resource

quality objectives, with source-directed measures, such as effluent standards. The source-directed

measures include the use of discharge or impact standards. These standards should be stringent enough to

protect the specific water resource affected.

1.2 THE SOUTH AFRICAN TEXTILE INDUSTRY

South Africa is in a unique position, having the relatively low cost labour of a developing country, but

with sophisticated infrastructure. The highest concentration of textile factories, in South Africa, is in

KwaZulu-Natal, with 20 located in the Durban Metropolitan area (Gilfillan, 1997). New restrictions on

wastewater discharges are forcing dyestuff manufacturers and textile wet processors to reuse process

water and chemicals. This has prompted research into new advanced treatment technologies e.g.

polishing treatments such as filtration, chemical oxidation and specialised flocculation techniques and

pre-treatment steps including anaerobic digestion, fixed-film bioreactors, Fenton"s reagent oxidation,

electrolysis or foam flotation (Vandevivere et al., 1998).

1.2.1 The Problem of Colour

The South African textile industry is the sixth largest employer in the manufacturing sector, with 68 700

people employed directly, an additional 200000 indirectly in dependent industries, and supports 80000

cotton workers. It has local annual sales of R 9.8 billion and is the eleventh largest exporter of

manufactured goods. In addition, it isthe second largest user of electricity and the second largest payer of

rates and taxes in towns and cities across South Africa (Anon, 2000). Currently, in addition to

international trade pressure, the industry is also facing increasing pressure from local authorities to

reduce their environmental impact due 'to the limited water resources within South Africa (Gravelet­

Blondin et al., 1997).

The textile industry is a water-intensive industry; the specific water intake varies from 95 to

400 L/kg fabric depending on the type of processes and water efficiency (Steffen Robertson and Kirsten,

1993). Dyehouse effluents are complex, containing a wide and varied range of dyes and other products.

In general, the effluent is highly coloured, high in biochemical oxygen demand (BaD) and chemical

oxygen demand (COD), has a high conductivity and is alkaline in nature (Gravelet-Blondin et al., 1997).

Of these, colour is perceived to be the most problematic as it is visual pollution and gives rise to public

complaints. Colour is noticeable at concentrations of 1 mg/L (Bell, 1998).

The majority of textile industries in South Africa discharge to sewer and their effluents must, therefore,

comply with limits s~t by the local authorities, who in turn, must comply with the requirements set by the

Department of Water Affairs and Forestry. Due to the variable and complex nature of textile effluents,

conventional sewage treatment processes often do not sufficiently treat the effluents with the result that

colour and other pollutants enter the receiving water bodies. The discharge of textile effluent into

receiving water bodies without adequate treatment can impact on the lives of the people/communities

living alongside the water body (Bell, 1998). Colour not only elicits highly emotive responses from the
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public, because it is a visible source of pollution, but may also impact on aquatic life by preventing the

penetration of light, thereby interfering with photosynthesis.

1.2.2 Legislation for the Discharge of Coloured Effluents

In general, the Department of Water Affairs and Forestry follows the precautionary principle and the

polluter pays principle, whereby polluters are increasingly required to treat their effluents, and undertake

and fund monitoring programmes and ecological impact studies to assess the environmental effects of

their discharge (Department of Water Affairs and Forestry, 1993). The Water Act makes provision for the

prosecution of offenders that do not comply with its conditions and regulations.

Legislation in South Africa states that discharged effluent must adhere to a general standard of zero

colour, however, in practice the measurement of colour is complicated by inadequate analytical methods

as well as natural colouration and suspended solids in receiving water bodies. In aqdition, when colour is

undesirable for aesthetic reasons it is difficult to correlate analytical colour measurements with colour

perception by the human eye (Bell, 1998). Therefore, in practice, the zero colour standard may be

modified so that the impact of the coloured effluent on the receiving water body is such that the total

colour in the water is acceptable to all existing and potential downstream users. With regards colour, the

Department of Water Affairs and Forestry issued a statement, in 1994, that the final effluent colour (from

a waste water treatment works) should be such that it does not give rise to public complaints and effluent

leaving dyehouses should be such that its contribution to the wastewater treatment works does not cause

the colour ofthe final effluent to be displeasing (Gravelet-Blondin et al., 1997).

1.3 MICROBIAL POPULATION DYNAMICS

The fundamental aspects of the anaerobic digestion process have been investigated, yet there is still the

need for more basic information on the biological aspects of the anaerobic ecosystem (Godon et al.,

1997). The complete identification and quantification of all contributing populations is necessary to

establish the link between microbial structure and function. This lack of knowledge is due to the

limitations of traditional identification and enumeration techniques, such as selective emiclunent, pure

culture isolation and most probable number estimates.

Molecular-based methods, such as fluorescent in situ hybridisation (FISH) with ribosomal RNA (rRNA)

oligonucleotide probes, allow the direct identification and enumeration of microbial populations in

complex environments (Griffm et al., 1998). These techniques can provide a clearer insight into the

interactions, concentrations and growth rates of the various trophic groups involved in anaerobic

digestion. Molecul~ techniques by themselves can provide useful qualitative and quantitative

information on the microbial populations present in wastewater treatment plants. However, in isolation,

they are simply a tool that can complement other methods and approaches for analysing wastewater

treatment systems. The combined use of traditional culture-based and microscopic techniques, chemical

analyses, and molecular techniques should serve to better link microbial structure and function.
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1.4 PROJECT OBJECTIVES
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There is potential for the ABR to be implemented on-site for pre-treatment of coloured wastewaters. The

overall objective is the implementation of waste minimisation and cleaner production strategies in

factories. However, wherever there is industrial activity, some waste is unavoidable; but the effluent

produced is of much smaller volume and hence more concentrated. With implementation of the ABR, the

concentrated waste stream could be pre-treated, with a biomass acclimated to the particular effluent,

which should facilitate sufficient degradation such that the effluent could be discharged to sewer for

treatment.

The ABR is a high-rate anaerobic bioreactor, the design of which promotes the spatial separation of

microorganisms. The use of molecular techniques to characterise the microbial populations and the

dynamics of these populations with time and/or changing operating conditions would add to the current

understanding of the process, which is based on the biochemical pathways and cHemical analyses. This

knowledge should allow for optirnisation of the design of the ABR.

Hence, the overall objective of this project was to investigate the operation of the ABR, on a laboratory­

scale, and to assess whether the application of fluorescent in situ hybridisation (FISH) could enhance the

operation of the reactor by relating the active microorganisms,to the biochemical pathways and chemical

analyses.

."
The more specific objectives were:

1. To assess the feasibility of the ABR as an on-site pre-treatment mechanism for coloured

wastewaters.

2. To test the hypothesis of spatial separation of acidogenesis and methanogenesis through the reactor.

3. To assess the inherent anaerobic toxicity and the ultimate anaerobic biodegradability of a range of

food and textile dyes using batch serum tests, and to assess the applicability of these batch tests to

operation of the ABR.

4. To investigate the changes in structure and dynamics of the microbial communities, within the ABR,

with changing hydraulic retention time.

5. To investigate the efficiency of the ABR in the treatment of coloured wastewaters, with concurrent

monitoring of the changes in the microbial populations, using molecular methods.
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1.5 THESIS ORGANISATION
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The thesis begins (Chapter 2) with a reVIew of the literature on the anaerobic digestion and

microbiology; the anaerobic baffled reactor; and the physical, chemical, microbiological and molecular

techniques available for monitoring anaerobic digestion processes, with a detailed focus on fluorescent in

situ hybridisation (FISH) with oligonucleotide probes.

Food dyes are the focus of Chapter 3. A synthetic pure tartrazine waste stream was treated in a

laboratory-scale ABR and the results are presented. The inherent anaerobic toxicity and the ultimate

anaerobic biodegradability of a range of food dyes was assessed using batch serum bottle tests. A real

coloured waste water was collected from a food dyestuff manufacturer and fed to a second laboratory­

scale ABR. These results, together with the microbial community characterisation, are presented.

Chapter 4 det~ils the operation and analytical results of a laboratory-scale ABR, to investigate the eff~ct

of changes in the hydraulic retention time, with a defined sugar/peptone feed. FISH was used to monitor

the consequential changes in the microbial communities, within each ABR compartment.

Chapter 5 details the investigation of textile reactive dyes. Batch serum bottle tests were used to

determine the anaerobic toxicity and biodegradability of a range of reactive textile dyes. Cl Reactive

Red 141 was fed to a laboratory-scale ABR and the operational results and characterisation of the

microbial communities, with increasing dye concentration, are presented. The details of the effect of a

short-term dye shock load on the operational efficiency of the reactor are given.

The thesis is concluded with Chapter 6. The main conclusions drawn during the study are presented and

recommendations for future research are made.



Chapter Two
Literature Review

Anaerobic digestion (Section 2.1) is a biological process in which organic matter is catabolised to

methane and carbon dioxide. This literature review describes the mechanism, biochemistry and

microbiology of anaerobic digestion (Section 2.2), with a detailed review of the classification and

microbiology of the methanogens. The anaerobic baffled reactor (ABR) is reviewed in Section 2.3. It is

crucial that the performance of an anaerobic digester be monitored to prevent digester failure and to

assess the efficiency of the digestion process. The physical and chemical analyses are described in

Section 2.4, together with a description of batch screening tests to assess the anaerobic biodegradability

and inherent toxicity of a particular waste stream. Molecular-based methods, such as ribosomal RNA

(rRNA) probe hybridisation (Section 2.5) allow the direct identification and enumeration of microbial

populations in complex environments. The combined use of traditional culture-based and microscopic

techniques, chemical analyses, and molecular techniques should serve to better link microbial structure

and function

2.1 ANAEROBIC DIGESTION

Anaerobic digestion is a biological process in which organic matter is catabolised to methane and carbon

dioxide. It has the potential to break down complex refractory organic compounds so that they may be

further degraded aerobically or to completely mineralise them (Tracey et al., 1989). In aerobic

respiration, molecular oxygen serves as an external electron acceptor, accepting electrons from electron

carriers such as NADH by way of an electron transport chain (Brock and Madigan, 1991). In the absence

of oxygen, carbon atoms associated with the organic substrate become electron acceptors and are

reduced, while other compounds are oxidised to carbon dioxide (Pohland, 1992).

The anaerobic degradation process has several advantages over aerobic treatment. In aerobic treatment

the microorganisms use oxygen in the air to metabolise a portion of the organic waste to carbon dioxide

and water. The microorganisms obtain energy from this oxidation, thus their growth is rapid and a large

portion of the organic waste is converted to new cells (Speece, 1996). The portion converted to biomass

is not actually stabilised but is simply biotransformed. Although these cells can be removed from the
_0;»

waste stream, the biological sludge they produce still presents a significant disposal problem. In contrast,

the anaerobic conversion to methane gas provides relatively little energy to the microorganisms, resulting

in a slow growth rate and only a small portion of the waste being converted to new biomass. Conversion

to methane represents waste stabilisation since methane is poorly soluble and escapes from the waste

stream where it can be collected. As much as 80 to 90 % of the degradable organic portion of a waste can

be stabilised in anaerobic treatment, even in highly loaded systems. This is in contrast to aerobic systems

where only ca. 50 % of the waste is actually stabilised, even with conventionalloadings (McCarty, 1964).
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Another advantage of anaerobic digestion is, since only a small portion of waste is converted to cells, the

problem of disposal of excess sludge is greatly reduced. The absolute quantity as mass of organic matter

is Iow and is readily de-watered. Since anaerobic treatment does not require oxygen, oxygen transfer does

not limit the treatment rates and the power requirements are reduced. In contrast, the methane gas

produced is a source of energy.

2.2 ANAEROBIC MICROBIOLOGY

Anaerobic digestion is a complex, multi-phased microbial process involving a number of strongly

interacting groups of microorganisms. The biochemical pathways are illustrated in Figure 2.1.

Sugars Amino acids
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(Fermentation)
(Eubacteria)

Complex Polymers
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Long chain fatty acids
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FIGURE 2.1 : Diagram showing the biochemical pathways involved in anaerobic digestion, detailing
the microorganisms responsible for each process.

During the first phase, hydrolysis, complex long-chain macromolecules (carbohydrates, lipids and

proteins) are hydrolysed extracellularly to short-chain compounds (sugars, fatty acids and glycerol, and

amino acids, respectively). Hydrolysis can be a slow process and can be the rate-limiting step in

fermentation particularly if the influent contains particulate or large complex molecules in significant

quantities. The resulting monomers are fermented to various volatile fatty acid (VFA) intermediates,

primarily acetate, propionate and butyrate, with the production of carbon dioxide and hydrogen. The

biochemical pathways and end products for this phase depend upon the substrate and the hydrogen partial
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pressure. The propionate and butyrate cannot be used directly for methanogenesis and are converted to

acetic acid, carbon dioxide and hydrogen, only under conditions of low hydrogen partial pressures (Sam­

Soon et aI., 1991). Acetic acid is the substrate for a group of strictly anaerobic methanogenic bacteria

which ferment the acetic acid to methane and carbon dioxide. Bacteria that reduce carbon dioxide, using

hydrogen gas or formate also produce methane. The rate at which various substrates fed to a reactor are

converted by the various groups of bacteria to biogas is controlled by the kinetics of each reaction.

The presence of other terminal electron acceptors will result in the production of alternative products e.g.

sulphate and elementary sulphur will be converted to sulphide by sulphate reducing bacteria (SRB) and

nitrate will be reduced to molecular nitrogen and nitrogen dioxide by denitrifying bacteria.

2.2.1 Methanogens

All living things are classified as either eukaryotes (cells contain a true nucleus) or,prokaryotes (cells do

not contain a nucleus), as illustrated in Figure 2.2. All microorganisms are classified as prokaryotes.

Nucleotide sequence analysis of rRNA led to the discovery of one group of bacteria, so different from all

other groups that a very clear division of the prokaryotes into two branches was assumed. This group is

the archaea (formerly archaebacteria) and all other groups are collectively designated as the eubacteria.

Green bacteria

Spirochetes

Purple bacteria

Gram-positive bacteria

Cyanobacteria

L- Flavobacteria

Eubacteria

'-------Deinococci

L-.. ThermotogaJes

Prokaryotes

Archaea

r----- Extreme halophiles

] Methanogens

] Extreme thermophiles

Eukaryotes

Plants
Fungi

'-------Animals

'----- Ciliates

'------'Cellular slime molds
L- Flagellates

L- Microsporidia

FIGURE 2.2 : Classification of living things.

The archaea differ in that the cell wall does not contain a peptidoglycan skeleton, only proteins and

polysaccharides are present. The RNA polymerases and some of the co-enzymes of the archaea differ

from those of the eubacteria. Methanogens are classified within the archaea domain. Even though great
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advances in our understanding of the role of methanogens in anaerobic processes have been made, much

needs to be learnt about microbial interactions in anaerobic systems (Raskin et al., 1994). The

classification of the methanogens is given in Table 2.1.

It is generally accepted that two-thirds or more of the methane produced in an anaerobic bioreactor is

derived from acetate. Of the many methanogenic genera, only two, Methanosaeta and Methanosarcina,

are known to grow by an acetoclastic reaction, producing methane from acetate.

[~GO = -31kJ / mol] [2.1]

Methanosaeta spp. are solely acetoclastic. Methanosarcina spp., however, are metabolically the most

versatile of all the mesophilic methanogens since they can form methane from hydrogen and carbon

dioxide (hydrogenotrophs), from methanol and methylamines (methylotrophs, and from acetate

(acetoclasts) (Rocheleau et al., 1999).

The two genera have very different morphologies and growth kinetics. Methanosaeta spp. are sheathed

rods, sometimes growing as long filaments; they. are slow growing with minimum doubling times of 4 d

under mesophilic conditions. Their survival is due to their high affinity for acetate (Ks of 30 mgIL at

pH 7); these microorganisms are termed scavengers. In contrast, Methanosarcina spp. grow faster

(minimum doubling time of 1.5 d) but have a poor affinity for acetate with a Ks of 400 mgIL at pH 7.

Figure 2.3 shows the growth kinetics of these two genera. It demonstrates that the Methanosaeta spp.

would out-compete the Methanosarcina spp. at low substrate concentrations. However, with increasing

substrate concentration, Methanosarcina spp. would dominate.
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FIGURE 2.3 : Growth kinetics of the two acetoclastic genera, Methanosaeta and
Methanosarcina.

When acetate levels are below 70 mg/L, Methanosaeta spp. will have a distinct competitive advantage

over Methanosarcina spp. The higher activity of Methanosarcina spp. provides re~istance to shock

loadings, whilst the scavenging capacity of Methanosaeta spp. will result in an effluent low in COD and
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relatively free of acid intermediates. However, in the absence of trace metals and nutrients, the

filamentous growth of Methanosaeta will predominate even at acetate concentrations as high as

I 000 mglL (Speece, 1996).

TABLE 2.1 : Classification of methanogens (Raskin et al., 1994).

Classification Morphology Substrates for methanogenesis

ORDER I: METHANOBACTERIALES

Family I: Methanobacteriaceae

Genus I: Methanobacterium

Genus 11: Methanobrevibacter

Genus Ill: Methanosphaera

Family 11: Methanothermaceae

Genus I: Methanothermus

Long rods

Short rods

Cocci

Rods

H2 + CO2, formate

H2 + COl, formate

Methanol + H2 (both needed)

H2 + CO2

ORDER 11: METHANOCOCCALES

Family I: Methanococcaceae

Genus I: Methanococcus Irregular cocci H2 + CO2, formate

ORDER Ill: METHANOMICROBIALES

Family I: Methanomicrobiaceae (MG1200)

Genus I: Methanomicrobium Short rods

Genus 11: Methanogenium

Genus Ill: Methanoculleus

Genus IV: Methanospirillum

Irregular cocci

Irregular cocci

Spirilla

H2 + CO2, formate

H2 + CO2, formate

H2 + COl, alcohols, formate

H2 + CO2, formate

Family 11: Methanocorpusculaceae (MG1200)

Genus I: Methanocorpusculum Irregular cocci H2 + CO2, formate, alcohols

Family Ill: Methanoplanaceae (MG1200)

Genus I: Methanoplanus Plate-shaped cells

Family IV: Methanosarcinaceae

H2 + CO2, formate

Genus I: Methanosarcina
(M2821 and MB4)

Genus 11: Methanolobus

Genus Ill: Methanococcoides

Genus IV: Methanohalophilus

Genus V: Methanosaeta
(MX825 and MS5) \

Large irregular cocci in
packets

Irregular cocci in
aggregates

Irregular cocci

Irregular cocci

Long rods to filaments

H2 + CO2, formate, methanol,
methylamines, acetate

Methanol, methylamines

Methanol, methylamines

Methanol, methylamines,
methyl sulphides

Acetate

The specific oligonucleotide probes used in this study are written, in brackets, alongside the target organisms. All of the
other methanogens hybridised with the universal archaea probe, ARC915.
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2.3 THE ANAEROBIC BAFFLED REACTOR
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The successful application of anaerobic technology to the treatment of industrial wastewaters is

dependent on the development of high rate anaerobic bioreactors. These reactors separate the hydraulic

retention time (HRT) from the solids retention time (SRT), which allows the slowly growing

microorganisms to remain within the reactor independent of the wastewater flow, thereby allowing

application of significantly higher volumetric loading rates (Iza et al., 1991; Weiland and Rozzi, 1991).

This is achieved by the incorporation of various techniques to immobilise the biomass within the reactor

resulting in an increased reaction rate per unit volume of reactor, and subsequent reduction in reactor

size. There is improved contact between the biomass and the wastewater; and biomass activity is

enhanced due to adaptation (Iza et aI., 1991).

2.3.1 Design of the Anaerobic Baffled Reactor

The ABR is similar in design and application to the up-flow anaerobic sludge blanket (UASB) but

requires no special granule formation for its operation. Bachmann et al. (1983) developed the ABR,

however, baffled reactor units had previously been used to generate methane-rich biogas as an energy

source (Chynoweth et al., 1980). As reviewed by Barber and Stuckey (1999), the design of the ABR has

undergone many modifications, as summarised in Table 2.3.

Table 2.2 : History of the modifications made to the ABR (Barber and Stuckey, 1999).

. Modification Purpose Reference

Addition of vertical baffles to a plug-
Enhanced solids retention to facilitate

(Fannin et al.,better substrate accessibility to
flow reactor

methanogens 1981)

2 Down-flow chambers narrowed Encouraged cell retention in up-flow (Bachmann et
chambers al., 1983)

3 Baffle edges slanted (45 0) Encouraged mixing by routing the flow (Bachmann et
towards the centre of the compartment al., 1983)

4
Included a solids settling chamber Enhanced solids retention and recycle (Tilche and
after the fmal compartment of washed out solids Yang,1987)

5
Positioned packing at the top of each

Prevented washout of solids (Tilche and
compartment Yang, 1987)

6 Included separated gas chambers Ease and control of gas measurement (Tilche and
provided enhanced reactor stability Yang,1987)

7 Enlarged first ~ompartment Improved treatment of high solids (Boopathy and
wastewaters Sievers, 1991)

The laboratory-scale ABRs used in this study had alternately hanging and standing baffl.es, which divided

the reactor into eight compartments (Figure 2.4). The reactors were made ofPerspex, each with a volume
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of 10 L (7.68 L working volume i.e. 0.96 Ucompartment). The reactor dimensions were: length of

5"00 mm (366 mm working) x 118 mm width (98 mm working) x 275 mm height (25.5 mm working).

Technical drawings of the reactor are presented in Barber (1999). The lower edges of the hanging baffles

were slanted (45 0) to route the flow ofliquid and to reduce channelling. The internal baffles were 5 mm

thick. The reactor lid and sides were removable. Sample ports on the lid allowed for the removal of gas

and liquid samples. There was a gas outlet from each compartment, while the liquid flowed from one

compartment to the next through 20 mm high windows cut into the baffles below the level of the liquid.

The liquid flow was alternately upward and downward between the partitions. The down-flow chamber

was narrower than the up-flow chamber to prevent accumulation of biomass. On its upward passage, the

waste flowed through the anaerobic biomass, hence, the waste was in contact with the active biomass but,

because of the design, most of the biomass was retained within the reactor. In principle, all phases of the

anaerobic degradation process can proceed simultaneously. The sludge in each compartment would differ

depending on the specific environmental conditions prevailing and the compounds pr intermediates to be

degraded (Nachaiyasit and Stuckey, 1997a). A staged reactor can provide higher treatment efficiency

since non-labile substrates will be in an environment conducive to degradation. Process stability is good.

Biogas

Influent

,......----------------

~Effluent

FIGURE 2.4 : Schematic diagram of the anaerobic baffled reactor.

The hydrodynamics and degree of mixing that occur within a reactor of this design strongly influence the

extent of contact between substrate and microorganisms, thus controlling mass transfer and potential

reactor performance. Microorganisms within the reactor gently rise and settle due to the flow

characteristics and gas production, however, their rate of movement down the reactor is slow. The main

driving force behind'teactor design has been to enhance the solids retention capacity.
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2.3.2 Advantages and Disadvantages of the Anaerobic Baffled Reactor
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The ABR has several advantages over other high-rate reactor systems. Probably the most significant

advantage is its ability to separate acidogenesis and methanogenesis longitudinally, allowing the reactor

to behave as a two-phase system without the associated control problems and high costs.

The reactor design is simple, with no moving parts or mechanical mixing, making it relatively

inexpensive to construct There is no requirement for biomass with unusual settling properties. Sludge

generation is low and the SRT is high; this is achieved without the need for biomass to be fixed to media

particles or a solid-settling chamber. Gas separation is not required.

Since the HRT and SRT are separate, increased volumes of wastewater can be treated, relative to a

continuously stirred tank reactor (CSTR) where the HRT equals the SRT. Intermittent operation is

possible, which would facilitate treatment of seasonal wastewaters. The ABR has h,een found to be stable

to hydraulic and organic shock loads and the reactor configuration provides protection of the biomass to

toxic compounds in the influent (Barber and Stuckey, 1999).

The concentrated, variable and intermittent nature of industrial effluents make them intrinsically

unsuitable for treatment in a completely mixed system. The ABR is well suited to intermittent high

organic or hydraulic loads; due mainly to the high efficiency with which the active biomass is retained

within the reactor. The high rates and efficiency with which the substrates are degraded is due to the

compartmentalisation of different microbial associations that have been acclimated to the range of

effluent constituents. The series of microbial associations allow acclimated bacteria to degrade the

effluent stepwise producing degradation products that may be toxic or inhibitory to a mixed culture.

These acclimated bacteria are retained within the reactor due to the high SRT.

One possible disadvantage of the baffled reactor design, at pilot or full-scale, is the requirement to build

shallow reactors to maintain acceptable liquid and gas upflow (Barber and Stuckey, 1998).

2.3.3 Literature Review of the Anaerobic Baffled Reactor

One of the major problems associated with anaerobic treatment systems is the start-up procedure. The

reduction of the duration of start-up and the improvement of process control are important factors in

order to increase the competitiveness of an anaerobic high-rate reactor (Weiland and Rozzi, 1991). The

overall objective of start-up is the development of the most appropriate microbial culture for the waste

stream to be treated. Initial loading rates should be low so that the slow growing microorganisms are not

over-loaded and both gas and liquid up-flow velocities should be low to facilitate flocculent and granular

sludge growth. The ~ecommended initial loading rate is ca. 1.2 kg COD/m3.d (Speece, 1996; Henze et al.,

1997). Barber and Stuckey (1997) showed that by starting with a long HRT (80 h) and gradually reducing

it, in a stepwise fashion, whilst keeping the substrate concentration constant, greater reactor stability was

maintained, with superior performance in comparison to a reactor started up with a ,constant and low

HRT coupled to a stepwise increase in substrate concentration. This assessment was based on improved
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solids accumulation, promotion of methanogenic populations and faster recovery to hydraulic shocks

(Barber and Stuckey, 1997).

A recent modification of the ABR has been the development of the split fed ABR (Uyanik et al., 2001).

To prevent the accumulation of VFAs during start-up, the feed can be split between the compartments

which would result in a longer HRT, longer SRT in the initial compartments and greater availability of

substrate for the microorganisms in the fmal compartments.

An advantage of the ABR is that it does not require granulation of the sludge (Barber and Stuckey, 1999).

However, a study by Freese and Stuckey (2000) showed that when granular sludge was used to seed the

ABR, there was a dramatic reduction in the overall start-up time of the reactor. TiIche and Yang (1987)

first observed the granulation capacity of the ABR. Boopathy and TiIche (1992) also observed

pelletisation of the biomass in a hybrid ABR treating a molasses wastewater. The long term stability of

granules in an ABR has been shown to be strongly linked to the availability of nutrients (Freese and

Stuckey, 2000).

The anaerobic digestion process can be simplified into two distinct phases, namely, acidogenesis and

methanogenesis. The literature states that physical separation and operation of these two cultures should

result in improved process efficiency. Phase separation can be achieved by selective inhibition, dialysis

separation and kinetic control, by adjustment of dilution rates and cell mass recycling (Ghosh and Klass,

1978). The ABR has been described as a two stage process (Grobicki and Stuckey, 1991) where the

design of the reactor results in the separation of acidogenesis and methanogenesis, through the

compartments, and this has a direct effect on the reactor start-up. Two phase operation can increase both

acidogenic and methanogenic activity by a factor of four (Cohen et al., 1982) and different microbial

groups can develop under more favourable conditions. Advantages of staged operation include faster

start-up, increased stability, enhanced efficiency and better conversion of suspended solids (Weiland and

Rozzi, 1991; Alexiou and Anderson, 2001).

Several authors have treated low-strength wastewaters effectively in the ABR (Barber and Stuckey, 1999;

Langenhoff and Stuckey, 2000). Dilute wastewaters inherently provide a low mass transfer driving force

between the biomass and substrate, subsequently reducing biomass activities according to Monod

kinetics. As a result, treatment of low-strength wastewaters has been found to encourage the dominance

of scavenging microorganisms, such as Methanosaeta spp. (Polpraset et al., 1992). Biomass retention is

enhanced significantly due to lower gas production rates, suggesting that low HRTs are feasible during

low-strength treatment.

Whereas low retention times are possible for dilute wastewaters, the opposite applies when treating

concentrated wastes. This is due to the high gas mixing caused by improved mass transfer between the

biomass and substrate. The reactor configuration and the improved settling ability of the biomass have

reduced solids loss caused by the increased gas production. Boopathy and TiIche (1991) investigated the

treatment of a concentrated raw molasses wastewater in a hybrid ABR. A 77 % reduction in soluble COD

was attained at an organic loading rate (OLR) of 20 kg COD/m3.d. According to kinetic considerations,
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high substrate concentrations will encourage both fast growing microorganisms and microorganisms with

high K
s

values. Methane production will be derived mainly from acetate decarboxylation by

Methanosarcina spp. and hydrogen scavenging methanogens, such as Methanobrevibacter and

Methanobacterium. Subsequently Methanosarcina spp. were observed as the dominant microbial species

formed during high-strength treatment (Boopathy and Tilche, 1991). Treatment of other concentrated

wastestreams, such as a slaughterhouse (Polpraset et al., 1992), swine (Sievers, 1988), and molasses

(Xing et al., 1991) wastewaters has been investigated.

Recycling the ABR effluent stream tends to reduce removal efficiency because the reactor approaches a

completely mixed system and therefore, the mass transfer driving force for substrate removal decreases

despite a small increase in the loading rate. Mixing caused by recycle has also been found to cause a

return to single phase digestion, therefore, the benefits arising from the separation of the acidogenic and

methanogenic phases are lost (Barber and Stuckey, 1999). However, the addition of a recycle stream can
\

alleviate the problems of low pH caused by high levels of volatile acids in the first compartments of the

reactor (Chynoweth et al., 1980); and has the benefit of dilution of toxicants and reduction of substrate

inhibition in the influent.

The ABR has been shown to tolerate hydraulic and organic shock loads. To a steady-state reactor, with

an HRT of 20 h and an organic loading rate of 4.8 kg COD/m3.d, Grobicki (1989) introduced a hydraulic

shock by decreasing the HRT to 1 h, for a period of 3 h. The reactor returned to its previous COD

removal efficiency of> 95 % within 24 h of resuming normal operating conditions. Less than 15 % of the

active biomass was lost. In a siillilar experiment, the organic loading rate was increased to

20 kg COD/m3.d and, under these conditions, a COD removal efficiency of 72 % was still achieved

(Grobicki, 1989).

Nachaiyasit and Stuckey (1997) studied the operation of the ABR at low temperatures. Generally,

biochemical reactions double in relative activity for every 10 C 0 increase in temperature, however, these

authors found no significant reduction in overall COD removal efficiency when the temperature of an

ABR was dropped from 35 °C to 25 °C. Further reduction in temperature, to 15 °C, resulted in a 20 %

decrease in COD removal. Changes in performance were gradual which is advantageous since this slow

response would inherently provide improved protection to shocks, in comparison to other reactor

systems. It was found that the production of refractory material increased substantially at the lower

temperatures. Langenhoff and Stuckey (2000) operated a laboratory-scale ABR at an HRT of 10 hand

feed concentration of 500 mg/L. The reactor temperature was gradually reduced from 35 °C, to 20 °C,

and finally to 10 °C. The COD removal efficiency decreased with each reduction in temperature; from

95 % removal at 35 °C, to 70 % at 20 °C, and 60 % at 10 °C.
\

One of the main constituents of the effluent from a wastewater treatment plant is soluble microbial

products (SMPs), which can be defmed as compounds of microbial origin which result from substrate

metabolism and biomass decay (Schiener et al., 1998; Aquino and Stuckey, 2001). In ~heir investigation

of SMP production in the ABR, Schiener et al. found that a decrease in HRT and an increase in the OLR

both resulted in increased effluent SMPs. Quantitatively, between 26 and 48 % of the incoming feed
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COD was converted to SMPs in the first compartment of the ABR. SMPs are categorised as (i) those that

are produced at a rate proportional to the rate of substrate utilisation (utilisation-associated products,

UAP); and (ii) those formed at a rate proportional to the concentration of active biomass (biomass­

associated products, BAP) (Rittman et al., 1987).

Fox and Venkatasubbiah (1996) investigated the effects of sulphate reduction in the ABR by treating a

sulphate containing pharmaceutical wastewater up to a fmal strength of 20 g COD/L with a COD:S04

ratio of 8:1. At steady-state, 50 % COD removal and 95 % sulphate reduction was possible with an HRT

of 1 d. Reactor profiles showed that sulphate was almost completely reduced to sulphide within the first

compartment and a concomitant increase in sulphide levels down the reactor indicated that sulphate

redirected electron equivalents to hydrogen sulphide in preference to methane. After altering the

COD:S04 ratio by adding glucose, isopropanol and sulphate, the authors noted a fall in potential sulphate

reduction from> 95 % at COD:S04 = 150:1 to < 50 % at COD:S04 = 24:1. Increasing sulphate
\

concentrations showed inhibition pf sulphate reduction due to elevated sulphide concentrations (Fox and

Venkatasubbiah, 1996). Barber (1999) investigated two different COD:S04 ratios and found that a

variation in the ratio altered the production and utilisation of intermediate products, ultimately affecting

the reactor performance (Barber, 1999).

Barber (1999) showed that an aerobic polishing step can be inserted within an ABR, in the last or last two

compartments, with no detrimental effect on reactor performance. This is due to the fact that the

methanogenic archaea are well shielded from oxygen by the outer layers of facultative anaerobes, in

immobilised aggregates. Therefore, processes which inherently require both anaerobic and aerobic

treatment, e.g. dye wastewaters, could be treated within a single reactor unit.

In terms of modelling, several attempts have been made to predict reactor performance in the ABR and

these have all been based on acetoclastic methanogenesis being the rate-limiting step for anaerobic

degradation. Early work by Bachmann's group (1985) used a planar biofilm approach, which expanded

the work of Williarnson and McCarty (1976) by introducing the concept of a variable order coefficient

first described by Rittman and McCarty (1978). After comparing two methods (deep film diffusion and

completely mixed tanks in series) the authors concluded that treatment efficiency dropped with

decreasing influent substrate concentrations, increase in organic loading with constant inlet concentration

and an increase in recycle ratio at constant HRT. Performance improved with reductions in substrate

concentration at constant HRT. However, at high loading rates the model performed badly and the

authors hypothesised that this was due to the assumption of a constant diffusion depth, which in reality is

reduced at high loading due to gas production.

Some of these fmdmgs were verified in the work of Xing et al. (1991) on the modelling of a hybrid

baffled reactor. The model was based on results of ATP tests which showed that most of the active

biomass was located at the bottom of each compartment, hence, biomass weight and not concentration

was used in this model. These authors found that COD removal efficiency improved with increasing

biomass weight until a certain concentration was reached, above which, reactor performance became

independent ofbiomass concentration (Xing et al., 1991). A spherical model was derived by Nachaiyasit
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(1995) and adequately described reactor performance at high loading rates. However, the model

overestimated efficiency in the first compartments with low to medium loading rates.

To date, application of the ABR, on a full- or pilot-scale has been limited to the treatment of domestic

wastewaters (Barber, 1999). The ABR shows promise for industrial wastewater treatment, on a full-scale,

since it can withstand severe hydraulic and organic shocks, intermittent feeding, temperature changes,

and tolerate certain toxic materials due to its inherent two-phase behaviour. Despite comparable

performance with other well-established technologies, its future use will depend on exploiting its

structure in order to treat wastewaters, which cannot be readily treated.

2.4 ASSESSMENT OF THE ANAEROBIC DIGESTION PROCESS

It is crucial that the performance of an anaerobic digester be monitored to prevent digester failure and to

assess the efficiency of the digestion process. The anaerobic biodegradability and inherent toxicity of a

particular waste stream should be assessed prior to loading to an anaerobic system.

2.4.1 Physical and Chemical Analyses

Physical and chemical analyses are used to monitor the performance of an anaerobic digestion process.

The organic load to a digester has a significant effect on the process efficiency since if the organic

content is too high, it may result in a shock load to the digester with a concomitant reduction in

degradation efficiency or even digester failure (Sacks, 1997).

The efficiency of the degradation process can be assessed in terms of biogas production with an ideal

system producing 1 m3 biogas/ kg COD destroyed (Ross et al., 1992). The gas composition is an

important indicator of the state of the process. The ratio of carbon dioxide to methane should be in the

region of 35 % to 65 %. A change in this ratio is indicative of stress in the system.

The COD represents the organic portion of the feed, thus the reduction in COD gives an indication of the

degradability of the organic molecules in the substrate. A reduction of 50 to 70 % of the COD is expected

in a properly functioning system.

A change in temperature can affect the metabolic rates.

Monitoring and control of the reactor pH, alkalinity and VFA concentrations is important to predict and

prevent reactor failure, due to a build-up ofVFAs in the system.,

The mixing efficiency of a digester can be assessed by the temperature and total solids profiles

throughout the digester. Efficient mixing is represented by a uniform distribution of temperature and

solids.
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2.4.2 Batch Screening Tests
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Toxicity and inhibition refer to adverse effects on microbial metabolism (Speece, 1996). It is generally

accepted that toxicity refers to irreversible damage to the biomass. Inhibition, however, is a more

transient detrimental effect, from which the biomass recovers upon removal of the toxicant. These

defmitions will be adhered to throughout this thesis. For simplicity, the term toxicant has been used to

refer to a substance causing either an inhibitory or toxic effect.

Toxicity monitoring is useful for determining, in advance, potential toxic or inhibitory effects of an

industrial effluent. Source identification and control of toxicants is the most effective management

strategy (Willetts, 1999). Anaerobic toxicity assays can be used to determine the ICso value and thus

quantitatively describe the inhibitory effect of a given compound on the anaerobic biomass. The method

followed in this study was that described by Owen et al. (1979). Bioassay techniques for measuring the

presence or absence of inhibitory substances are effective since they are simple to set up, several

substances can be tested simultaneously, they are inexpensive, and do not require knowledge of specific

inhibitory substances (Owen et al., 1979). The methanogenic activity is stimulated, at the start of the test,

by the addition of an acetate-propionate solution. The methanogenic metabolism of this solution is

monitored by total gas production, in the controls. Inhibition due to substrate addition is determined as a

decreased rate of gas production, relative to the controls. The first data points are critical as these reflect

the true, unadapted response of the microorganisms.

Laboratory-scale models attempt to simulate the conditions prevailing in the whole or part of the natural

environment under study (Atlas and Bartha, 1993). Batch biodegradability assays can function as

preliminary screening tests to assess the anaerobic degradability of a particular substrate. It is critical that

these tests are conducted prior to operation of a continuous reactor in order to evaluate the efficiency of

the degradation process and to assess volumes and concentrations of the substrate that can be treated

effectively, i.e. without causing reactor failure.

2.5 MICROBIAL POPULATION DYNAMICS

The fundamental aspects of the anaerobic digestion process have been investigated, yet there is still the

need for more basic information on the biological aspects of the anaerobic ecosystem (Godon et al.,

,l997). The complete identification and quantification of all contributing populations is necessary to
'0.·

establish the link between microbial structure and function. This lack of knowledge is due to the

limitations of traditional identification and enumeration techniques, such as selective enrichment, pure

culture isolation and most probable number estimates. It has frequently been reported that direct

microscopic counts- exceed viable cell counts by several orders of magnitude; the majority of

microscopically visualised cells are viable but do not form visible colonies on plates. Two different types

of cells contribute to this: (i) known species for which the applied cultivation conditions are not suitable

or which have entered a non-culturable state and (ii) unknown species that had not been cultured before

for lack of suitable methods (Amann et al., 1995a). It has been estimated that> 99 % of microorganisms

observable in nature typically are not cultivated by standard techniques (Hugenholtz et al., 1998). These
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problems are exacerbated in studies of fastidious anaerobes; because of their low growth rates and

obligate anaerobiosis, methanogens are among the microorganisms that are most difficult to study by

culture-based techniques.

Molecular-based methods, such as ribosomal RNA (rRNA) probe hybridisation, allow the direct

identification and enumeration of microbial populations in complex environments (Griffm et al., 1998).

These techniques can provide a clearer insight into the interactions, concentrations and growth rates of

the various trophic groups involved in anaerobic digestion. Molecular techniques by themselves can

provide useful qualitative and quantitative information on the microbial populations present in

wastewater treatment plants. However, in isolation, they are simply a tool that can complement other

methods and approaches for analysing wastewater treatment systems. The combined use of traditional

culture-based and microscopic techniques, chemical analyses, and molecular techniques should serve to

better link microbial structure and function.

2.5.1 Ribosomal RNA

An actively growing microbial cell contains up to 104 ribosomes, the sites of protein synthesis (Schlegel,

1992). The number of ribosomes within a cell and hence the number of rRNA molecules, is proportional

to the growth rate of the cell. Bacterial ribosomes are comprised of a mixture of nucleic acids (rRNA)

and proteins and have an average size of 70S (Svedburg units - based on settling). The small subunit

rRNA is the 16S rRNA and the genes that code for this are 16S rDNAs. Additionally, ribosomes contain

the larger 23S rRNA. An average bacterial 16S rRNA molecule has a length of 1 500 nucleotides, and

23S rRNA molecules are approximately 3000 nucleotides (Amann et al., 1995a).

Ribosomal RNA remains relatively constant in structure because its essential function dictates that it

must be resistant to evolutionary change. It comprises a mosaic of regions of highly conserved and highly

variable regions of sequence. These properties make rRNA molecules useful for inferring phylogenetic

relationships. Essential rRNA sequence domains are conserved across all phylogenetic lineages thus

universal tracts of sequence can be identified. Species and subspecies specific sequences have also been

identified (Griffm et aI., 1998).

2.5.2 Fluorescent in situ Hybridisation (FISH)

cJ
Whole cell hybridisation is the technique that allows for the in situ identification and enumeration of

microorganisms containing a certain rRNA sequence. It is termed fluorescent in situ hybridisation (FISH)

when fluorescent-labelled oligonucleotide probes, targeted at specific signature sequences in rRNA, are

used (Rocheleau et,al., 1999). This allows cells to be detected in their natural microhabitat. The cell

morphology of an uncultured microorganism and its abundance can be determined as well as the spatial

distributions in situ. Quantification of the signal conferred by the probes can estimate the in situ growth

rates of individual cells (Amann et al., 1995a).



Literature Review
2-15

Oligonucleotides (short strands of nucleic acids; usually 15-30 nucleotides in length), complementary to

the 16S rRNA sequence regions with an intermediate degree of conservation and characteristic for

phylogenetic entities like genera, families and subclasses, have been successfully used for the rapid

identification of microorganisms. The oligonucleotides, or probes, are able to enter fixed bacterial cells

and once inside the cells, they may form stable associations (hybrids via hydrogen bonding between

complementary nucleotides) with the 16S rRNA in the ribosomes. The microorganisms are made

permeable by fixation with paraformaldehyde. Fixation is essential for maintaining the morphological

integrity of the cell; the paraformaldehyde cross-links the proteins and nucleic acids, thereby

immobilising the cellular structures. If the complementary sequence for the probe is not present in the

16S rRNA in the ribosome, hybridisation does not occur and the probe is washed from the cell. In order

to observe when hybridisation occurs, the probes are labelled with a fluorescent marker. Currently the

standard probes are labelled with a single fluorescent dye marker attached to the 5' end via a linker

molecule. The most frequently used dyes are fluoroscein (excitation wavelength, 490 nm; emission

wavelength, 520 nm) and tetramethylrhodamine (550 nm, 575 nm). Probe specificities and sensitivities

are strongly dependent on the exact hybridisation conditions. Parameters such as hybridisation and

washing temperatures, concentrations of monovalent cations and denaturing agents e.g. formamide, have

to be optimised (Amann, 1995b).

Cells, in which the fluorescently labelled oligonucleotide has hybridised, with the 16S rRNA in the

ribosome, can be visualised directly by epifluorescent microscopy.

2.5.3 Epifluorescence Microscopy

Fluorochromes, such as fluoroscein and rhodamine, are excited by particular wavelengths of light and

generate secondary emitted wavelengths, which are detected as an image of a fluorescing object. The

excitation process generally requires light of short wavelengths in the near-DV or blue range. The lamp

to generate such light is a high-pressure mercury vapour arc lamp. The lenses are made of quartz. The

light source and the arrangement of specific filters in the light path are important. The filters vary

depending on the type of fluorochrome being detected. In epifluorescence, the objective acts as both the

objective and the condenser. There is no direct light beam from the mercury vapour arc lamp to the eye of

the operator. Instead, the excitor beam is reflected to the objective from a rear port by a beam-splitting

mirror that reflects the exciting wavelength but transmits visible light back from the objective, through

the eyepieces. The filters are between the lamp and the specimen. The filters pass wavelengths of light

required for excitation and adsorb most other wavelengths. The confocallaser microscope can be used to

evaluate the spatial configuration of microbial granules or flocs.

The use of whole cell hybridisation provides a basis to estimate the in situ growth rates of species in

natural populations, since the cellular ribosome content and, consequently, the rRNA concentration vary

with the growth rate (this would be detected by changes in the strength of the fluorescent signal). Thus,

an advantage of using FISH is the detection of metabolically active cells, so that descriptions of the

physiologically important population members can be obtained.
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FISH is an ideal technique for screening in situ samples. Probes can be applied to parallel sub-samples in

an ordered top-to-bottom approach, initially using universal and domain-specific probes followed by

probes of narrower specificity, such that increasingly refmed information on the community diversity and

composition can be obtained very rapidly. In this approach, the information gained from the higher-level

probes can be used to select the probe sets tailored for the next lower taxonomic levels. Apart from initial

screening, FISH can also be used to follow dynamic changes in populations, in response to changes in

conditions. Thus, coupled with standard chemical and biochemical analyses, this strategy should enable

the identification of the most sensitive members of the communities following initial responses and

subsequent acclirnation.

Genetic analysis of 16S rRNA gene sequences extracted directly from microbial ecosystems (cloning)

provides the means to accurately identify population members for which specific nucleic acid probes do

not exist, and provides additional information for the development ofnew probes.



Chapter 3
Food Dyes in the ABR

This chapter reviews the literature on dye wastewaters and dye chemistry (Section 3.1). The focus of the

chapter is food dyes, particularly the ability of the ABR to decolourise and degrade food dye

wastewaters, together with investigation of the associated microbial populations, using molecular

techniques. A laboratory-scale ABR was operated with a synthetic tartrazine feed (Section 3.2).

Chemical analyses of the operation of this reactor indicated efficient treatment of the wastewater,

however, the FISH experiments were unsuccessful due to interference of the tartrazine with the

fluorescent probes. The concept of batch screening tests to assess the anaerobic toxicity and

biodegradability of each of the dye compounds is introduced in Section 3.3 and the applicability of these

bioassays to the ABR is discussed. Section 3.4 describes the experiment in which a real wastewater,

sampled from a food dye manufacturer, was treated in a laboratory-scale ABR. The chemical analyses

together with the successful characterisation of the changing microbial communities, using molecular

techniques, provided a detailed description of the processes occurring within the reactor, however, the

results were still difficult to interpret because of the complexity and variability of the dye wastewater.

3.1 DYE WASTEWATERS

Dye wastewaters enter the environment from dye manufacturers and dye consumers e.g. textile, leather

and food industries (Cooper, 1995). The majority of dyes are xenobiotic chemicals, substances having

structural features that are not normally encountered in nature. With modem methods of manufacture and

use, dyestuffs do not enter the environment in major quantities, but losses are inevitable and it is

important to consider to what extent such products may persist (Brown and Laboureur, 1983). It has been

stated that treatments that minimise water and energy consumption will be required, for the economic

survival of dyeing and fmishing companies (Holme, 1997).

Dyes and pigments are usually released into the environment in the form of a dispersion or a true solution

in the industrial effluent (Seshadri et al., 1994). The presence of very small amounts of dyes in water

« 1 mg/L) is highly visible and aesthetically unpleasant. The predicted environmental dye concentration

(PEe) averages ca. I mg/L, but can be higher since batch dyeing is common practice. The PEC is

calculated from the daily usage of the dye; the degree of fixation; the degree of removal in the effluent

treatment plant; and'the dilution factor in the receiving water (Cooper, 1995).

3.1.1 General Dye Chemistry

Dyes are generally small molecules comprising two key components: the cbromophore, responsible for

the colour, and the functional groups that bond the dye to the fibre (Correia et al., 1994). The vast



Food Dyes in the ABR 3-2

number of dyes available commercially required a form of classification, based on their chemical

structure or in terms of their application to the fibre type. The Colour Index (Society of Dyers and

Colourists and American Association of Textile Chemists and Colourists) is the internationally accepted

classification system for dyes.

Azo dyes are water-soluble, synthetic organic colourants possessing the characteristic -N=N- (azo) bond

and showing great structural diversity. Approximately one-half of all known dyes are azo dyes, making

them the largest group of synthetic colourants (Bumpus, 1995). Generally azo dyes contain between one

and three azo linkages, linking phenyl and/or naphthyl rings that are usually substituted with some

combination offunctional groups including: amino, chloro, hydroxy, methyl, nitro and sulphonate groups

(Razo-Flores et al., 1997). Azo dyes can be used to colour many different substrates, such as synthetic

and natural textile fibres, plastics, leather, paper, mineral oils, waxes, foodstuffs and cosmetics.

The attachment of an acid dye to a substrate is dependent on the presence of one Or more acidic groups.

Basic dyes form ionic bonds with acid or anionic groups on the substrate. They have a basic amino group

which becomes protonated under acidic conditions. Direct dyes have sulphuric acid groups but are not

acid dyes because these groups are not used. for attachment. The dye molecules are large, flat, linear

molecules and NaCI is used to enhance the dyeing process by the sodium ions promoting equilibrium

between the dye and the substrate. The dyeing process is reversible and used because it is economical and

easy to apply. Sulphur dyes are insoluble dyes, which need to be reduced with sodium sulphide, to

transform them to a soluble form, which adsorbs to the substrate. Upon exposure to air, the dyes become

oxidised to form the original insoluble form, which is now present inside the substrate and, therefore,

resistant to removal by washing (Maynard, 1983). Reactive dyes form covalent bonds with hydroxyl or

amino groups on the substrate. They have excellent fastness because the. dye becomes a part of the

substrate. Disperse dyes are non-ionic dyes with a low water solubility. Colouring is due to the formation

of a solid solution in the substrate.

3.1.2 Discharge Standards and Treatment Options

Public perception of water quality is influenced by colour; unnatural colour is associated with

contamination. Strong colours can reduce light penetration, thus affecting the growth of plants and the

aquatic ecosystem. The current environmental concern with azo dyes revolves around the potential

carcinogenic health risk that they, or their intermediate biodegradation products, present when exposed to

microflora in the human digestive tract (Seshadri et al., 1994). Azo dyes are intentionally designed to be

recalcitrant under typical usage conditions (Laing, 1991), and it is this property, allied with their toxicity

to microorganisms, that makes biological treatment difficult. There is the potential for these dyes to build

up in the environment since many of them pass through wastewater treatment plants virtually untreated.

In the setting of discharge standards, dye concentration is not used as a measuring parameter since

different dyes have different intensities and hues. Colour standards are, therefore, based on absorbance.

Samples are filtered (0.45 J.lm) and the absorbance read between 400 and 700 nm. In the United

Kingdom, the following colour standards are set for discharge to sewer (Table 3.1):
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TABLE 3.1: United Kingdom colour standards for effluent
discharge to sewer (Cooper, 1995).

Wavelength (nm) Absorbance

400 0.060

450 0.040

500 0.035

550 0.025

600 0.025

650 0.015

In South Africa, the General Standard requires that the effluent be free of colour.

3-3

,
Several chemical and physical decolourisation methods are available, such as coagulation/flocculation

and precipitation; oxidation treatment with chlorine (sodium hypochlorite), chlorine dioxide, hydrogen

peroxide (Fenton's oxidation) or ozone; adsorption with activated carbon (GAC or PAC), clays or

bioadsorbants; electrolysis; and membrane extraction (Grau, 1991; Buckley, 1992; Cooper, 1995; Banat

et al., 1996; Dubrow et al., 1996; Liakou et al., 1997) However, these methods are costly, so the move

has been toward biological decolourisation of wastewaters. It must be noted that, generally, no one

specific treatment process can completely decolourise an industrial wastewater. In this study anaerobic

pre-treatment in the ABR, followed by conventional wastewater treatment, is suggested.

Azo dyes are used in a wide variety of products and can be found in the effluent of most sewage

treatment facilities. Once discharged into the environment, the fate of these dyes is uncertain and

dependent on many unknown factors. Azo dyes are resistant to aerobic degradation (Chung and Stevens,

1993). The strong electron withdrawing character of the azo group stabilises these aromatic pollutants

against conversion by oxygenases (Razo-Flores et al., 1997). Seshadri et al. (1994) described an

experiment in which the partitioning of 18 azo dyes in an activated sludge process showed that most of

the dyes passed through the system largely unchanged, four dyes were significantly adsorbed onto the

mixed liquor solids (bioelimination), and three dyes were apparently degraded. Oxygen is often an

inhibitor of azo reduction. A possible explanation for the effect of oxygen on azo reduction is rate

competition in the oxidation of reduced electron carriers by either oxygen or azo compounds as oxidants.

In the absence of oxygen, azo compounds will be utilised as terminal electron acceptors in microbial

respiration, and are reduced and decolourised concurrently with re-oxidation of reduced flavin

nucleotides. In the presence of oxygen, however, the reduced flavin nucleotides will be competitively

oxidized and the rate, of azo reduction concomitantly slowed (Chung and Stevens, 1993).

The initial step in the degradation of azo dyes involves the cleavage of the azo bond. This has been

achieved under anaerobic conditions (Brown and Hamburger, 1987):

(RI-N =N -Rz)+ 4e+4H+ ~RI-NHz + Rz -NHz [3.1]
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where RI and R2 are various phenyl and naphthol residues. The anaerobic azo reductases are non-specific

(Bumpus, 1995). The resultant aromatic amines are generally more basic than the azo compounds, thus

the pH of the reactor may increase after cleavage of the azo linkages (Knapp and Newby, 1995). Azo

compounds are not decolourised until all nitrite and nitrate has been denitrified (Chung and Stevens,

1993). Further degradation of the intermediates, which are recalcitrant under anaerobic conditions, is

readily achieved under aerobic conditions; thus suggesting sequenced anaerobic/aerobic treatment system

for the total degradation of azo dyes (Glasser et al., 1992; FitzGerald and Bishop, 1995; Field et al.,

1995; Dubrow et al., 1996). Tan (2001) evaluated the mineralization of three azo dyes (Mordant Orange

1, 4-Phenylazophenol, and Mordant Yellow 10) under integrated and sequential anaerobic/aerobic

conditions. Increasing oxygen concentrations showed decreasing azo dye reduction with ethanol as the

co-substrate. These rates were higher when acetate was used as a co-substrate. All aromatic amines were

removed if sufficient oxygen was present; oxygen was primarily used to oxidise the co-substrate and, if

sufficient oxygen was available, the formed aromatic amines were further degraded. Thus, it was

concluded that degradation of azo dyes is possible under integrated anaerobic/aerobic conditions of co­

substrate and oxygen are in balance.

The potential accumulation of azo dyes in the environment was viewed with concern and resulted in

research sponsored by the American Dye Manufacturers Institute (ADMI) and the Ecological and

Toxicological Association of the Dyestuffs Manufacturing Industry (ETAD) (Brown and Laboureur,

1983). Several of these studies showed that the toxicity of commercial dyes to fish and mammals was

minimal. Bumpus (1995) reviewed these tests: only ca. 1 % of all the dyes tested (4461 dyes of all

classes) had an LDso < 250 mg/kg while 7 % had an LDso between 250 and 2000 mg/kg, 9.7 % had an

LDso between 2 000 and 5 000 mg/kg and 82.2 % had an LDso > 5 000 mg/kg. It was concluded that

commercial dyes, with the exception of benzidine dyes and the triphenylmethane type of cationic dyes,

were generally not hazardous chemicals (Chung and Stevens, 1993). However, azo reduction of a large

number of azo dyes results in the formation of benzidine and benzidine derivatives. Ingestion of these

derivatives has been shown to cause bladder cancers and reduced fertility in rodents (Bumpus, 1995).

Investigations have shown that the addition of an additional carbon source, such as glucose or a VFA

mixture enhances anaerobic decolourisation (Carliell et al., 1995). The carbon source functions as a

donor of reduction equivalents, and thus enhances the cleavage of the azo linkage. The addition also

results in more actively respirmg cells which deplete any oxygen present and thereby enhance the azo

reductase activity (Haug et al., 1991). However, Razo-Flores et al. (1997) found that a pharmaceutical

azo dye, azodisalicylate, was completely decolourised and mineralised to methane without an additional

carbon source, at dye loading rates of up to 225 mg/L. These results indicated that some azo dyes can be

degraded in anaerobic environments, in contrast to the common assumption that they are only

biotransformed to mutagenic and carcinogenic aromatic amines.

The primary rate-limiting step in the degradation of azo dyes is the rate of permeation of the dye through

the cell membrane since azo reduction must occur intracellularly (Haug et al., 1991; Carliell et al., 1995).

Dye permeability has been shown to be a function of the adsorption-desorptionequilibrium of the dye at
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the cell membrane and the food:microorganism ratio. Older cells with a reduced supplemental nutrient

supply have been shown to have better degradative ·capabilities. There is increased azo reductase

efficiency with damaged cells. Sulphonic acid substitution of the azo dye structure has been shown to

block effective dye permeation (Chung and Stevens, 1993).

3.1.3 Food Dyes

Azo dyes are widely used as colourants in foods such as sweets, soft drinks, hot dogs, ice cream and

cereals (Chung et al., 1978). The extent of use is related to the degree of industrialisation of the society.

Since intestinal cancer is more common in highly industrialised societies, a possible connection between

these tumours and the use of azo dyes has been investigated (Chung et al., 1975). Several carcinogenic

aromatic amines have been identified in food dyes (Prival et al., 1993). There is increasing legislative

control of the dyes used in foodstuffs. Use is restricted to colourants that have not shown any harmful

effects when subjected to rigorous examination.

Freedom from toxicity is the first consideration in the choice of colourants for foods (Society of Dyers

and Colourists and American Association of Textile Chemists and Colourists). After that, the properties

commonly required are high solubility in water, alcoholic solvents, edible oils etc.; freedom from

reaction with other components of the foodstuff e.g. flavourings and preservatives; freedom from attack

by bacteria; stability to light and heat; and an aesthetically acceptable hue.

3.2 TREATMENT OF Cl FOOD YELLOW 4 IN THE ANAEROBIC BAFFLED

REACTOR

Cl Food Yellow 4, or Tartrazine, is a monoazo synthetic organic colourant (Figure 3.1) with a molecular

mass of 534.38 g/mole. Maximum absorption of the dye is at a wavelength of 430 nm. Tartrazine is a

universally used lemon yellow colourant with excellent stability for all foodstuffs. In 1979, because of

allergic reactions produced in humans, the identification of tartrazine, if contained in food and drugs, was

required by name on the label. In 1987 tartrazine was certified by the FDA for use in food and beverages.

At this time the dye was the third most commonly used food colourant (Collins et al., 1990).

The anaerobic degradation of tartrazine by intestinal microbes, particularly Proteus vulgaris has been

studied extensively (Chung et al., 1978). It has been found that tartrazine is not readily degraded under

anaerobic conditions (Haug et al., 1991). According to toxicological data, tartrazine is mildly toxic by

ingestion, with a death concentration of 141lg/kg. Ingested in high concentrations, it may cause

peripheral nervous system effects and musculo-skeletal effects.

Tartrazine was chosen for investigation in this study because it accounted for ca. 50 % of the production

of a food dye manufacturing company. It was, therefore, assumed that tartrazine dye and its precursors

would constitute a significant proportion of the fmal trade effluent. From discussions with the plant

managers, it was ascertained that the tartrazine waste streams could be segregated on site, therefore, there
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was the potential for anaerobic treatment of the tartrazine waste alone, if treatment of the total effluent

did not prove efficient.

HO -@-
\C-N 0 S03Na

11 I
N=N-C N

\ I
C

I
COONa

FIGURE 3.1: Chemical structure of Tartrazine (Cl Food Yellow 4). '

Results of batch anaerobic toxicity assays (Appendix 3) showed that tartrazine was not inhibitory to the

methanogenic biomass, with an ICso concentration of 14.3 g/L. In the biodegradability assays

(Appendix 3) methanogenic utilisation of the dye was observed (0.8 %). Biogas production was greater

than in the controls, suggesting metabolism of the dye by other anaerobic microbial populations, also

resulting in the reduction of COD and colour.

These results suggest the potential for anaerobic degradation of the tartrazine molecule. This may require

acclimation of the biomass, or selection for particular populations, since tartrazine is not readily

degraded. Problems may also be encountered with colour reduction and colour change.

3.2.1 Hypothesis and Objectives

It was hypothesised that anaerobic digestion could reduce the COD and colour of the tartrazine waste

stream; and that the design and structure of the ABR would prevent inhibition of the anaerobic biomass

(by the xenobiotic nature of the waste stream, the variable flow and load), and allow for more efficient

degradation and decolourisation at a low (20 h) HRT.

It was also hypothesised that fluorescent in situ hybridisation of the microbial communities that develop

in the ABR compartments, during treatment of the tartrazine waste stream, would provide improved

knowledge of the biochemical pathways and the microorganisms involved in the decolourisation.

,
The specific objectives of this investigation were to:

1. Determine whether adsorption to the anaerobic biomass played a significant role in the

decolourisation ofthe waste stream.



Food Dyes in the ABR 3-7

2. Assess the feasibility of the ABR for treatment of a tartrazine waste stream; including reduction of

COD and decolourisation.

3. Determine whether the anaerobic biomass became acclimated to the dye, thereby improving

degradation and decolourisation, with time.

4. Use 16S rRNA oligonucleotide probes to characterise the microbial populations within each

compartment, and the dynamics of these populations during treatment of the tartrazine waste stream.

3.2.2 Physical Decolourisation

Dye permeability through the cell membrane has been shown to be a rate-limiting factor in the biological

treatment of dyes. Decolourisation of a wastewater, in a biological treatment system, may be attributed to

adsorption of the dye to the anaerobic biomass, and not entirely to degradation or breakdown of the dye
\

molecules. Dyes can be adsorbed by the biomass to the extent of 40 to 80 % (Laing, 1991). Structural

factors influence adsorption. It is assumed that a saturation point would be reached where the dye could

no longer adsorb to the biomass. A test was conducted to determine the extent of adsorption of tartrazine

to the digester sludge since this could contribute to the decolourisation potential in the ABR.

Anaerobic digester sludge was inactivated by autoclaving at 110 QC for 80 min. Once the sludge had

cooled it was aliquoted into a series of serum bottles. The TS of the inoculum sludge was measured

(26.3 mg/L). Five serum bottles were set up with 10, 20, 50, 75 and 90 rnL autoclaved sludge,

respectively. The working volume was 100 rnL, in each bottle. The tartrazine dye stock solution was

diluted to the required volume. The same dye concentration (250 mg/L) was added to each bottle. A

control was set up for each bottle, containing the same amount of sludge, with no dye. The function of the

controls was to evaluate the background absorbance of the sludge. The bottles were sealed and incubated

in a waterbath, at a constant temperature of 35 QC. The absorbance for each was measured (430 nm) at

the start of the test and then periodically thereafter, for a period of 6 days.

The bottle contents were well mixed, prior to sampling. Samples (1.5 rnL) were withdrawn by syringe,

through the rubber septa. The samples were sealed in Eppendorf tubes, centrifuged (13 000 rpm) for

5 min and the supematant liquor filtered through PVDF filters (0.45 Ilm). The supematant was withdrawn

(1 rnL) and diluted 1 in 10 with distilled water. The absorbance was read at 430 nm. The background

absorbance (control) was subtracted from the absorbance measured in the dye samples to give the

absorbance of the dye alone. The results were plotted (Figure 3.2).
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FIGURE 3.2: Tartrazine decolourisation due to adsorption to
increasing volumes of inactivated anaerobic sludge.

The biomass was autoclaved so as to inactivate the cells, thus, any observed decolourisation was due to

physical and not biological mechanisms. The bottles were inoculated with increasing volumes of sludge

to test for increased decolourisation with increased sludge volume, and therefore, increased surface area

for adsorption.

The results did not follow the trend expected, Le, increased decolourisation with increased sludge

volume. Colour reduction between 90 and 100 % was achieved in the bottles containing 50, 75 and

90 mL of sludge (Figure 3.2). Colour reduction was lower in the bottles with 20 mL sludge than in those

with 10 mL sludge. The reason for this is unknown. The decolourisation in these bottles was due to

adsorption to the biomass but the results may not be completely representative since the autoclaving may

have increased the surface area available for adsorption by rupturing the cells. It is also unknown whether

all of the biomass was inactivated by the autoc!aving, therefore, some of the decolourisation may have

been due to degradation or breakdown of the dye.

The initial dye concentration added to each bottle was 250 mg/L. The tartrazine concentration in each

serum bottle, at the end of the test period, was calculated from the fmal measured absorbance and the

tartrazine calibration curve (Appendix 2). A plot ofdye removal as a function of TS is shown.

From Figure 3.3 it can be seen that the amount of decolourisation due to adsorption to biomass was a

logarithmic (saturation) response. From the equation of the line it can be estimated that 22 mg tartrazine

in solution is adsorbed per mg of total solids. From this experiment it can be concluded that adsorption,
does play a role in the decolourisation of the dye.
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FIGURE 3.3: Plot of Tartrazine adsorption on inactivated biomass.
\

To verify these results and because of the uncertainty of the inactivation of the autoclaved sludge, a

separate test was run, in which 800 mL of anaerobic sludge (TS = 15.4 glL, VS = 10 glL) was added to

each of two 1 L glass bottles. To one bottle, sodium azide, which is an inhibitor of metabolic activity,

was added to give a final concentration of 100 mM. Both bottles were sealed with an anaerobic

headspace gas, were mixed thoroughly, and left to equilibrate for 1 h at 35°C. After equilibration,

200 mL of 500 mgIL tartrazine was added to each bottle, to give a final tartrazine concentration of,

100 mglL. The bottles were shaken thoroughly and sampled (2 mL). Samples were collected from each

bottle after I; 2; 3; 4; 20 and 24 h, for analysis. Immediately after their collection, the samples were

centrifuged (13000 rpm) for 5 min and the supematants filtered through PVDF filters (0.45 /lm). The

resulting samples were diluted 1 in 5 with distilled water and then analysed using a spectrophotometer at

430 nm to determine tartrazine concentration. As a control experiment, for examining any potential

interaction between sodium azide and tartrazine, these two compounds were mixed at the same

concentrations as above, without any biomass, and sampled accordingly.

The results are shown in Figure 3.4. In the control experiment, where sodium azide and tartrazine were

mixed in the absence of biomass, no decrease in the concentration of tartrazine, compared with the

starting solution, was observed after 20 h. Gas production in each bottle, measure qualitatively over time,

showed that the biomass amended with sodium azide produced a negligible amount of gas compared with

the live biomass bottle, indicating inhibition of metabolic activity.



Food Dyes in the ABR 3-10

__ Untreated biomass

--.- Sodium azide

140

120

lOO

~
E- 80
<.i=0
u 60..
='N
~ 40........
~

f-<
20

0

0 5 10 15

Time (h)

20 25 30

FIGURE 3.4: Plot showing tartrazine concentration measured over time
for the live biomass assay and the sodium azide inactivated biomass
assay.

The data in Figure 3.4 shows a slight decrease in tartrazine concentration over time. Assuming that the

background absorbance contributed by the biomass was the same for each, and is ignored, the

concentration of tartrazine decreased from 119.5 to 98 mg/L and 117.5 to 87 mg/L for the live and

inactivated biomass treatments, respectively. Over the first 4 h of the experiment, however, the

concentration of tartrazine did not change appreciably compared to the measurements taken after 20 h.

Based on this observation, it would appear that adsorption of tartrazine to the biomass did not occur to a

great degree in a short period of time. When compared with residence times in an ABR, operating at 20 h

HRT, there would be potential for adsorption of tartrazine to the biomass, however, given that reactor

measurements (Section 3.2.9) showed that most of the colour was removed in the first three

compartments, it would appear that adsorption did not occur at a rate even closely approximating the

observed removal. Also, the biomass growth in the ABR is low, thus the biomass would rapidly become

saturated with the dye.

A tartrazine solution was fed to a laboratory-scale (10 L) ABR to assess the efficiency of the reactor, and

its configuration and separation of microbial populations, in the decolourisation of the dye.

3.2.3 Experimental Design

The design and configuration of the ABR is discussed in Section 2.3.1 and illustrated in Figure 2.4. A

laboratory-scale reac;tor was set up in a waterbath, which was maintained at a constant temperature of

35 cc. The reactor was seeded with 7.68 L (0.96 L/compartment) of screened digester sludge taken from

Mogden Sewage Works. The inoculum sludge consisted of 18 g/L TS, of which 12 g/L were VS. The

sludge was allowed to settle for one week before feeding began. The feed connections for tartrazine

degradation were set up as illustrated in Figure 3.5. Gas production was not measured.
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FIGURE 3.5: Schematic diagram showing the experimental layout of the laboratory-scale ABR
treating a synthetic tartrazine stream (not to scale).

The feed solution was continuously pumped, by a variable speed Watson-Marlow peristaltic pump

(model 101 VIR), and diluted with distilled water pumped by a variable-speed peristaltic pump

(model 505s). The two streams combined to form a single feed stream just before the inlet to the reactor.

The treated effluent passed through a glass V-tube for level control and a biomass trap before running to

the effluent reservoir. Effluent samples were taken from the bottom ofthe V-tube.

A standard sucrose/protein feed solution (Barber, 1999) was made up, as described in Appendix 1. This

feed was used throughout the project. The feed was completely soluble and biodegradable, and has been

used by other researchers to run anaerobic reactors continuously for long periods of time (Grobicki and

Stuckey, 1991). Feeding began with the standard feed solution at an organic loading rate of 1 g COD/L

and an HRTof 40 h. The flowrate was gradually changed with a stepwise decrease in the HRT from 40 h

to 35, 30, 25 and then 20 h. The HRT was maintained at 20 h and the reactor was operated for ca. 60 d

with the sugar/protein feed, at an organic load of 1 g COD/L.

Once the reactor had reached steady state, tartrazine dye was added to the feed solution (on day 68). The

dye powder (15 g) was diluted in 6 L of the sterilised feed solution (concentration of 10 g COD/L). The

feed was diluted 10x with distilled water, such that the feed to the reactor contained a dye concentration

of250 mg/L. The organic load to the reactor was maintained at 1 g COD/L and the HRT at 20 h.

,
3.2.4 Analytical Methods

Once or twice a week, samples were taken from the ABR and analysed. Each compartment was sampled

(10 mL), through the sampling ports in the lid. Sampling began at the V-tube (effluent), and worked

through the reactor, finishing at compartment 1. The samples were drawn through a long stainless steel

needle and syringe, which were first used to mix the compartment contents by repeatedly plunging the
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syringe. The samples were taken on the assumption that the individual compartments were perfectly

mixed, i.e., samples were not taken at different levels within a compartment. The samples were

immediately sealed in centrifuge tubes. The pH of each was measured. The samples were then

centrifuged at 10 000 rpm, for 15 rnin at 20°C. The supematants were filtered through 0.45 /lm filters

into plastic vials and sealed. The liquid was used to analyse COD and VFAs. The analytical techniques

are detailed in Appendix 1. The remaining sample supematant liquor was acidified and stored at - 20°C,

for future reference.

Biogas samples (0.2 rnL) were taken from the headspace of each compartment and injected into a GC

(GowMac 350), for composition analysis (Appendix 1).

3.2.5 16S rRNA Probing

Periodically, samples were taken from each compartment of the ABR and p~obed to identify the

microbial populations, the predominant populations and microbial changes, or shifts in population, with

time. The samples were fixed and probed according to the method outlined in Appendix 1. A range of

168 rRNA oligonucleotide probes were used. The oligonucleotide probes and their target groups are

listed in Table 3.2.

TABLE 3.2: Sequences, target sites and specificities of rRNA-targeted
oligonucleotide probes used for whole-cell hybridisation.

Probe

ARC915

EUB338

ALF1b

BET42a

GAM42a

SRB385

CF319a

BAC303

HGC69a

LGC354a

LGC354b

LGC354c

DSV698

DSB985

MX825

Specificity

Archaea

Bacteria

Proteobacteria (alpha, delta)

Proteobacteria (beta)

Proteobacteria (gamma)

Proteobacteria (delta)

Cytophaga-flavobacteria

Bacteroides (CFB phylum)

High mol%G+C gram-pos.

Low mol%G+C gram-pos.

Desulfovibrionaceae

Desulfobacteriaceae

Methanosaeta

Reference

(Stahl and Amann, 1991)

(Stahl et al., 1989)

(Manz et al., 1992)

(Manz et al., 1992)

(Manz et al., 1992)

(Amann et al., 1990)

(Manz et al., 1992)

(Manz et al., 1992)

(Roller et al., 1994)

(Meier, 1998)

(Plumb et al., 2001)

(Plumb et al., 2001)

(Rocheleau et al., 1999)

MS821 Methanosarcina (Rocheleau et al., 1999)

* Probes specific for gram-positive bacteria LGC (not Clostridia and mycoplasma). Made up an
equimolar mixture of the three probes.
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The experimental results are presented in two parts: results of reactor analyses, Le., assessment of the

tartrazine degradation; and results of the FISH experiments, describing the observed population

dynamics.

3.2.6 Reactor pH

Tartrazine was added to the feed after 68 d of operation of the reactor (indicated by the dotted line on the

graph).
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FIGURE 3.6: Plot of the pH profiles in the laboratory-scale ABR
treating a tartrazine stream.

The pH of compartment 1 was observed to increase slightly after the addition of the tartrazine, such that

there was not much of a distinction between the pH in compartment 1 and compartment 8. This indicated

a diversion from the horizontal separation of acidogenesis and methanogenesis, Le. addition of the dye

waste resulted in increased methanogenic activity in the fIrst compartments. This was verifIed by the

biogas composition results (Section 3.2.11). The convergence in pH values could have been due to a

more active mixed population in compartment 1.

3.2.7 Reactor Solids

A decrease in the solids, measured in compartments 4 and 8, after addition of the tartrazine (day 68)

indicated washout of the biomass. Biomass activity remained high in compartment 1. The reason for the

washout could have ,been increased gas production in compartment 1 as suggested by the pH and biogas

data, indicating increased methanogenic activity in the fIrst compartments.
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FIGURE 3.7: Plots of the total solids and volatile solids measured in compartments 1,4 and 8 of
the laboratory-scale ABR treatinJ!; a tartrazine stream, at different samplinJ!; times.

3.2.8 Reactor Chemical Oxygen Demand (COD)

Figure 3.8 depicts the soluble COD removed from the reactor over time. The initial fluctuations were

during the start-up of the reactor and can be attributed to technical problems with the peristaltic pump,

resulting in inaccurate flow rates.
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FIGURE 3.8: Plots showing (a) the CODs in compartments 1 and 8 and (b) the COD profiles
through the laboratory-scale reactor, treating a tartrazine stream, at different times during the
experimental period.

The efficiency of the COD reduction decreased after addition of the tartrazine. The flowrates were

corrected and the inlet COD stabilised at 1 000 mgIL on ca. day 25. At steady state, COD reduction was

between 80 and 95 %. Figure 3.8 (b) shows the COD profiles through the reactor, at different time

periods during the experiment. The profile for day 40 illustrates the efficient COD reduction (effluent

COD ca. 100 mgIL), before addition of the tartrazine. After addition of the tartrazine (day 68), the COD

profiles fluctuated. The COD in the effluent increased (50 to 60 % reduction of the influent COD). These
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results suggest that the addition of the tartrazine had an inhibitory or negative effect on the

microorganisms, resulting in less efficient degradation of the waste. COD reduction did improve with

time as can be seen in the comparison profiles for days 70 and 80. It is possible that the microorganisms

required a period to acclimate to the dye.

3.2.9 Reactor Colour

Difficulty was encountered in accurately measuring the colour in the reactor. Although the solution in the

reactor was visibly yellow, during the sampling procedure and preparation of the samples for absorbance

measurements, the samples tended to change to a maroon/brown colour. The reason for this could be that

the degradation products became oxidised, resulting in a colour change. Another explanation could be

that degradation products were binding to form another dye structure. Other authors have experienced

problems with auto-oxidation during sample preparation (Chung et al., 1978; Knapp and Newby, 1995).

Haug et al. (1991) overcame this problem by using gas-tight cuvettes for colour measurement. The

method was improved and accurate colour measurements obtained. For this reason, colour results are

only given from day 95. A tartrazine calibration curve was plotted (Appendix 2), thus the tartrazine

concentration in samples could be calculated from the measured absorbance. These results show that

colour removal increased with time.

Over the long term there was no breakthrough of colour in the effluent, so while the colour may have

been adsorbed initially, it must have eventually been metabolised.
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FIGURE 3.9: Plot showing the colour reduction profiles in the
laboratory-scale ABR treating a tartrazine stream.

Figure 3.9 shows the colour profiles in the reactor, on three different days. The plot shows increased

colour removal with time, suggesting acclimation of the biomass to decolourisation of the tartrazine. By

day 120, the tartrazine concentration in the effluent was 12 mgIL. However, the effluent was still highly

coloured because even a small amount of dye in solution results in visible colour. According to the

results, most of the colour reduction was achieved in the first compartment of the ABR. Barber (1999)
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showed that an aerobic polishing step can be inserted within an ABR with no detrimental effect on

reactor performance. This is due to the fact that the methanogenic archeae are well shielded from oxygen

by the outer layers of facultative anaerobes, in immobilised aggregates. Therefore, processes which

inherently require both anaerobic and aerobic treatment, e.g. dye wastewaters, could be treated within a

single reactor unit (Barber, 1999). However, FitzGerald and Bishop (1995) found for three investigated

azo dyes, that ca. 90 % of the colour and 85 % ofthe COD was removed in the anaerobic stage with very

little additional removal in the secondary aerobic stage. They concluded that a two stage system was not

necessary, except as a polishing step. According to Field et al., (1995), anaerobic and aerobic metabolic

activities are a prerequisite for the complete biodegradation of recalcitrant aromatic pollutants which

contain electron withdrawing substituents.

3.2.10 Reactor Volatile Fatty Acids

Figure 3.10 is a plot of the total VFAs measured in the ABR effluent, over time. The dotted line

illustrates the addition oftartrazine to the feed stream, on day 68.
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FIGURE 3.10: Plot of the total volatile fatty acids in the effluent of the
laboratory-scale ABR treating a tartrazine stream, as a function of time,
showing (1) the high concentration as propionate and (2) the high
concentration as a dye degradation product.

There was a sharp increase in the measured VFAs, specifically high propionate concentrations, after the

addition of the tartrazine to the feed stream. However, since other measured parameters did not indicate

VFA accumulation, i.e. the reactor pH did not decrease and reactor performance did not change

significantly, it was thought that the tartrazine or its degradation products, which were obviously

accumulating in the reactor due to adsorption and slow degradation, was being detected at a retention

time similar to that at which propionate was usually detected. Figure 3.10 illustrates the two scenarios.

The first is where the high concentration is plotted as propionate and contributes to the total effluent VFA

concentration. This results in VFA concentrations> 5 000 mg/L, which would not satisfy a COD balance

since only I 000 mg/L COD was being added in the feed. The second scenario plotted shows the total
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VFA in the effiuent, without the measured propionate concentrations. Here, the VFA concentration

remains below 150 mg/L and is thought to be more representative of the reactor conditions.

Acetate concentrations in the reactor effiuent were below 50 mgIL, thus indicating efficient conversion to

methane and carbon dioxide. The propionate profiles showed significant increase in propionate

concentrations after the addition of the tartrazine. These levels remained relatively constant over the

reactor and increased with time. If these concentrations were representative oftartrazine it would account

for the increasing concentrations since the tartrazine was not readily degraded and towards the end of the

test when the tartrazine was degraded, these values may be representative of degradation products or

accumulated dye in the biomass. i-Butyrate was not often detected in the reactor and remained at

concentrations < 10 mg/L. The formate profiles showed relatively constant levels throughout the reactor,

however, these concentrations were always < 30 mgIL. Previous authors have concluded that formate

plays an important role during process stability and shock loading (Grobicki and St~ckey, 1992).

3.2.11 Reactor Biogas

The biogas composition was monitored throughout the operation of the reactor, particularly for detection

of methanogenic activity. The results are illustrated in Figure 3.11.
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FIGURE 3.11: Plots showing (a) the methane content of the biogas in compartments 1 and 8 and
(b) methane profiles through the laboratory-scale ABR treating a tartrazine stream.

Figure 3.11(a) shows that the methane composition in compartment 8 was higher than in compartment 1,

but not significantly so after the tartrazine addition. The profile plot (Figure 3.11 (b» shows the increase

in methane production through the reactor. On day 40, the methane content in compartment I was 40 %,

this increased, with increased methanogenic activity, to ca. 70 % in compartment 4 and remained

relatively stable at this value through the remainder of the reactor. After the addition of the tartrazine, the

methanogenic activity increased in the first compartments of the ABR.
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From these results, it can be concluded that tartrazine was not readily degraded by anaerobic digestion. In

batch experiments, Haug et al. (1991) assessed the degradation of a number of different azo dyes. For

tartrazine, 94 % of the initial dye remained after 3 d of anaerobic incubation, whereas the majority of the

other azo dyes had been decolourised. Glucose was added, resulting in complete metabolism of several of

the azo dyes but only 16 % of the tartrazine was degraded. These results verify that tartrazine is not

readily biodegradable. The increased reduction in COD and colour do, however, suggest some

acclimation of the biomass to the dye and indicate the potential for more efficient treatment.

The ultimate objective of treating a coloured wastewater cannot be removal of the colour alone since

many of the aromatic amines, which could be present in the effluent as degradation products, are

extremely toxic. Benzidine is a carcinogenic aromatic amine present in tartrazine. The concentration in

tartrazine is limited, by the FDA, to 1 ng/g (Prival et al., 1993). Benzidine contained in tartrazine most

commonly originates as an impurity in the sulfanilic acid used for the synthesis of the dye. Aniline is a

precursor in the synthesis of sulfanilic acid, and benzidine is a possible oxidation p~oduct of aniline. Any

benzidine present in the sulfanilic acid could diazotise and couple during manufacture of tartrazine. The

reduction in colour, in the ABR, proves that there is degradation of the tartrazine, however, degradation

products in the effluent were not identified in this study.

3.2.12 Population Characterisation

Reactor samples were fixed and hybridised with 168 rRNA oligonucleotide probes. Probing of samples

from this ABR resulted in brightly fluorescing objects, making it impossible to focus on, and count,

surrounding cells. Initially, it was thought that the bright areas were clumps of tartrazine and because the

fluorescent probes were detected at a similar wavelength to the tartrazine, that the presence of the dye

was affecting the visibility. To prove this hypothesis and to tryandview the cells associated with the dye

clusters, samples were DAPI stained but not probed. It was hoped that the dye would still be visible but

that the cells associated with them could be detected and give some indication of the cell morphology and

numbers. However, no bright dye regions were observed. It was therefore, deduced that the bright regions

were formed during probing. It is possible that the probe, or the amino linker in the probe label attached

to the dye, had a greater affinity for the dye than for hybridisation to the microbial rRNA and actually

probed the dye, resulting in the brightly fluorescing regions. This hypothesis is substantiated in

Figure 3.12 where (a) is a sample probed with EUB338, and (b) is the same field, stained with DAPI. In

figure (a) only a few, very bright regions are visible and no definite cells can be seen, relative to the

numbers of cells that are actually present, shown in (b). It was concluded that the tartrazine dye,

associated with the biomass interfered with the probe hybridisation resulting in the probes binding to the

dye and not to the associated biomass. This prevented counting and characterisation of microbial
\

populations in the reactor.
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(a) (b)

FIGURE 3.12: FISH images of the same field of a sample taken from compartment 1 of the
laboratory-scale ABR treating a tartrazine stream, (a) probed with the universal eubacterial
probe, EUB338 and (b) stained with DAPI.

Identifying suitable end-of-pipe treatment process is made difficult by the combining of effluent streams

from individual operations, resulting in large diurnal variations in effluent chemical composition. Clearly,

waste treatment techniques need to be dedicated to individual process effluents, rather than the combined

discharge, in order to be reliable and effective. This investigation has shown that the ABR, with an

acclimated biomass, would be effective at treating a segregated tartrazine waste stream, on site. However,

correlation of the active microorganisms with the biochemical pathways and chemical analyses was not

possible due to the interference ofthe tartrazine with the fluorescent oligonucleotide probes.

3.2.13 Conclusions

1. Adsorption to anaerobic biomass did not play a significant role in the decolourisation of the dye.

2. Colour removal increased with time, suggesting acclimation of the biomass. After ca. 60 d, the

tartrazine concentration in the effluent was 12 mgIL (95 % reduction).

3. Most of the colour reduction was achieved in the first compartment of the reactor.

4. Methanogenic activity decreased with addition of the tartrazine.

5. Tartrazine was not readily degraded by anaerobic digestion, however, degradation may be improved

with acclimation of the biomass.
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6. The tartrazine dye, associated with the biomass interfered with probe hybridisation resulting in the

l6S rRNA oligonucleotide probes binding to the dye and not to the biomass. Thus, this experiment

showed that there are problems associated with FISH and that it may not be applicable in all

situations.

3.3 BATCH SCREENING TESTS

Dye compounds and their degradation products can be toxic to humans, animals and microorganisms. It

was hypothesised that bioassay techniques for measuring the presence or absence of inhibitory substances

are an effective indication of the effect that these substances would have on an anaerobic system.

The objective of this phase of the study was to assess the toxicity of a range of food dyes to the

methanogens in anaerobic digester sludge. A food dye manufacturer provided samples of 15 food dyes,

of varying chemical classes. The dyes are listed in Table A3.1, with both the commercial and Colour

Index names. Anaerobic toxicity assays were set up in serum bottles, according to the method of Owen et

al., 1979 (details in Appendix 3). Although these assays provided valuable information in that the

concentration at which each dye became inhibitory to the anaerobic biomass was determined, these

results could not be directly applied to the ABR. The reason for this is that the serum bottle test

approximated a CSTR with a mixed anaerobic sludge, whereas in the ABR, the biomass within each

compartment differs as does the substrate entering each compartment.

Since these results were not directly relevant to the operation of the ABR and the focus of the thesis as a

whole, the results and discussion have been included in Appendix 3.

The results of the anaerobic toxicity assays were used to guide the set-up of the biodegradability assays.

Biodegradability of the dyes was determined by monitoring the cumulative biogas production during

anaerobic incubation, according to the method of Owen et al. (1979). Similarly, the details of these

experiments, the results and discussion are presented in Appendix 3.

3.4 TREATMENT OF AN INDUSTRIAL DYE WASTEWATER IN THE

ANAEROBIC BAFFLED REACTOR

The industrial partner in this investigation was a manufacturer. of food dyestuffs, based in

Northumberland, England. The factory operated continuously, i.e. 24 h per day, 7 days per week,

producing an average volume of 310m3 of effluent per day. The main organic components of the effluent

were azo dyes, sub-dyes and unchanged raw materials (dye precursors). The pH range of the effluent was

7.9 to 8.1. The average salt content was 3 % NaCl, sulphate concentrations averaged 1040 mg/L and

COD, 620 mg/L. As much as 50 % of the production of the factory was dedicated to tartrazine

production, resulting in high concentrations of this dye, and its precursors, in the final effluent.

At the time of these investigations, the effluent was chemically treated with sodium dithionite, which

forms a precipitate, thus removing a significant amount of the colour from the wastewater. The purpose
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of this treatment was to achieve compliance with the discharge optical consent levels, for discharge to

sewer and treatment at a local wastewater treatment works. Chemical tFeatment was, however, not

favoured because of the cost associated with the chemicals, the problem of disposal of the precipitate that

was formed, and because the company was still charged high tariffs for effluent discharge, based on

volume, organic content and settleable solids. The trade effluent discharge standards, set by

Northumbrian Water Limited, under the Environmental Protection Act, 1990, the Water Industry Act,

1991 and the Environment Act, 1995, required colour to be less than 5 optical density (OD) units at any

point between 480 and 700 nm; volume < 432 m3/d; pH > 6 and < 10; COD < 6 000 mg/L and sulphate <

5000 mg/L.

Due to the wide range of dyestuffs produced at the factory, the composition of the effluent varied

considerably depending on which dyes were being synthesised and the amount of washing and cleaning

of machinery and pipes. A pre-treatment system, such as an ABR, on-site, has the potential of reducing

running costs for the company as it would alleviate the need for chemicals, for ch~mical treatment, and

reduce the discharge tariffs since the wastewater would be more stabilised.

3.4.1 Hypothesis and Objectives

It was hypothesised that anaerobic digestion could decolourise the trade effluent and reduce the COD of

the waste stream, thereby reducing costs to the company. Again, the design and structure of the ABR

would prevent inhibition of the anaerobic biomass and allow for more efficient degradation and

decolourisation at a low (20 h) HRT.

It was also hypothesised that fluorescent in situ hybridisation of the microbial communities that develop

in. the ABR compartments, during treatment of the dye waste stream, would provide improved

knowledge of the biochemical pathways and the microorganisms involved in the decolourisation.

The specific objectives of the investigation were to:

1. Assess the feasibility of the ABR for treatment of a real food dye waste stream; including reduction

of COD and decolourisation.

2. Determine whether the anaerobic biomass became acclimated, thereby improving degradation and

decolourisation, with time.

3. Use 168 rRNA oligonucleotide probes to characterise the microbial populations within each

compartment, and the dynamics of these populations during treatment of the waste stream.

3.4.2 Experimental Design

A second laboratory-scale ABR was dedicated to the treatment of the food dye trade effluent. The reactor

set-up and starting conditions were the same as those described for the tartrazine ABR. The inoculum
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sludge had a total solids content of27 g/L, of which 19 g/L were volatile solids. The experimental set-up

is illustrated in Figure 3.13.

I gCOD/L
5 % v/v Wastewater

Anaerobic Baffled Reactor

Effluent

Organic Feed Dye Wastewater Distilled
(10gCOD/L) (600mgCOD/L) Water

FIGURE 3.13 : Schematic diagram of the experimental layout of the laboratory-scale ABR treating
a food dye wastewater.

Once the reactor had reached steady state (day 68), the wastewater was added to the sugar/peptone feed

stream. The anaerobic toxicity assays (Appendix 3) showed the wastewater to be relatively inhibitory,

therefore, feeding commenced with a wastewater concentration of 5 % (v/v). A batch of the wastewater

were collected from the factory every 2 to 3 weeks, and stored at 4 QC until use. The sterilised feed

solution (10 g COD/L) was diluted with water, such that the organic load to the reactor was 1 g COD/L,

with an HRT of 20 h. On day 95, the wastewater feed concentration was increased to 10 % (v/v). Gas

production was not measured.

3.4.3 Analytical Methods

The sampling technique and analytical methods were the same as those described in Section 3.2.4, except

for the COD measurement. The high salt content in the wastewater reacted with the COD reagents

resulting in the formation of precipitates in the COD tubes and inaccurate optical COD data. To

overcome this problem, the total organic carbon was measured (Appendix 1) to provide an indication of

the reduction of organic content in the reactor and the reduction profile, through the compartments.

The maximum absorbance wavelength for the wastewater was 500 nm.

3.4.4 Reactor pH

The wastewater (5 % v/v) was added to the feed after 68 d of operation. On day 95, the concentration was

increased to 10 % (v/v). No significant effects were observed in the pH of compartment 1 or the reactor

effluent (Figure 3.14), even when the wastewater concentration was increased. This suggests that the



Food Dyes in the ABR 3-23

reactor was not stressed due to the addition of the wastewater. The pH was maintained within the range

required for anaerobic digestion.
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FIGURE 3.14: Plot of the pH profIles in the laboratory-scale ABR
treating a food dye wastewater.

3.4.5 Reactor Solids

The total solids and volatile solids were measured periodically during the test period (Figure 3.15). The

plots show that the solids, in compartment 1, decreased after the addition of the wastewater. There was

also a reduction in solids after day 95, when the wastewater concentration was increased to 10 % (v/v).
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FIGURE 3.15: Plots of the total solids and volatile solids measured in compartments 1, 4 and 8 of the
laboratory-scale ABR treating a food dye wastewater.

This reduction in solids after the addition of the wastewater indicates that there was a degree of washout

of the biomass. It is common during the start-up of a reactor to experience some biomass loss. This is

usually due to the increased activity of the microorganisms, resulting in increased biogas production and



Food Dyes in the ABR 3-24

subsequent floating and loss of biomass. Foaming was observed in the first 3 compartments, when the

wastewater was initially added and then again when the wastewater concentration was increased to

10 % (v/v). This activity settled after approximately 2 d.

3.4.6 Reactor Chemical Oxygen Demand (COD)

The soluble COD within each compartment and the effluent COD was monitored and the results are

shown in Figure 3.16. The initial fluctuations were during the start-up of the reactor and can be attributed

to technical problems with the peristaltic pump, resulting in inaccurate flow rates.
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FIGURE 3.16: Plots showing (a) the CODs in compartments 1 and 8 and (b) the COD profiles
through the laboratory-scale reactor, treating a tartrazine stream, at different times during the
experimental period.

The reduction in COD was measured until the addition of the wastewater to the feed stream. The inlet

and effluent COD fluctuated during the first 20 d of start-up (Figure 3.16 (a)). The levels then stabilised

and the reactor reached steady state, with a consistent COD reduction of ca. 90 %. The COD profiles

through the reactor (Figure 3.16 (b)) show that before the addition of the wastewater, the majority of the

COD was removed in the first three compartments. The plot includes a profile for day 70, which was 2 d

after the addition of the 5 % (v/v) wastewater concentration. The fluctuation of this profile indicates the

inaccuracy of the COD measurements caused by the high salt concentration in the wastewater. The salt

was thought to react with the COD reagents, resulting in precipitates forming. The organic content was

then determined by measurement of the total organic carbon (TOC) in the reactor samples (Appendix 1).

The reduction in TOC was consistent between 70 and 80 %.
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FIGURE 3.17: Plot of the total organic carbon (TOC) measured in
compartment 8 of the laboratory-scale ABR treating a food dye
wastewater.

3.4.7 Reactor Colour

As with the colour measurement in the tartrazine reactor, it took some time to develop an accurate

technique for the measurement of colour in the ABR effluent. The same technique was used and the

absorbance was read at 500 nm (Appendix 1). A colour calibration curve was plotted for the wastewater

(Appendix 2), however, due to the variability in the composition of the wastewater, it was found that this

curve was not always an accurate estimation of the wastewater concentration, thus, colour reduction was

plotted as a reduction in absorbance and not as a concentration. The results are shown in Figure 3.18.

These results show significant colour reduction.
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FIGURE 3.18: Plot showing the colour reduction profiles in the
laboratory-scale ABR treating a food dye wastewater.
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The results in Figure 3.18 show that the colour reduction in the ABR was significant and that most of the

reduction occurred in the first compartment. The profile on day 120 indicates an increase in the effluent

colour. The reason for this was that the particular wastewater sample, received from the factory, had a

distinct green colour caused by a high concentration of a particular dye. The green hue was evident in the

reactor effluent, indicating that the dye was recalcitrant. This illustrates the difficulty in treating real

industrial wastewaters, because of the variability. The biomass would need time to acclimate to the

specific dye. However, it is expected that acclimation to a real wastewater containing a continuously

changing dye composition, would be difficult. If acclimation to certain types of dye structures were to

occur, it could be hoped that this acclimation process would also increase resistance to toxic effects

caused by other dye compounds. The literature does not support such a hypothesis. Instead, Fu et al.

(1994) showed that acclimation of a biofilm reactor to Acid Red 14 did not reduce the toxic effect of

Acid Orange 7. In addition, the joint inhibitory effect of a mixture of compounds is in general additive of

the individual effects (Speece, 1996).

3.4.8 Reactor Volatile Fatty Acids

The total volatile fatty acids measured in the effluent are plotted in Figure 3.19. As in the results for the

tartrazine ABR, the plot labelled (1) represents the VFA levels incorporating the high propionate

concentrations. Plot (2) assumes that the detected VFA is not propionate, but tartrazine or one of its

degradation products. With this assumption, effluent VFA levels remained below 200 mg/L.
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FIGURE 3.19: Plot of the total volatile fatty acids in the effluent of the
laboratory-scale ABR treating a food dye wastewater, as a function of
time, showing (1) the high concentration as propionate and (2) the high
concentration as a dye degradation product.

Since tartrazine was a major component of the industrial effluent, the same explanation was given for the

high VFA concentrations measured in these samples. The apparent propionate concentrations increased

with the addition of the wastewater to the reactor. Again, other operating parameters did not support the

accumulation of VFAs in the reactor, thus, it was thought that the tartrazine, or a dye degradation
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product, had been detected on the HPLC column at a similar residence time to that at which propionate

was detected. The total VFA concentrations were much lower, ca. 3 000 mg/L, than those in the

tartrazine ABR which can be explained by the fact that less tartrazine was being fed to the reactor

because it was diluted by the other effluent components. Analysis of VFAs in compartment I, however,

showed an increase in the level of acetate from < 100 mgIL to ca. 800 mg/L upon addition of the dye

waste to the ABR before returning to ca. 100 mg/L after several days, and another slightly smaller

increase in acetate when the loading of the dye waste was increased to 10 % (v/v) (Bell et al., 2000). It

would appear that at first the dye waste may have slightly inhibited the acetotrophic methanogens before

these populations acclimated to the changed environment and resumed more complete acetate utilisation.

3.4.9 Reactor Biogas

Biogas composition was monitored throughout the operation of the reactor, particularly for detection of

methanogenic activity. The plots in Figure 3.20 show that the methanogens were present throughout the

reactor and that the relative methanogenic activity increased with increasing concentrations of the

wastewater.
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FIGURE 3.20: Plots showing (a) the methane content of the biogas in compartments 1 and 8 and
(b) methane profiles through the laboratory-scale ABR treating a food dye wastewater.

Evidence of methanogenic activity is critical in an anaerobic reactor because it proves that the reactor is

running efficiently, that there is no accumulation of acids and that the organics being fed to the reactor

are being mineralised to methane and carbon dioxide. The results plotted in Figure 3.20 (a) show that the

methanogenic activity increased in compartment 1 when the wastewater was added to the feed. This

suggests that the wastewater contained readily biodegradable components which were converted to acid

intermediates in compartment 1, thereby promoting methanogenic activity. The presence of methanogens

in each compartment was verified by the 168 rRNA probing experiments (Section 3.4.10). The profiles

of methane production, in each compartment (Figure 3.20 (b», show that before the addition of the

wastewater (day 40), the methane composition in compartment 1 was ca. 35 %, which increased to 60 %

by compartment 5 and remained relatively constant throughout the remainder of the reactor. The day 70
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profile, however, shows the methane content within every compartment to be ca. 70 %. The methane

activity in the first compartments was maintained and the methane content increased (ca. 75 %) after the

wastewater concentration in the feed was increased to 10 % (v/v).

The results of this experiment indicate that anaerobic digestion, in the ABR, has potential as an efficient

treatment option for the food dye wastewater, contrary to the results of the anaerobic toxicity assays.

Methanogenic activity was high in the reactor, the organic content of the influent was reduced by ca.

70 % and colour was reduced by almost 90 %. A potential problem is the variability of the wastewater,

which could result in less efficient degradation and variations in the effluent quality. This could be

alleviated with an on-site reactor, where the sludge would become acclimated to the dedicated waste

stream.

3.4.10 Population Characterisation

Reactor samples were taken, from each compartment, on days 60, 80 and 100 of operation. The samples

were hybridised (Appendix 1) with the fluorescent-labelled oligonucleotide probes listed in Table 3.2 to

identify the microbial populations, the predominant populations and microbial changes, or shifts in

population, with time.

Initial hybridisations with the universal probes for eubacteria (EUB338) and archaea (ARC915) revealed

an abundance of members ofboth these phyla in the first three compartments, at each sampling date. This

correlated with the analytical data from the reactor operation, where it was evident that there was

methanogenic activity in the first three compartments. Since the majority of the COD and colour was

removed in the first three compartments, it was assumed that these were the most active and crucial for

the treatment process. It was decided to focus the molecular studies on the first three compartments of the

reactor, thereby reducing the number of samples to be analysed so that a more thorough investigation

could be completed.

Comparisons with DAPI staining, in order to quantify the relative proportions of the eubacteria and

archaea were attempted, however, due to the extensive filamentous or tightly clustered microcolonies of

the archaea present, accurate counting of individual cells by visual means was not possible. However, it

was estimated that at least 80 % of all DAPI stained cells hybridised with either the universal bacterial

(EUB338) or archaeal (ARC915) probes in compartments 1,2 and 3. Signal intensity ofcells in the first 3

compartments when hybridised to the bacterial or archaeal probes was relatively strong compared with

cells present in compartments 4 to 8, indicating decreased metabolic activity in these latter compartments.

The metabolic activity profile between compartments correlated with the measured COD/TOC removal

profiles throughout the ABR (Figures 3.16 and 3.17). Estimations of the relative ratio of eubacterial and

archaeal members in compartments 1 to 3 ranged from ca. 70:30 in compartment 1 to 50:50 in

compartment 3 for each sampling date. Analysis of samples taken from compartment 4 through to 8

revealed a decline in the bacterial populations relative to archaeal cells, with an estimated 90 % ofDAPI­

stained cells detected using ARC915 by compartments 7 and 8. The characteristic morphology of
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Methanosaeta (long sheathed filaments) was visualised using ARC9l5, and confirmation of the identity

of these filaments using the genus specific probe MX825 was obtained. Other morphotypes observed

hybridising to ARC9l5 included Methanospirillum-like shorter filaments, single rods and sarcina-like

clusters of irregular cocci often found in microcolonies of up to 50 or more cells. On the basis of the

intense probe-conferred fluorescence, these cocci appeared very active. However, these cocci, either in

sarcina-like arrangement or as microcolonies did not hybridise with the Methanosarcina-specific probe

MS82l.

Further probing of the samples using group-specific probes targeting various eubacterial phyla

(Table 3.2) revealed the presence of considerable diversity. Cell counts versus EUB338 from the first 3

compartments for each of the sampling dates are presented in Figure 3.21. The sum of the counts

obtained for each group-specific probe was < 100 % for each of the samples analysed, indicating the

presence of bacteria not detected using these probes. The bacterial populations present prior to the
,

addition of the dye waste (Day 60), were dominated by cells detected with the GAM42a probe (between

20 and 25 % in each compartment). The presence of these bacteria, in particular those which are

fermentative organisms, was expected in the first compartments of the reactor because of their ability to

rapidly metabolise the synthetic feed components.

Significant numbers of cells (usually >5 %) were detected with probes BAC303, SRB385 and also the

LGC probe set in the Day 60 samples. For each of probes CF319a, ALFlb, BET42a and HGC69a, cells

were detected at ca. 5 % or less in each compartment, except for the compartment 3 sample in which no

cells were detected with the HGC69a probe. In general, the proportion of cells detected with each group­

specific probe remained fairly constant from compartments 1 to 3 except for the aforementioned HGC69a

with which no cells were detected in compartment 3, and BAC303 where levels varied from 18 % in

compartment 1 to 4 % in compartment 3.

In the Day 80 samples (after addition of the dye waste), cells detected with the LGC probe set were

numerically dominant in compartments 1 and 2 (ca. 29 % and 19 % respectively). Also, cells detected

with the BAC303 probe comprised> 10 % of the eubacteria in compartments 1 and 2. With probes

SRB385, DSV698 and GAM42a, between 5 and 10 % of bacterial cells were detected in all 3

compartments. The relative decline in the gamma proteobacteria was a noticeable change in population

structure, as was the increase in the Gram positive bacteria detected with the LGC probe set. It is likely

that the introduction ofthe dye waste into the ABR favoured growth of the bacterial populations detected

with the LGC probe set rather than the gamma proteobacteria, although this is not conclusive. For probes

CF319a and ALF1b, between 3 and 5 % of all bacteria were detected in each compartment. Of the other

probes, only in compartment 1 were cells detected with either HGC69a and BET42a, and probe DSB985,
detected < 1 % of bacterial cells in each compartment.
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FIGURE 3.21: Bacterial community analysis of ABR
compartments 1, 2 and 3 sampled at Days 60, 80 and 100
showing counts obtained using 10 different group-specific
probes expressed as a percentage of total bacterial counts
achieved using probe EUB338.

Analysis of the Day 100 samples revealed a different population structure. Cells detected with the

SRB385 and GAM42a probes were present at greater levels in each compartment (10 % or more) with

ca. 25 % of all bacterial cells detected with EUB338 in compartments 1 and 2 also detected with

SRB385. In the first two compartments, counts for probe DSV698 were ca. 12 % of bacterial cells. Probe

CF319a detected between 5 and 10 % of bacterial cells in each compartment, whereas counts for
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BAC303 and the LGC probe set were < 5 %. Counts obtained with ALF1b varied from < 5% in

compartments 1 and 2 to almost 7 % in compartment 3. Cells were detected in low numbers with each of

probes HGC69a and BET42a in some compartments and low numbers of cells in each compartment were

detected using probe DSB985.

(a) (b)

FIGURE 3.22 : Whole cell hybridisation of a sample taken from compartment 1 of the laboratory­
scale ABR treating a food dye wastewater, on day 80, showing the same field probed with
EUB338 (a) and GAM42a (b).

Members of the Cytophaga-Flexibacter-Bacteroides (CFB) phylum (cells detected using probes CF319a

and BAC303) comprised a considerable proportion (at least 10 %) of the bacterial community in each of

the samples analysed. Members of the Cytophaga-Flexibacter group within the phylum are ubiquitous

microorganisms and have diverse physiology. The Bacteroides group are obligate anaerobes which

commonly comprise a considerable proportion of intestinal or ruminal microflom (Plumb et aI., 2001).

The hypothesis that intestinal microflora were involved in the degradation of ingested food dyes has long

been considered, and experimental evidence has shown that predominant intestinal microorganisms are

capable of azo dye reduction (Chung et al., 1978).

Throughout the operation of the ABR, especially after the addition of the dye waste, considerable

blackening of the inside of the first compartment and the influent tube due to the production of sulphide

was observed. Two probes, DSV698 and DSB985 were used in hybridisations to provide further

descriptions of sulphate reducing bacteria. Cell counts for the DSV698 probe were between 4 and 6 % in

each compartment, whereas counts for probe DSB985 were very low in compartments 1 and 2 and none

in compartment 3. As a means of rationalising the counts obtained using probes SRB385 and DSV698,

simultaneous hybridisations using these probes with the Day 100 compartment 1 sample revealed that

44.1 % of cells detected using SRB385 also hybridised with DSV698. Cells with vibrio morphology
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comprised the majority of cells detected with DSV698 compared with the mixed cell morphotypes

possessed by cells detected using SRB385.

The increase of the dye waste from 5% to 10% (v/v), on day 95, may have favoured the growth of other

microorganisms such as gamma proteobacteria and cells detected with the SRB385 probe. The specificity

of probe SRB385 is not phylogenetically consistent, as the probe target sequence is not only present in

members of the delta proteobacteria (some SRB), but also present in some Actinobacteria e.g. Frankia

species, some clostridia, at least one species of Nitrospira and many other phylogenetically diverse

organisms. At times, SRB385 has been used as a general probe for detecting SRB, however, Manz et al.

(1992) highlighted the limitations of this probe for studying sulphate reducers and designed and tested

several other more specific probes for these organisms. The use of two of these probes in this study,

namely DSV698 and DSB985 (Table 3.2) provided more accurate enumeration of the SRB. The counts

obtained using DSV698 show that species of Desulfovibrio comprised a considerable proportion of the
\

community in each of the compartments at Day 100. The results of the simultaneous hybridisations

performed using SRB385 and DSV698 demonstrated the relatively broad specificity of the SRB385

probe. Further examination of this diversity by PCR amplifying community 16S rDNA using SRB385 as

a primer followed by cloning and analysis of clone inserts could be used to characterise this diversity.

The precise role of SRB in the samples is not clearly dermed although as mentioned earlier, sulphide is

capable of chemically reducing azo dyes. SRB are commonly detected in anaerobic reactors and their

abundance has been shown to vary relative to sulphate levels (Godon et al., 1997; Merkel et al., 1999).

The sources of sulphate for use as a terminal electron acceptor in the ABR are likely to be compounds in

the synthetic feed (ca. 50 mgiL) and also the dye waste (up to I 770 mgiL). The 5 %, then 10 % dilution

of the dye waste in the influent would therefore result in a combined influent sulphate level of less than

250 mg/L. Although this concentration is above 100 mg/L, a limiting concentration for sulphate reduction

(Overmeire et al., 1994), it seems unlikely that this sulphate concentration was sufficiently high to

explain the observed sulphide production in the ABR, and the two and a half times increase in SRB. Cell

counts in compartments 1 and 2 rose from < 5 % at day 60 to ca. 12 % at Day 100 for probe DSV698,

and cell counts for the less specific probe SRB385 showed a similar increase. Based on these increases, it

appeared that favourable conditions for sulphidogenesis existed in the ftrst two compartments of the

ABR.

The range of compounds known to be used as terminal electron acceptors by sulphidogenic bacteria has

been extended. Other than sulphate and sulphite, other inorganic ions such as nitrate, nitrite, and

chromate together with organic molecules such as fumarate and the sulphonic acid taurine, can serve as

terminal electron acceptors (Barber,. 1999). All but one of the dyes typically found in the waste stream
\

were sulphonated dyes. The dye waste, therefore, provided a considerable source of sulphonate for use as

a terminal electron acceptor. Members of the genus Desulfovibrio and also Bilophila wadsworthia are

among the growing list of bacteria shown to reduce sulphonates (Plumb et al., 2001). Although

metabolism of sulphonate under anaerobic conditions is not completely understood, it appears that SRB
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may both directly (sulphonate reduction) and indirectly (sulphide production) aid in the overall

degradation of the dye waste.

A noticeable trend with respect to the archaeal population members in the compartments sampled was the

increase in the relative proportion of sarcina or tightly clustered microcolonies of cells detected using the

universal archaea (ARC915) probe. Although some sarcina were present in the day 60 sample, numbers

appeared to increase by Day 80 and were numerous in the day 100 sample, which correlated with the

observed increased methanogenic activity, based on the biogas composition (Section 3.4.9). The sarcina

and tight clusters of irregular cocci detected with ARC915 were abundant in compartment 1

(Figure 3.23 (b») and virtually non-existent in compartment 2 onwards, with archaeal morphotypes

dominated by filaments typical of Methanosaeta (Figure 3.24 (b») and to a lesser degree

Methanospirillum-like morphotypes with other single rods.

From the FISH results and the rRNA clone library constructed from day 100 compartment 1 sample

material (see below), methanogenic species of archaea were shown to be present in compartment 1.

These organisms were considered metabolically active, based on the strength of the fluorescent signals,

thus it was deduced that potential toxicity of the dye compounds towards the methanogens was negligible

at the dye loading rate investigated. From this study, it was not possible to discern any inhibition of

methanogenesis in the reactor compartments.

FIGURE 3.23: Whole cell hybridisation of a sample taken from compartment 1 of the laboratory­
scale ABR treating a food dye wastewater, on day 80, showing the same field probed with
EUB338 (a) and ARC915 (b).
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FIGURE 3.24: Whole cell hybridisation of a sample taken from compartment 3 of the laboratory­
scale ABR treating a food dye wastewater, on day 100, showing the same field probed with
EUB338 (a) and ARC915 (b).

Whole cell hybridisation with fluorescent 16S rRNA oligonucleotide probes showed the separation of

microbial trophic groups through the ABR compartments. The universal bacterial (EUB338) and archaeal

(ARC915) probes showed an aspect of this separation, with a higher proportion of bacterial population

members relative to archaea in the front of the reactor contrasting with compartments 7 and 8 in which

comparatively few bacteria were detected.

3.4.11 Construction of an Archaeal16S rDNA Clone Library

An effort to identify the archaea observed using FISH with ARC915, in particular the clusters of irregular

colonies present in the first compartment (which did not hybridise with the available oligonucleotide

probes), was made using 16S rDNA clone library construction (Plumb et al., 2001). To obtain a clone

library, to retrieve rDNA sequence information and to perform a comparative analysis of the retrieved

sequences yields information on the identity or relatedness of new sequences in comparison with the

available databases and provides a minimal estimate of the genetic diversity. However, this is not proof

that the retrieved sequences were from cells thriving in this habitat.

The DNA from a sludge sample, collected from compartment 1 on day 100, was extracted and purified

by the method described in Appendix 1 (plumb et al., 2001). The extracted DNA was amplified by the

polymerase chain reaction (PCR), cloned into competent E. coli cells and the full-sized-insert clones were

screened using the two restriction endonucleases HhaI and HaeIIl and visualised using 2.5 % agarose gel



Food Dyes in the ABR 3-35

electrophoresis. Clones possessing different restriction profiles were selected for sequence analysis.

Automated DNA sequencing was performed on ABI Model 377 sequencer (Applied Biosystems)

(Appendix 1).

Total community DNA was extracted from a Day 100 compartment 1 sample. A total of 98 clones, with

full-sized inserts were obtained for analysis after PCR amplification of archaeal 16S rDNA. Screening of

these 98 clones using the restriction endonucleases HhaI and HaeIII, grouped the clones into 10

operational taxonomic units (OTUs). OTUs 1 and 2 were the largest groupings, containing 42 and 41

clones respectively. OTU 3 contained 6 clones, OTUs 4 and 5 contained 2 clones, with the remaining

OTUs containing 1 clone each. Where possible, at least 2 representatives of each OTU group were

sequenced. Phylogenetic analysis of partial sequence data (ca. 650 nucleotides) from clones representing

OTU groupings was used to determine the phylogenetic position of each clone. According to these

analyses, all but one of the clones was affiliated with the domain Archaea. Sequence data from each of
\

OTUs 1 and 2 representative clones grouped closely with sequence data from Methanosaeta concilii.

Together with clones from OTUs 5, 6, 7 and 9, also grouping with the representatives of OTUs 1 and 2,

and assuming that unsequenced members of OTUs 1 and 2 possessed similar sequences, then ca. 90 % of

all the clones obtained were affiliated with the Methanosaeta genus. Clones grouped into OTU 3 were

closely related to Methanobacterium formicicum, and comprised ca. 6 % of the library. The only two

clones in OTU 4 grouped closely with sequence data from Methanospitillum hungatei. The OTU 10

single clone (AC72) was closely affiliated with sequence data from Methanomethylovorans hollandica, a

member of the Methanosarcinaceae.

The dominance of Methanosaeta phylotypes in the clone library was not unexpected as the numerous

Methanosaeta-like sheathed filaments that hybridised to the ARC915 probe also hybridised to the

Methanosaeta-specific probe MX825. Species of Methanosaeta concilii are known to be important

members of anaerobic methanogenic communities due to their ability to metabolise acetate into carbon

dioxide and methane, and their numerical dominance compared to other methanogens in anaerobic

reactors has been previously reported (Merkel et al., 1999; Sekiguchi et al., 1999; Domingues et al.,

2001; Leclerc et al., 2001). The presence of phylotypes closely related to other well studied

methanogenic species, Methanobacterium formicicum and Methanospirillum hungatei correlated with

microscopic observations. These two species utilise hydrogen and formate for methanogenesis and are

commonly found in anaerobic reactors.

The observation of many tightly clustered sarcina-like irregular cocci detected with the ARC915 probe

suggested that Methanosarcina species would be represented in the clone library, although these cells did

not hybridise with the Methanosarcina specific probe MS821. This was not the case. One phylotype, very,
similar (99 % sequence similarity) to sequence data from the newly described Methanomethylovorans

hollandica (Lomans et al., 1999), was the only other representative of the Methanosarcinaceae in the

clone library. Unlike Methanosarcina species, this organism does not utilise hydrogen, carbon dioxide or

acetate, and was isolated from freshwater sediment using dimethyl sulphide as a sole source of carbon

and energy. The morphology of this species has been described as being between that ofMethanosarcina



Food Dyes in the ABR 3-36

cell clusters and the irregular cocci typical of Methanolobus and Methanococcoides species (Lomans et

al., 1999). This accurately describes the morphotypes seen in this study, and the aggregation of small

clusters into larger microcolonies has also been observed for this species. As an obligate methylotroph,

Methanomethylovorans hollandica has been claimed to be a key consumer of dimethyl sulphide and

methanethiol in anaerobic environments, although it is also able to utilise methanol and methylamines. It

seems possible that compounds such as methanethiol are formed during the reduction of sulphonate from

the dye compounds. This methanethiol could then be utilised by Methanomethylovorans hollandica for

methanogenesis. Alternatively, it has been shown that methanethiol and dimethyl sulphide formation

readily occurs under anaerobic conditions where high sulphide concentrations exist (Lomans et al.,

1999). It seems likely that conditions in the front of the ABR approximated this, resulting in production

of these two key substrates for the growth of Methanomethylovorans hollandica. Although not as

numerous as Methanosaeta, these methanogenic cocci comprised a significant proportion of the archaeal

biomass, possibly as much as 15 %, and appeared active on the basis of the intense fluorescence observed
\

using FISH. Together with sulphidogenic bacteria, Methanomethylovorans hollandica appears to play an

important role in the overall degradation of the dye waste.

The use of molecular approaches in. this study provided useful descriptions of the microorganisms

actively involved in the degradation and decolourisation of the industrial dye waste.

3.4.12 Conclusions

1. Anaerobic degradation and decolourisation of the dye wastewater, in the ABR, was achieved. The

methanogenic activity was high throughout the reactor, the organic content of the influent was

reduced by ca. 70 % and colour was reduced by ca. 90 %.

2. Most of the colour reduction was achieved in compartment 1.

3. Efficient degradation may be dependent on the composition of the wastewater, which is variable and

may upset the degradation process. This could be alleviated with a dedicated, on-site reactor.

4. Application of molecular methods to describe the microbial populations showed considerable

diversity in both the eubacteria and archaea involved in the treatment process.

5. FISH enumerations showed that the gamma proteobacteria, and bacteria within the Cytophaga­

Flexibacter-Bacteroides phylum together with sulphate reducing bacteria were prominent members

of a mixed bacterial population. It is suggested that sulphate reducers may contribute to the

treatment process through their metabolism of dye-associated sulphonate groups.

6. A combination of FISH probing, and the analysis of 98 archaeal 16S rDNA clone inserts, revealed

that together with the bacterial population, a methanogenic population dominated by Methanosaeta,

together with species of Methanobacterium and Methanospirillum, and a relatively unstudied

methanogen Methanomethylovorans hollandica, contributed to the successful anae;obic treatment of

the industrial waste.
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7. FISH was successful in characterising the microbial populations present in the reactor compartments

and those cells which did not hybridise to the oligonucleotide probes were successfully sequenced

and identified through the construction of the clone library. Thus, molecular techniques added to the

understanding of this process. The results were still difficult to interpret, however, because of the

complexity and variability of the dye wastewater. Since new batches of the wastewater were

collected every few weeks, and the composition of these was variable, it is believed that the system

was too complex and dynamic to allow for complete evolution of the microbial species in the reactor

compartments.



Chapter 4
Sucrose in the ABR

Investigation of the food dye wastewater, in Chapter 3, showed that the wastewater was effectively

decolourised and the COD degraded, in the ABR. The application of molecular techniques provided an

indication of the microorganisms actively involved in the metabolism. However, the complexity and

variability of the dye wastewater made the results difficult to interpret. Thus, in this next phase of

experimentation it was decided to use a well defined, labile sucrose/protein feed to investigate the

changes in the microbial communities, with changes in the HRT. The results of the physical and chemical

analyses are presented and discussed in Section 4.2. The characterisation of the rrucrobial communities

and the evolution of these communities, with changing HRT, are presented in Section 43.

4.1 INTRODUCTION

The unique design of the ABR promotes the development of various profiles of microbial communities

within each compartment. The microbial ecology within each reactor compartment will depend on the

type and amount of substrate present as well as parameters such as pH and temperature (Barber and

Stuckey, 1999). In principle, this facilitates a fundamental analysis of the effects of various components

in the inlet stream on the population dynamics and microbial interactions.

4.1.1 Hypotheses and Objectives

A study was undertaken to investigate the hypothesis that, due to the unique design of the ABR, various

profiles of microbial communities develop within each compartment and that in the acidification zone of

the ABR (first compartments) fast growing bacteria capable of growth at high substrate levels and

reduced pH will dominate. A shift to slower growing scavenging bacteria that grow better at higher pH is

expected to occur towards the end of the reactor. Experiments were conducted with the followillg specific

aims:

1. To determine the effect of changing hydraulic retention time (HRT) on the operation of the reactor.

2. To determine the effect of changing HRT on the composition and activity of the microbial

populations.

3. To quantify the ratios of eubacteria to archaea and to determine the distribution of these groups

through the ABR.

4. To identify (genus level) the acetoclastic and hydrogen-utilising methanogens active in the ABR,

thus relating the microbiology to function.
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5. To correlate the microbial data with the chemical data.

4.1.2 Experimental Design

4-2

A laboratory-scale ABR was set up in a temperature-controlled (35 QC) room. The reactor was seeded

with 7.68 L (0.96 L/compartment) of screened digester sludge taken from the Vmbilo Sewage Works.

This sludge had a total solids content of 28 gIL, of which 20 glL were volatile solids. This gave an

inoculum of 19.2 g biomass per compartment, or 153.6 g biomass in the reactor. The sludge was allowed

to settle for one week before feeding began. The feed connections for the experiment were set up as

illustrated in Figure 4.1. Gas production was measured by water displacement, however, this was found

to be inaccurate as gas was seen to escape through the effluent tube, and thus a COD balance was not

done over this reactor.

Anaerobic Baffled Reactor

4 gCODIL Effluent

Organic
Feed
40 gCOD/L

Distilled
Water

FIGURE 4.1: Schematic diae:ram of the experimental set-up of the laboratory-scale ABR used to
assess the microbial population dynamics with changes in the hydraulic retention time (not to scale).

The feed solution was continuously pumped, by a variable speed Watson-Marlow peristaltic pump

(model 101VIR), and diluted by distilled water pumped by a Watson-Marlow variable-speed peristaltic

pump (model 503S). The two streams combined to form a single feed stream just before the inlet to the

reactor. The treated effluent passed through a glass V-tube for level control and a biomass trap before

running to the effluent reservoir. Effluent samples were taken from the bottom of the V-tube.

The standard sucrose/protein feed solution (Barber, 1999) was made up, as described in Appendix 1. For

the purposes of simplifying stoichiometric calculations, the molecular formula was taken to be that of

sucrose (C!2H2201l), although sucrose made up only 75 % of the total COD of the feed solution. The feed

was strongly buffered with bicarbonate because sucrose degrades very quickly to acetic acid. The feed

and nutrients were autoclaved for 40 min at 110 QC (HLMC HL-340 autoclave). Feeding began with an

HRT of 80 h and an ORL of 1.2 g CODIL.d. The flow rates were gradually changed with a stepwise
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decrease in the HRT to 45 h, 20, 18, 12 and then back to 20 h (Table 4.1). Steady state was assumed to

be reached when operating parameters and removal efficiencies remained constant over three HRTs.

However, given the very slow adaptation of mixed anaerobic cultures to change, this is only a quasi­

steady state (Grobicki and Stuckey, 1991).

TABLE 4.1 : Summary of the operating conditions.

Day HRT Organic Loading Rate Organic Loading Rate

0 80 1.20 0.060

41 4S 2.14 0.107

76 20 4.80 0.240

145 18 5.34 0.267

227 12 8.00 0.400

306 20 4.80 0.240

4.1.3 Analytical Methods

Experimental data were obtained from grab samples, taken from the ABR, once or twice a week. The

reactor was sampled and analysed as described in Section 3.2.4. The VFAs were analysed by HPLC

(Appendix 1).

To assess the changes in the microbial populations, sludge samples were taken from each compartment,

and fixed with 4 % paraformaldehyde. These samples were taken when the reactor had reached steady­

state, at a particular HRT, and prior to a change in the HRT. The method for sample fixation, probe

hybridisation and analysis is detailed in Appendix 1. The cells were dual stained with DAPI (4',6­

diarnidino-2-phenylindole - DNA stain) and the fluorescent 16S rRNA-targeted oligonucleotide probes

(Table 4.2). The methanogens were the focus of this investigation. The various groups of the eubacteria

were not probed. The oligonucleotides comprised domain-specific probes for the eubacteria (EUB338)

andarchaea (ARC915) and order-, family-, and genus-specific probes for several phylogenetic groups of

methanogens. The general archaeal probe, ARC915 also encompasses most non-methanogenic archaea,

however, since methanogens are the only presently known archaea that are not restricted to extreme

environments, the advantages of probing can be realised by using the general archaea probe in

combination with methanogenic probes (Raskin et al., 1994). The hybridisations were viewed with a

Zeiss Axiolab epifluorescence microscope, using Zeiss filter sets 01 (DAPI), 09 (Fluoroscein) and 14

(Rhodamine).

The probe sequences and hybridisation conditions are given in Appendix 1.
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TABLE 4.2: Specificities of the rRNA-targeted oligonucleotide probes used for whole­
cell hybridisation in samples taken from the laboratory-scale ABR.

Probe Specificity Reference

ARC915

EUB338

MX825

MS5

MS821

MB4

MGl200

Universal Archaea

Universal Eubacteria

Order ill: Methanomicrobiales

Family IV: Methanosarcinaceae

Genus V: Methanosaeta

Order ill: Methanomicrobiales

Family IV: Methanosarcinaceae

Genus V: Methanosaeta

Species: concilli

order ill: Methanomi"crobiales

Family IV: Methanosarcinaceae

Genus I: Methanosarcina

Order ill: Methanomicrobiales

Family IV: Methanosarcinaceae

Genus I: Methanosarcina

Species: barkeri

Order ill: Methanomicrobiales

Family I: Methanomicrobiaceae

Family II: Methanocorpusculaceae

·Family ill: Methanoplanaceae

(Stahl and Amann, 1991)

(Stahl et al., 1989)

(Rocheleau et al., 1999)

(Rocheleau et al., 1999)

(Rocheleau et al., 1999)

(Rocheleau et al., 1999)

~ (Sekiguchi et al., 1999)

4.2 OPERATION OF THE ANAEROBIC BAFFLED REACTOR

The laboratory-scale reactor was operated for a period of 350 d. The results of these analyses are

presented and discussed.

4.2.1 Reactor pH

The measured pH values of compartments 1 and 8 are shown, since with the theoretical horizontal

separation of acidogenesis and methanogenesis through the reactor, the pH in compartment 1 should be

lower than in compartment 8, due to the production ofVFAs. The results were analysed to determine any

effects of changing the HRT on the measured pH.
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FIGURE 4.2 : Plot of the pH profiles in the laboratory-scale ABR.

Analysis of the data iIidicates that changes in the HRT did have an effect on the reactor pH. The results

support the hypothesis that the pH in compartment 1 is lower than the pH iIi compartment 8 due to the

separation of acidogenesis and methanogenesis. In the plot, the bold line indicates pH 7. Generally, the

pH iIi compartment 1 was below pH 7 and above pH 7 in compartment 8. The changes in HRT are

indicated as dotted lines on Figure 4.2.

8,---------------------,

____ Day 3 (SO h)

__ Day 49(45 h)

-lr-Day 89 (20 h) i
__ Day 14S(18h) !

6.5 hf----r-~----------_I

:a 7 -t-rr----,~-------_:a-==--:O"-------l

6 -\----.,.----,-------,---,------r-----,-----!

2 4 5 6 7 8

Compartment

FIGURE 4.3 : Plot of the pH profiles through the laboratory-scale
ABR at different times during the experimental period.,

The pH values in each compartment (Figure 4.3) showed that, for the 80 h and 45 h HRTs, the pH was

lowest in compartment 1 and increased to a maximum in compartment 2; this suggests that these were the

two most metabolically active compartments of the reactor. When the HRT was 20 h (day 89), the pH iIi

compartment 1 was lower and the pH increased in each compartment through the reactor, with the
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maximum in compartment 8. A similar trend was observed during the 18 h HRT (day 145), however, the

pH values were much lower than with the 20 h HRT, indicating increased acidogenic activity due to the

increased OLR.

When the HRT was 80 hand 45 h, the pH in compartment 1 was relatively high, between 6.5 and 7. This

decreased to pH 6.49 when the HRT was changed to 20 h, which indicates that the increased OLR

resulted in increased acidogenic activity, and a subsequent reduction of the pH in compartment 1. The pH

in compartment 1 remained relatively constant, around pH 6.4, except for a drop to pH 5.71 when the

HRT was changed to 12 h, on day 227. At this point the pH in compartment 8 also decreased, to 6.87.

This suggests that increasing the organic load to 8 g CODIL.d was a temporary shock load to the reactor,

resulting in an over-production of VFAs, reduced methanogenic activity and a subsequent reduction in

pH throughout the reactor. However, the pH had recovered to pH 6.3, in compartment 1, and pH 7.06 in

compartment 8, by day 244. The results show another pH decrease in both compa~ents 1 and 8, when

the HRT was returned to 20 h. Again, the recovery of the pH was almost immediate.

From these pH data it can be concluded that different metabolic processes were occurring in

compartments 1 and 8 of the reactor and, therefore, that they were populated by different types of

microorganisms.

4.2.2 Reactor Solids

The measure of volatile solids was taken as an indication of the biomass concentration. Figure 4.4 is a

plot of the cumulative total solids washed out of the reactor. These results show that the majority of the

biomass washout, ca. 91 %, occurred during the ftrst 100 d of operation of the reactor. The solids

washout was almost entirely volatile solids during the 80 hand 45 h HRTs. The most signiftcant amount

of washout was observed with the HRT change from 45 h to 20 h. This could have been due to the

increased gas production due to the higher OLR. After this period, there was very little biomass washout,

even with the changes in HRT. The solids washout, with the HRT change to 18h and 12h, was low,

which suggests stabilisation of the biomass.

These results show a significant loss of solids from the reactor. The difference in mass between the total

and volatile solids can be attributed to ash or tightly hydrated water. The ash content of the feed was

high, with the sodium bicarbonate alone contributing 24 g/d of ash, or 8.64 kg ash over 360 d.
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FIGURE 4.4 : Plot of the cumulative solids lost from the laboratory-scale ABR.

The level of the sludge bed in each compartment was measured with every set of analyses. Figure 4.5

represents a typical profile through the reactor. The sludge level was lower in compartment 1 than in

compartments 2 and 3; this could have been due to increased gas production in compartment land

resultant carry-over of sludge into compartments 2 and 3. There were variations in the sludge levels with

changes in the HRT, however, none of the level changes were significant. The sludge level was always

higher in the first compartnlents than in the later compartments.

FIGURE 4.5 : Plot of the sludge level in each compartment of the ABR.

4.2.3 Reactor Chemical Oxygen Demand (COD)

Figures 4.6 and 4.7 depict the soluble COD removal in the reactor over time. Soluble COD was

measured since the feed was completely soluble. Previous research has shown a correlation between low
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hydraulic retention times, high hydraulic dead space and increased channelling (Grobicki and Stuckey,

1992). These factors may control the amount of biomass that is in direct contact with the substrate at any

time. A low contact time between the substrate and biomass favoured the acidogens, which have faster

growth kinetics and adapt better to reduced pH than the methanogens. The result is a low substrate flux

into the biomass floes, and subsequently the VFAs are washed through the reactor, largely

unmetabolised, resulting in low COD removal and low pH (Nachaiyasit and Stuckey, 1997a; Nachaiyasit

and Stuckey, I997b). When the HRT was long, there was an elevated substrate flux into the floes,

resulting in high COD removal. High substrate levels and low pH values in the front compartments

resulted in a selective pressure on the mixed microbial population present (McCarty and Mosey, 199 I).

The experimental results were analysed and compared with these fmdings.
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FIGURE 4.6 : Plots showin\! (a) the influent and effluent CODs and (b) the COD reduction in the
laboratory-scale ABR.

Throughout the experiment, the soluble COD in the effluent was Iow, with an average COD reduction of

94 %. The effluent COD averaged 179 mglL (standard deviation, cs = 0.56 mgIL) at the 80 h HRT, and

125 mglL (CS = 2.4 mglL) at the 45 h HRT. The COD removal became less efficient and more variable

with the HRT reduction to 20 h; the mean effluent COD was 372 mgIL (0 = 6.2 mgIL). It then stabilised

around 450 mglL for a period of 16.8 HRTs. At this time, day 145, the HRT was reduced to 18 h, which

resulted in a sharp increase in the effluent COD, to 955 mgIL. This increase in the OLR and the reduced

contact time between the substrate and the biomass resulted in a lower pH in all of the compartments

(Section 4.2.1) and thus reduced methanogenic activity such that the VFAs were not well metabolised,

resulting in the increased effluent COD. However, within three HRTs (Le. day 141) the effluent COD had

reduced to 785 mg/L and to 145 mgIL by day 148. The reactor was held at the 18 h HRT for a period of

70 d and during this time, the effluent COD averaged a stable 189 mgIL (CS = 1.9mgIL). The reduction of,
the HRT to 12 h resulted in less efficient degradation of the soluble COD (297 mgIL) and greater

variability (0 = 6.4 mgIL). This suggests that increasing the organic load to 8 g CODIL.d was a temporary

shock to the reactor, resulting in reduced methanogenic activity and a subsequent decrease in COD

reduction throughout the reactor. The reactor then seemed to stabilise, with the effluent COD averaging

305 mgIL for a period of 18 HRTs. The HRT was then returned to 20 h and the COD reduction was
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efficient with an average value of 191 mgIL, or 95.2 % reduction (cr = 0.83 mgIL). This was stable for a

period of35 d, or 42 HRTs.

These COD data show that although the microorganisms in the reactor were responsive to changes in the

HRT, the feed was efficiently degraded and recovery of operation, after a change in the HRT, was quick.
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FIGURE 4.7 : Plot showin2 the soluble COD profiles throu2h the
laboratory-scale reactor at different times durin2 the experimental
period.

Figure 4.7 shows the COD profiles through the reactor, at different time periods during the experiment.

On the plot, compartment 0 represents the reactor feed and compartment 9 represents the reactor effluent.

What is immediately evident is that, in all cases, > 50 % of the COD was reduced in the first two

compartments of the reactor. The horizontal separation of acidogenesis and methanogenesis was

supported by the pH data, therefore it was assumed that the majority of the organic molecules in the feed

were hydrolysed and converted to VFAs in the first compartments, with concurrent reduction in COD.

The VFAs were then degraded by the methanogens, through the remaining compartments. This

assumption can be verified by the VFA-COD data described below. The COD profiles indicate that

changing the HRT did have an effect on the COD reduction, however, in all cases the COD was below

300 mglL by compartment 7 which suggests that the compartmentalised design of the reactor prevents

severe upset of the entire reactor contents due to step changes in the feed flow rate.

4.2.4 Reactor Volatile Fatty Acids

Figure 4.8 shows the total VFA concentration in the reactor effluent over 350 d of operation. The initial

long HRTs (80 hand 45 h) and subsequent increased substrate/biomass contact time and enhanced

methanogenic activity, resulted in efficient metabolism of the VFAs and, thus low concentrations of

VFAs in the effluent. The effluent VFA concentration increased when theHRT was changed to 20 h

(day 76) and remained variable (cr = 70 mgIL) during this time, which corresponded to the COD data.
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From the plot it can be seen that the effluent VFA concentration increased with each HRT change,

however, for all HRTs subsequent to the initial 20 h, the VFA levels soon decreased to < 10 mgIL. Stable

reactor performance is indicated by an effluent total VFA concentration below 500 mgIL (Willetts, 1999),

thus, it can be concluded that the reactor operation was stable since the effluent VFA was < 300 mgIL

throughout the test period.
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FIGURE 4.8: Plot of the total VFAs in the laboratory-scale ABR effluent.

The VFA data in Figure 4.8 correspond to the measured pH data in Section 4.2.1. The concentrations of

each of the individual acids in compartment 1 and the reactor effluent are illustrated in Figure 4.9.

Consistent with the hypothesis of acidogenesis occurring in the first compartments, Figure 4.9 (a) shows

relatively high concentrations of acetic acid in compartment 1 of the reactor and low, or almost

negligible, concentrations in the effluent. Similarly, for the other acids, the concentrations were higher in

compartment I than in the effluent; most were not detected in the effluent. The concentration of

propionic acid (Figure 4.9 (b» in the reactor was Iow except for a peak in concentration with the HRT

change to 20 h (day 76). The concentration then stabilised but became variable during the 12 h retention

time and remained quite variable when the HRT was changed back to 20 h, suggesting that the

methanogenic activity had not fully recovered from the 8 g COD/L.d OLR.



4-11

1000 ...--,----,r--------.-----,----,..---..
SOh 45h 20h 18 h 12h 20h 80h 45h 20h 18h 12h 20h

~ :om t--H:---!.----i'----!-----t"---j
S
~
~

~ Will

2S so 7S 100 125 I~ I7S 200 22S 2SO 27S Dl 325 350 315

nnv(d)

~ 2000 +--l---I-----+---t------;----j
~ i
~ i
1 ::r 1000 f..---\-+--If----,r-----·-!--
r- ::. '. '

I :

ol...-,..J~~~~~JhU...---J
o 25 so 75 100 115 ISO 175 200 225 250 275 300 325 lSO )75

llme{d)

1.....-Compartmcnc I --- Efl'\Knt I j Compartmmt I ......-EftlJenll

(a) Acetic (b) Propionic

)(lOCI,.--,..--,----,,------.-----.-----,

!---- Comptlltment I -..- EffiJc:nt I

2f){)() l--i--:i-!--+-----f---+

I
:: ---j

wuo ·---i-··-t---.-.+----i------:-----I. ,. ,
: i f!--eL... : _.)\:

ol..*=:::alL.a.t~.-tIlb- ...............~i.__4__--l
o 25 SO 75 100 125 ISO 175 200 225 250 275 ]00 325 )50 HS

llme(l1)

10 hI1b18 h10 bSOh .aSh

l...... com....'n""'I ........ Em.;;;;j

o 2S ~ 15 100 125 'SO 115 200 225 250 215 JOO l2S 350 375

Time (d)

lOOO ...--~1,--,..---~----...---,....---,

~ 21100
!.

~
;:
~ l(loo f..---+.....-l-----!A..

20 h12 h18 hSOb 45h 20h

(c) LButyric (d) Butyric

lOb12h18h211180h 4511

· · · ·· · · ,· · · ,· , , ·· · · ·· · ·i · i··,· · ·· · ·· ,

I· ,· ,· ·· ·· ·· ·· · ·· · ·. · , ·· · ·
"A.

. · , ·".: · 1 ·-~ ·· -'L·

lOGO

o
o 25 so 7S 100 125 150 175 200 225 250 215 )00 )2S JSO 375

nrae(d)

I Compettmcntl -.-ElT\.IcntI

(e) LValeric (t) Valeric

80h 45 h 20h 18 h 12h 20h
)(lOCI

'i1: 2000
~

~
;:..
~ 1000 ,,. ., ,,

~
,,

---.JJ: . i. -0

0 15 so 75 100 115 ISO 175 200 225 250 275 lOO l15 ]50 375

llmc (d)

I......... Comport"""" -..... EI!IlcnII

FIGURE 4.9 : Plots of each of the individual volatile fatty acids in compartment 1 and the effluent
ofthe laboratory-scale ABR.

The i-butyric acid concentrations were negligible in the reactor, except for two small concentration peaks,

in compartment 1, during start-up of the reactor (166 mg/L on day 10) and during the 12 h HRT, with a

concentration peak of 218 mg/L on day 295. Relatively high concentrations of butyric acid

(Figure 4.9 (d» were detected in compartment 1, especially during start-up when a concentration of

651 mgIL was detected on day 10. The concentration was quite variable during the 20 hand 12 h HRTs.

There was an increase in the acid concentration when the HRT was changed to 18 h but this stabilised

quickly. Butyrate plays a significant role in the reactor dynamics as it is a store for acetate when acetate
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levels are high (Grobicki and Stuckey, 1991). Since butyrate is not a feed stock for methanogens, it is

converted to acetate when the acetate concentrations drop; this conversion can only occur under

conditions of low hydrogen partial pressures (Sam-Soon et al., 1991). A shock increase in the OLR to im
anaerobic system results in an increase in the hydrogen partial pressure, causing certain reactions to

become non-spontaneous. This results in a build-up of VFAs, which decreases the pH of the system

(Ristow, 1999). The increased OLR with the change to the 12 h HRT resulted in increased acidogenic

activity. The acetate levels increased immediately and the butyrate levels were highest in the latter part of

the 12 h HRT test period. The reason for this was the increased acidogenic activity, resulting in a

reduction of the reactor pH and, thus a high hydrogen partial pressure. The butyrate could not be

converted to acetate and, therefore, accumulated in the reactor. Comparison of Figures 4.9 (a) and (d)

show that when the HRT was returned to 20 h, i.e., a lower OLR, with reduced acidogenic activity and

increased hydrogen partial pressure, the acetate levels increased and the butyrate levels decreased; it was

deduced that the butyrate was converted to acetate.

Negligible concentrations of Lvaleric acid were detected in the reactor, except for two concentration

peaks in compartment 1, on day 145 when the HRT was changed to 18 h and during the 12 h HRT when

a concentration of 263 mg/L was detected. The same trend was observed with valeric acid, with small

concentration peaks (ca. 200 mg/L) detected in compartment 1, with each HRT change. This was

favourable since high concentrations of valeric acid are associated with cell lysis (Grobicki and Stuckey,

1991).

Formic acid was not detected in these analyses because with an FID gas chromatograph, formic acid is

difficult to detect (Grobicki and Stuckey, 1989).

Profiles through the reactor (Figure 4.10) all showed a tail-off from maximum concentrations in the fIrst

compartments to very little in the later compartments, except for periods of increased VFA concentration

and decreased methanogenic activity, due to an HRT change. Figure 4.10 (a) shows the VFA profiles in

the reactor of day 10, i.e., during start-up. The acetate and propionate levels were high throughout the

reactor, indicating that the methanogenic activity was low. By day 75 (45 h HRT), the reactor was more

stable and the acid concentrations were lower, indicating methanogenic utilisation of the acids. The

acetate levels were high in compartments 1 and 2 and then tailed off. This shows that the acetate was

formed in compartment 1 and started to be utilised in compartment 2 and in subsequent compartments, by

the methanogens. Propionic acid and valeric acid were both detected in compartment 1. Figure 4.10 (c)

shows the VFA profiles in the reactor on day 145, i.e., with the HRT change to 18 h. Consistent with the

pH and COD data, there was a sharp increase in the acetate concentration in the reactor due to the

increased acidogentc activity. The acetate concentration did not decrease exponentially through the

compartments because the methanogenic activity was low, due to the reduced pH in the reactor. By

day 230 (12 h HRT) the acetate concentrations in the reactor had stabilised and the profile supported the

hypothesis of horizontal separation of acidogenesis and methanogenesis. These results indicate that the

anaerobic digestion process was occurring efficiently.
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FIGURE 4.10: Plots of the VFA profiles through the reactor, with time.

Despite high levels ofVFAs detected in the acidification zone of the reactor, the longer start-up retention

times and high substrate flux into the microbial flocs appeared to allow efficient metabolism to occur

which resulted in an effluent that contained < 300 mg VFA /L. In principle, the concentrations of

individual volatile acids, especially acetic, propionic and butyric, can be considered as the best control

parameters in the liquid phase, as they give indications about the metabolic state of the obligate hydrogen

producing acetogens and the acetoclastic methanogens (Weiland and Rozzi, 1991).

To summarise the information regarding the relative importance of the VFAs, the concentration is shown

as a proportion of the total VFA contribution to COD. The COD equivalent of each· VFA is given in

Table 4.3.
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TABLE 4.3 : COD equivalents of the volatile fatty acids.

Volatile Fatty Acid g COD/g VFA

Formic 0.348

Acetic 1.066

Propionic 1.512

Butyric 1.816

Valeric 2.037

The COD equivalent of each VFA, detected in the reactor effluent, was calculated and the total is

presented in Figure 4.11 with the measured effluent COD. These results show that in the first 150 d of

operation, unmetabolised VFAs accounted for the majority of the effluent COD; the remainder would

have been made up of SMPs. However, the VFA concentrations were low during the 18 hand 12 h

HRTs. The reason for this is unclear as it was expected that reduced substratelbiomass contact time,

enhanced acidogenic activity and reduced methanogenic activity would have resulted in less efficient

metabolism of the VFAs and thus high effluent VFAs.
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FIGURE 4.11 : Plot showin2 the measured COD and the calculated VFA-COD in the
reactor effluent.

4.2.5 Reactor Bi~gas

The biogas composition was analysed regularly, by gas chromatography (Appendix 1) and the results are

given as a percentage of each gas component, of the total gas. Due to problems with the water

displacement method, biogas production could not be measured accurately.
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The methane composition of the biogas in compartments 1 and 8 is shown in Figure 4.12 (a) and the

methane profiles through the reactor, at different times during the test period, in Figure 4.12 (b).
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FIGURE 4.12 : Plots showing (a) the methane content of the biogas in compartments 1 and 8 and
(b) methane profiles through the laboratory-scale ABR.

These results show that the methane composition in compartment 8 was always higher than in

compartment 1, which supports the hypothesis of horizontal separation of acidogenesis and

methanogenesis. The methane content of the biogas was relatively constant and averaged ca. 60 % in

compartment 8, except for a point when the HRT was changed to 12 h and the methane content dropped

to 8.7 % which suggests that the methanogens were inhibited by the organic shock load. However,

recovery was almost immediate. There was a slight decrease in the methane content with each HRT

change.

The profile plot (Figure 4.12 (b» shows the increase in methane production through the reactor. On

day 148, the methane content in compartment 1 was 20 %, this increased, with increased methanogenic

activity, to 68 % in compartment 3 and then stabilised at ca. 75 % through the remainder of the reactor.

With increasing OLRs, the acidogenic activity was enhanced and methanogenic activity reduced,

resulting· in lower methane compositions through the reactor. These changes in the biogas composition

can be related to the changes in the microbial populations due to the HRT changes.

4.3 MICROBIAL POPULATION CHARACTERISATION

Research into anaerobic digestion using rRNA-based molecular techniques has provided detailed

descriptions of the complex bacterial and archaeal populations present, obviating the need for anaerobic

culturing techniques'(Raskin et al., 1994; Godon et al., 1997; Merkel et al., 1999; Plumb et al., 2001). An

obvious advantage of using FISH with rRNA-targeted nucleic acid probes is the detection of

metabolically active cells, so that descriptions of the physiologically important population members can

be obtained. The purpose of this investigation was to describe the microbial populations in the ABR in

order to further understand the treatment process. It was hoped that a more detailed understanding of the

microbiology within the ABR will provide useful knowledge for the optimisation of it use.
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4.3.1 Ratios of Eubacteria to Archaea

Initial hybridisations using universal bacterial (EUB338) and archaeal (ARC915) probes revealed the

distribution of both these phyla through the reactor, at each sampling date. DAPI is a blue fluorescent

stain that associates with the minor groove of double stranded DNA, preferentially binding to AT clusters

(Haugland, 1998). Both prokaryotic and eukaryotic cells containing intact nucleic acids fluoresce with

the DAPI stain; i.e. all cells (active and inactive) containing DNA are stained. Comparisons with DAPI

staining in order to quantify the relative proportions of each of these population groups were estimated,

however, due to the extensive filamentous or tightly clustered microcolonies of the archaea present,

accurate counting of individual cells by visual means was not always possible. The relative ratio of

eubacteria to archaea in each compartment, at each HRT, was determined and the results are presented in

Figure 4.13.

The results of day 1 indicate the composition of the reactor seed sludge. Since the seed sludge was taken

from an operating CSTR at the Umbilo Sewage Works, it was expected that the sludge would consist of a

mixed anaerobic culture. This is evident in the EUB:ARC ratios, which were generally 50:50 in

composition. The reactor had been in operation for one day when these samples were taken, therefore,

there had not been selection for particular microorganisms based on the substrate available. The ratios in

compartments 6, 7 and 8 showed a predominance of the archaea, however, which suggests that the low

acetate concentrations available in these compartments, at the low OLR (1.2 g COD/L.D), was being

utilised by the scavenging Methanosaeta spp. In all compartments there were more cells visible with the

DAPI stain than had hybridised with the oligonucleotide probes, i.e., the activity of the sludge was low

after sampling, storage and the settling period of the sludge in the reactor.

By day 63 (45 h HRT) separation of acidogenesis and methanogenesis and selection of the appropriate

microbial cultures was evident. The ratios in Figure 4.13 show a predominance of eubacteria in

compartments 1 (85 %) and 2 (68 %). Acidogenesis did not spread further than the fust two

compartments because of the relatively low OLR (2.14 g COD/L.d); The archaea were dominant from

compartment 3, through the rest of the reactor. Although the data for compartments 7 and 8 indicate that

the population was composed almost entirely of archaea, there were a lot of cells that were DAPI stained

but not hybridised with the oligonucleotide probes. This suggests that the populations in these two

compartments were relatively inactive and the archaea that did hybridise were probably scavenging

Methanosaeta spp., capable of survival at very low acetate concentrations.

The cells hybridised in compartment 1, on day 145 (20 h HRT) were entirely eubacteria which, due to the

higher OLR (4.8 g COD/L.d) were dominant in the fust three compartments of the reactor. The
\

population in compartment 4 was composed of almost equal numbers of eubacteria and archaea. The

archaea dominated from compartment 5 through to 8 and the EUB338 hybridisations were faint,

indicating low metabolic activity of the eubacteria in these compartments. The results from these samples

show that the increased OLR, due to the HRT change to 20 h, resulted in increasedarchaeal activity

within compartments 7 and 8.
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FIGURE 4.13 : Ratios of Eubacteria (EUB338-hybridised) to Archaea (ARC915-hybridised) in
each compartment of the ABR, for each investigated HRT.

These results show a defInite population shift through the reactor, with the predominance of eubacteria in

the fIrst three compartments, equal composition in the fourth compartment and predominance of the

archaea, or methanogens, in compartments 5 to 8. The pH data (Figure 4.2) showed a deftnite decrease of

the pH in compartment I, with the HRT change to 20 h. It was deduced from these data that the

acidogens were dominant in the fust compartments and this was verified by the FISH results, as were the

biogas composition data (Figure 4.12 (b»).
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FIGURE 4.14 : DAPI-stained images of the day 145 (20 h) samples showing (a) the predominance
of eubacteria in compartment 2 and (b) the archaea filaments in compartment 8.

Further reduction of the HRT to 18 h and the subsequent increase in the OLR to 5.34 g COD/L.d resulted

in the selection of eubacteria in the first 4 compartments of the reactor, ranging from 100 % ofhybridised

cells in compartment I, to 74 % in compartment 4. The EUB338-hybridised cells accounted for ca. 70 %

of the DAPI stained cells in these compartments, i.e., there were other inactive cells present. From

compartment 5 onwards, the populations shifted and were dominated by the archaea. These distributions

explain the pH, VFA and biogas data.

(~ ~)

FIGURE 4.15 : FISH images of the day 222 (18 h) samples showing (a) the EUB338-hybridised
eubacteria in compartment 2 and (b) theARC915-hybridised archaeal filaments in compartment 8.
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The day 302 data represent the microbial populations developed during the 12 h HRT. As expected, with

the high OLR (8 g COD/L.d), there was a predominance of eubacteria in compartment 1. However,

unexpectedly, the archaea dominated the fields counted from compartment 2 through to compartment 8.

These results are in contrast to the VFA and biogas results described above. It is reported in the literature

that some problems may be encountered with in situ hybridisation. Whole cell hybridisation can identify

an individual cell, however, cells often need to be concentrated to bring a particular cell into the

examined microscope fields (Amann et al., 1995a). Low signal intensity is another frequently

encountered problem. The correlation between growth rate and cellular rRNA content means that slowly

growing cells are difficult to detect because of their low cellular rRNA content. Fluorescence detection

sensitivity can be severely compromised by background signals, which may originate from endogenous

sample constituents (referred to as autofluorescence) or from unbound or non-specifically bound probes

(referred to as background fluorescence). Autofluorescence is minimised by fixation in fresh « 24 h)

formaldehyde solution (Amann, 1995b).

A possible reason forthe high archaeal counts is that, although the sludge samples and the fields selected

for counting were dominated by the archaea, they were not necessarily representative of the actual sludge

compostion, since only a small volume (3 ilL) is applied to the slide. Although the eubacteria numbers

were smaller than those of the archaea, the fluorescent signals were far brighter, indicating that the

eubacteria were more active than the archaea even though the counts were lower. The archaeal

hybridisations became brighter in the later compartments of the reactor.

The counts of the day 338 samples (20 h HRT) demonstrated the horizontal separation of acidogenesis

and methanogenesis, with the eubacteria dominant in the first two compartments and the archaea

dominant in the remaining six compartments of the reactor.

Examination of the population shifts within a compartment, over the entire test period, shows that the

changes in HRT had an effect on the microorganisms. From these results, it can be concluded that there

was a definite shift in the microbial populations through the ABR, with a predominance of eubacteria in

the first compartments (acidogenesis) and archaea (methanogenesis) in the later compartments. The

number of compartments involved in each depended on the strength of the substrate (OLR).

4.3.2 Methanogenic Activity

To gain insight into the methanogens making up the archaeal populations, the samples were hybridised

with family- and genus-specific rRNA oligonucleotide probes. In a study by Raskin et a1. (1994) it was

concluded that MS82l was the preferred probe to detect Methanosarcina spp. and MX825 for

Methanosaeta spp.' (Sekiguchi et al., 1999), although MX825 was found not to hybridise to a

thermophilic Methanosaeta spp. Rocheleau et al. (1999) developed two new oligonucleotide probes,

MS5 and MB4. These probes were specific for Methanosaeta concilli and Methanosarcina barkeri,

respectively. They found that all Methanosaeta_specific oligonucleotide probes (MS1! MS2, M85 and

MX825) had 100 % homology to M. concilli and M. soehngenii 168 ribosomal gene sequences, which

indicated that these probes might show equivalent specificities. The Methanosarcina_specific
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oligonucleotide probe MB4 was 100 % homologous to M. barkeri. The other Methanosarcina_specific

probes (MB1, MB3 and MS821) had 100 % homology to other Methanosarcina spp. and MS821 had

100 % homology to two non..Methanosarcina spp' Probe MG1200 hybridised to the 16S rRNAs of the

target organisms and did not hybridise to non-target sequences (Raskin et aI., 1994).

Based on these fmdings, the probes used in this investigation are listed in Table 4.2. The Methanosaeta

spp. were detected with the probes MX825 and MS5, however, better results were obtained with MX825.

The Methanosarcina spp. were detected with MS821, which was also found to give more consistent

results than MB4. The probe MG1200 is a family-specific probe, for the Methanomicrobiaceae,

Methanocorpusculaceae and Methanoplanaceae, all of which utilise hydrogen and carbon dioxide, as

well as formate for methane production. The changes in these populations were determined for each HRT

change, and the results are presented in Figure 4.16, with detailed descriptions below.

The characteristic morphology of Methanosaeta (long sheathed filaments) was' visualised using the

universal archaeal (ARC915) probe, and confIrmation of the identity of these filaments using the genus

specific probe MX825 was obtained. Other morphotypes observed hybridising to ARC915 included

Methanospirillum_like shorter filaments, single rods and sarcina-like clusters of irregular cocci often

found in microcolonies of up to 50 or more cells. On the basis of the intense probe-conferred

fluorescence, these cocci appeared very active.

The observation of the tightly clustered sarcina-like irregular cocci in compartment 1 (93 %) and

compartment 2 (46 %), of the day 63 (45 h HRT) samples suggested the presence of Methanosarcina spp.

However, they did not hybridise with MS821 and the sum of the counts obtained from each specific

probe was < 100 %, indicating the presence of archaea not detected using these probes. Identification of

these sarcina-like spp. would require isolation, amplification and sequencing of the rRNA (Chapter 3).

They are referred to as sarcina-like in Figure 4.16, and were only detected in compartments 1 and 2.

The MX825 hybridisations in compartments 2 and 3 emitted very faint signals, indicating low metabolic

activity. The majority of the archaea in compartments 3, 4 and 5 hybridised with MG1200 and were

observed as shorter Methanospirillum_like filaments. The archaea in compartments 6, 7 and 8 were

composed entirely of Methanosaeta spp. (MX825 hybridisations). The fluorescent signals observed in

compartments 7 and 8 were weaker, verifying the reduced metabolic activity, due to the low organic load,

described above. Species of Methanosaeta concilii are known to be important members of anaerobic

methanogenic communities due to their ability to metabolise acetate into carbon dioxide and methane,

and their numerical dominance compared to other methanogens in anaerobic reactors has been previously

reported (Merkel et al., 1999; Sekiguchi, et al., 1999).
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FIGURE 4.16 : Archaeal community analysis of ABR compartments Ho 8, sampled at each
investigated HRT, showing counts obtained using family- and genus-specific probes expressed as a
fraction of total archaeal counts achieved using probe ARC915.
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The cyst-like structure illustrated in Figure 4.17 was observed in a compartment 2 sample, hybridised

with the probe MB4. The identity and purpose of this structure is unknown. The rod-shaped cells within

the cyst-like structure appear to have endospores, with emitted a brighter signal than the remainder of the
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cells, suggesting a concentration of nucleic acids. It is believed that these cells were in an inactive state

and were hybridised non-specifically by the MB4 probe.

FIGURE 4.17 : Cyst-like structure observed in a sample taken on
day 63 (45 h HRT) from compartment 2, and hybridised with the
Methanosarc;na-specific probe MB4.

The samples taken on day 145 (20 h HRl) showed a predominance of the shorter Methanospirillum-like

filaments, hybridised with MGl200 (Figure 4.18 (a»), in compartments 1 through to 5. These

methanogens utilise hydrogen and carbon dioxide, as well as formate, for methane production. It is

possible that formate was present in the ftrst one or two compartments, due to the increased OLR

(Grobicki, 1989; Grobicki and Stuckey, 1992), however, as stated previously, the concentrations could

not be measured accurately and it is unlikely that the concentrations would have persisted through to

compartment 5. Therefore, it is believed that hydrogen and carbon dioxide were the methane precursors

for these microorganisms; the increased organic load resulted in increased acidogenic activity, a reduced

pH and an abundance of hydrogen ions and carbon dioxide. These organisms were active at the lower pH,

whereas the Methanosaeta spp. were inactive (very faint fluorescent signals). Therefore, whilst it was

expected that there would be horizontal separation ofMethanosarcina and Methanosaeta spp. through the

reactor, these results have shown far fewer sarcina cells (Figure 4.180 (b») than expected, although in

accordance with the growth kinetics, those detected were all within the ftrst two compartments. Instead, a

horizontal separation of the shorter filamentous Methanospirillum-like spp. and the long sheathed

filamentous Methanosaeta spp was observed.
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FIGURE 4.18 : FISH images of the day 145 (20 h) samples showing (a) the MGl200-hybridised
MethanospiriUum-like fIlaments in compartment 3 and (b) the MS821-hybridised Methanosarcina
clusters in compartment 1.

The MX825-hybridised Methanosaeta spp. were predominant in the last three compartments of the

reactor, in accordance with their growth kinetics and ability to survive at low acetate concentrations. The

fluorescent signals observed with these hybridisations were bright, indicating high metabolic activity

(Figure 4.19).

FIGURE 4.19 : FISH image of the fIlamentous Methanosaeta spp.
hybridised with the oligonucleotide probeMX825.

The predominance of eubacteria in the first compartments, by day 222 (18 h HRT) resulted in only 23

archaeal cells being hybridised and cOlmted in compartment 1. The majority (78 %) of these were made

up by a Methanosarcina cluster, which hybridised with probe MS821. The MX825 and MGl200
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hybridisations observed in the first five compartments emitted faint signals indicating low metabolic

activity, due to the predominance of the acidogenic eubacteria in these compartments. Analysis of the

ratios ofMG1200 hybridisations to MX825 hybridisations again showed a horizontal separation through

the reactor. Similar results were observed with the day 302 (12 h HRT) and day 338 (20 h HRT) samples.

Tilche and Yang (1987) and Yang et al. (1988) compared the performance and microbial populations of

an anaerobic ftlter and a hybrid baffled reactor, treating molasses wastewater, with maximum loading

rates of 10.5 and 5.5 kg COD/m3.d for the anaerobic filter and ABR, respectively. They found a large

concentration of Methanosarcina spp. in the first compartments of the baffled reactor, which shifted to

Methanosaeta spp. towards the later compartments, compared with a predominance of Methanosaeta spp.

in the filter reactor. Explanations offered to explain these results were that the acetate loading in the first

compartment of the baffled reactor was high (1 000 mg/L) and thus favoured the growth of

Methanosarcina spp. In contrast, the acetate levels were 10 times lower in the filter reactor, thus
\

Methanosaeta had a kinetic advantage and dominated in the reactor. These results were supported by

Polpraset et al. (1992) where acetate concentrations as low as 20 mg/L facilitated the predominance of

Methanosaeta spp. in a 4-compartment reactor.

Although granulation is not necessary in the ABR for optimum performance, various reports have noted

the appearance of granules in the reactor (Boopathy and TiIche, 1992; Freese and Stuckey, 2000;

Boopathy and Tilche, 1991). It is well documented that the ftlamentous Methanosaeta spp. play an

important role in the formation of granules by forming a network to stabilise the overall structure (Chang

et al., 1995). Methanosarcina clumps have been found entrapped in pellets formed by the filamentous

Methanosaeta (Tilche and Yang, 1987; Boopathy and Tilche, 1992). However, when Methanosarcina

spp' are the predominant acetate-utilising methanogens in a sludge consortium, there is greater

susceptibility to biomass washout and process failure, in comparison to a sludge predominated by

Methanosaeta spp. (Uemura and Harada, 1993). The reason for this is that granules composed of

Methanosarcina clusters are of low density and full of gas cavities and therefore, tend to lift to the

surface of the reactor as a result of high gas and liquid velocities during high loading (Boopathy and

Tilche, 1991). Sekiguchi (2000) investigated the microbial community structure of mesophilic

methanogenic granular sludge, which had been treating sucrose, propionate and acetate-based artificial

wastewaters. The most dominant methanogens in the investigated granules were members of the genus

Methanosaeta

From the literature, it is known that Methanosaeta cells are predominant in anaerobic sludges (Sekiguchi

et al., 1999; Domingues et al., 2001; Leclerc et al., 2001). This investigation showed an unexpected

result, namely the ~bundance of the short filamentous Methanospirillum_like spp. and the horizontal

separation of these two groups of methanogens through the reactor. Whilst it was expected that the

Methanosarcina numbers would be greater and that these species would predominate in the first

compartments, the observed number of sarcina cells was low and some of these were not even

Methanosarcina spp. since they did not hybridise with the MS821 probe.
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4.4 CONCLUSIONS

1. The hypothesis of the horizontal separation of acidogenesis and methanogenesis through the reactor

was supported by the measured pH profiles, the VFA profiles and the biogas composition within

each compartment of the reactor.

2. Changes in the HRT did affect the operation of the reactor; an increase in acidogenic activity with an

increased OLR resulted in lower pH values within the compartments; reduced methanogenic

activity; increased COD in the effluent; and increased VFAs in the effluent. However, it was noted

that recovery from these upsets was almost immediate.

3. The reactor HRT was returned to 20 h on day 306. Comparison of operation at this time, with

operation at the 20 h HRT from days 76 to 145, showed improved digestion efficiency. The COD

removal was comparable but was more stable from day 306. The effluent vFA concentration was

much lower than with the first 20 h HRT period and the FISH experiments showed increased

methanogenic populations in compartments 3 to 8.

4. Operation of the reactor was stable, based on the analytical data.

5. The molecular-based method, fluorescent in situ hybridisation, allowed the direct identification and

enumeration of microbial populations active in the ABR. This study, together with the investigations

in Chapters 3 and 5, is the first use of rRNA-based molecular approaches to study the population

dynamics ofan ABR.

6. There was a defmite shift in the microbial populations through the ABR, with a predominance of

eubacteria in the first compartments (acidogenesis) and archaea (methanogenesis) in the later

compartments. The number of compartments involved in each depended on the strength of the

substrate (OLR).

7. The use of molecular approaches provided useful descriptions of the methanogens actively involved

within each compartment. These results showed far fewer Methanosarcina cells than expected.

Instead, a horizontal separation of the shorter filamentous Methanospirillum_like spp. and the long

sheathed filamentous Methanosaeta spp was observed.
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Textile Dyes in the ABR

The base study of the labile sucrose feed, in Chapter 4, showed the applicability of fluorescent in situ

hybridisation for characterisation of the evolving microbial populations in the ABR compartments. In this

next phase of the investigation, a well-defmed and previously researched reactive textile dye, Cl Reactive

Red 141, was added to the sugar/protein feed to a laboratory-scale reactor. The literature on textile dyes,

particularly reactive dyes is reviewed in Section 5.1. Batch screening tests were devised to be applicable

to the operation of the ABR; these are detailed in Sections 5.2 and 5.3. The chemical and molecular

results from the laboratory-scale ABR treating the synthetic Cl ReaCtive Red 141 waste stream, are

presented and discussed in Section 5.4

5.1 TEXTILE WASTEWATERS

Textile industries consume substantial volumes of water and chemicals for the wet processing of textiles.

Over 100 000 commercially available dyes exist with more than 7 x 10
5

metric tons of dyestuff produced

annually (Banat et al., 1996).

Wastewater from textile industries is highly coloured and of a complex and variable nature. The

adsorption and retention of a dye inside a fibre can be chemical, physical or both, depending on the

textile fibre and dye. The adsorptive strength is controlled by several factors including time, temperature,

pH, and auxiliary chemicals, such as salts, acids, bases, buffers, dispersing and surface active agents.

Thus, a large range of substances, other than dyes, can be found in a dyeing effluent at anyone time

(Correia et al., 1994). In recent years, new and/or tighter regulations coupled with increased enforcement

concerning wastewater discharges have been established in many countries (Vandevivere et al., 1998).

This new legislation, in conjunction with international trade pressure, such as increasing competition and

the introduction of ecolabels for textile products, has threatened the survival of the textile industry in

many industrialised countries. Appropriate technology is required for the treatment of textile

wastewaters, especially in developing regions. As yet, potential solutions are prohibitively expensive,

unsustainable or inadequate in terms of their removal of the coloured dye compounds, particularly

reactive dyes (Willetts, 1999).

Dyes represent the most problematic component of textile wastewaters (Banat et al., 1996; Holme, 1997).
\

Azo dyes account for 60 to 70 % of all textile dyestuffs produced and are the most common chromophore

of reactive textile dyes (Carliell et al., 1995). Colouration of textile effluents can usually be linked to the

presence of water-soluble (reactive) azo dyes. In 1997 reactive dyes comprised ca. 32 % of global dye

consumption (Holme, 1997). The use of reactive dyes has increased rapidly due to their properties,
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growing consumption of cellulosic fibres, and decrease in the production of other classes of dyes because

of cost and health hazards (Gatewood, 1996).

Water insoluble dyes, e.g. disperse and vat dyes, generally exhibit good exhaustion properties, i.e. most

of the dye bonds to the fibre and can be removed from the effluent by physical means, such as

flocculation (Carliell et al., 1996). When this effluent is discharged, to a conventional wastewater

treatment works, most of the colour is removed by adsorption to the biomass. However, ca. 10 to 40 % of

a water-soluble reactive dye is lost during the dyeing process. Reactive dyes either combine with the fibre

or react with water, the reaction being competitive between the two (Dolby, 1980). These dyes pass

through a conventional wastewater treatment works and give rise to colouration of the receiving water

body.

Dyes are normally present in dyehouse effluent at concentrations of 10 to 50 mg/L, colour being

noticeable at concentrations 2: 1 mg/L (Laing, 1991). General characteristics of a,dyeing and fmishing

wastewater are given in Table 5.1. (Correia et al., 1994).

Table 5.1 : Properties of a typical dyeing and finishing wastewater.

Parameter

BaDs 250 mglL

TSS 75 mglL

COD 800 mglL

Oil and grease Omg/L

Total chrome 0.27 mglL

Phenol 0.12 mg/l

Sulphide 0.09 mg/L

Colour 600ADMI

pH 11

Temperature 38°C

Water usage 150 L/kg

The many waste streams that ongmate in a textile factory vary greatly in their nature and the

concentration of the different constituents (Correia et al., 1994). Segregation of these streams is possible.

It would be most effective to treat smaller, concentrated streams of a particular nature in the most

appropriate manner (Willetts, 1999).

Textile dye wastewater treatment remains an unsolved problem in many countries. A variety of different

systems have been employed to assess the anaerobic reduction of dye wastewater with varying degrees of

success. The majority of laboratory-based studies have focused on attached growth systems (Seshadri et

al., 1994; FitzGerald and Bishop, 1995; Nigam et al., 1996) and UASB systems (D0!110n et al., 1997;

Willetts~ 1999). The potential of adapting reuse systems to reactive dyes has been investigated but with



Textile Dyes in the ABR 5-3

limited success (Gatewood, 1996).The first order kinetics which describe anaerobic dye reduction imply

that a preferable reactor set-up would be plug-flow since the reduction rate is dependent on dye

concentration; in a CSTR, the dye is immediately diluted to a low bulk concentration by the mixing thus

the dye reduction rate in a CSTR would be expected to be much lower than in batch experiments or a

plug-flow reactor (Willetts, 1999).

The purpose of this investigation was to assess the feasibility of the ABR as an on-site pre-treatment

mechanism, of a concentrated dye waste stream. The study was limited to reactive azo dyes used for

dyeing cotton, as these present the largest and most problematic group of dyes for treatment purposes

(Bumpus, 1995; Carliell et al., 1995; Vandevivere et al., 1998).

A series of serum bottle anaerobic toxicity tests were run. The details, results and discussion are

presented in Appendix 4. Although these results gave an indication of the anaerobic toxicity of each of

the investigated dyes, they could not be directly applied to the ABR because of 'the differences in the

biomass composition. The following screening tests were devised to provide more valuable information

for the ABR.

5.2 ACIDOGENIC TOXICITY ASSAYS

It is known that the reduction of the azo bond requires an anaerobic or reducing environment. In the

context of the ABR, and the horizontal separation of acidogenesis and methanogenesis, reduction of the

azo bond, with concurrent decolourisation, of a dye molecule in the feed would occur in the first

compartments of the reactor. This has been observed in previous experiments (Sections 3.2.9 and 3.4.7).

Therefore, it would be the acidogenic populations, in the first compartments that would be exposed to the

dye compounds, and the methanogenic populations in the later compartments that would be exposed to

the dye degradation products, or intermediates. Thus, in the context of treatment of dye wastewaters in

the ABR, the toxicity of the dye compounds to the acidogens and the toxicity of the dye degradation

products to the methanogens should be determined.

5.2.1 Hypotheses and Objectives

It was hypothesised that the reactive dye compounds, present in textile dye wastewaters, could exert an

inhibitory effect on the acidogenic microorganisms in the first compartments of the ABR, thereby

adversely affecting the entire anaerobic degradation process.

The objective of this investigation was to assess the toxicity of four textile reactive dyes to the acidogens

in anaerobic digester sludge.

5.2.2 Materials and Methods

After consultation with water authorities and textile manufacturers in the Hammarsdale and Pinetown

regions, four reactive dyes were chosen for investigation. These are listed, with both the commercial and

Colour Index names, in Table 5.2. The selected dyes were all azo reactive dyes that gave rise to aesthetic
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problems at low concentrations, were known to be problematic with respect to both loading and

treatability, and were high consumption dyes, used throughout the year (Hansa, 1999).

TABLE 5.2 : List of the textile reactive dyes investigated.

Commercial Dye

Evercion Red HE7B

Evercion Navy HER

Evercion Green HE4BD

Evercion Yellow HE4R

Colour Index Classification

Cl Reactive Red 141

Cl Reactive Blue 171

Cl Reactive Green 19

Cl Reactive Yellow 84

Dye Class

Disazo

Disazo

Disazo

Monoazo

A stock solution (10 % w/v) of each dye was made up. The experiments were performed in 160 mL glass

serum bottles, which were sealed with butyl rubber septa and aluminium crimp seals. A defined nutrient

medium containing trace elements, minerals and vitamins was prepared according to Owen et al. (1979)

(Appendix 1)·

The bottles were prepared in the same manner as for the food dye anaerobic toxicity assays

(Section A3.1), with 100 mL working volumes. The bottles were seeded with anaerobic digester sludge

collected from the Umbilo Sewage Works (TS = 30.67 gIL; VS = 13.67 g/L). Approximately 50 % of the

feed to the Umbilo Sewage Works is industrial (Carliell et al., 1994; Sacks, 1997). The dye

concentrations investigated, for each dye, were: 50 mg/L; 250 mg/L; 1 g/L; 5 g/L; 10 g/L and 20 g/L. The

anaerobic toxicity assays were also run with a mixture of the four dyes. Each concentration was repeated

in triplicate. The activity of the acidogens and acetogens was stimulated by the addition of a glucose

solution, , added to each bottle after equilibration for 1 h, at the incubation temperature of 35 QC.

The controls, or blanks, contained only the inoculum sludge, the anaerobic nutrient medium and the

glucose solution. The methanogenic metabolism of the glucose solution was monitored by total gas

production, in the controls. Inhibition due to the addition of a dye was determined as a decreased rate of

gas production, relative to the controls.

5.2.3 Results

Figure 5.1 shows the cumulative biogas production for each concentration of the investigated textile

reactive dyes, relative to the gas production measured in the controls.
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FIGURE 5.1 : Gas production plots for the acidogenic toxicity assays, showing the cumulative
biogas production for each concentration of the investigated textile reactive dyes, relative to the gas
production measured in the controls (black line).

5.2.4 Discussion

From the biogas production plots in Figure 5.1 it is evident that the reactive dyes were not inhibitory to

the acidogenic populations. In all of the samples, the biogas production was greater than in the controls

and the volume of biogas produced increased with increasing dye concentration. This suggests that the

dyes were being actively metabolised by the microorganisms. If the dyes were not inhibitory and only the
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azo bond was being reduced, Le. there was no metabolism of the dye, the biogas production would have

been similar or equalled that in the controls. However, the biogas. production was greater than in the

control which suggests that the dye molecules were being utilised as substrate.

The results of these tests indicate that the addition of these dyes to an ABR feed would not adversely

affect the microbial activity in the first acidogenic compartments.

Conclusions

1. The reactive dyes were not inhibitory to the acidogenic populations.

2. The biogas production increased with increasing dye concentration which suggests that the dyes

were being actively metabolised by the acidogens.

3. Reactive dye compounds, present in textile dye wastewaters, did not adversely affect the anaerobic

degradation process.

5.3 BIODEGRADABILITY OF DYE DEGRADATION PRODUCTS

In the treatment of coloured wastewaters, decolourisation cannot be the sole objective since several of the

aromatic amines, resulting from the reduction of the dye molecules, have been shown to be toxic or

inhibitory, both to microorganisms and higher organisms (Chung et al., 1978; Prival et al., 1993).

As stated above, in an ABR, the acidogenic populations· in the first compartments would be exposed to

the dye compounds, and the methanogenic populations in the later compartments would be exposed to the

dye degradation products, or intermediates. Thus, in the context of treatment of dye wastewaters in the

ABR, the toxicity of the dye degradation products to the methanogens should be determined.

5.3.1 Hypotheses and Objectives

It was hypothesised that the reactive dye degradation products, or intermediates, could exert an inhibitory

effect on the methanogenic microorganisms in the later compartments of the ABR, thereby adversely

affecting the efficiency of the anaerobic degradation process.

The objective of this investigation was to assess the ability of the methanogens, in anaerobic digester

sludge, to degrade the reactive dye degradation products.

5.3.2 Materials and Methods

After termination of the biodegradability assays (Section A4.2), the serum bottles were over-gassed and

re-sealed. The methanogenic activity was stimulated by the addition of a sodium acetate solution (2 mL)

to each bottle to give a concentration of 0.5 gIL in the 44.5 mL working volume. The bottles were

incubated at 35 QC and gas production monitored by the syringe method. After 30 d ~cubation, the gas

composition was determined by gas chromatography, and the colour and COD were measured.
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The results are shown in Appendix 4. In these plots, the gas production curve up to day 64, i.e. left of the

dotted line, shows the initial results of the biodegradability assays (Section A4.2), the results of which

were not directly applicable to operation of the ABR. From day 64 (right of the dotted line) the plots

represent the results of the assays investigating the degradability of the dye degradation products. The

results are summarised in Table 5.3.

TABLE 5.3 : Results of the dye degradation products batch toxicity assays.

Dye Methanogenic Activity COD Reduction
(mL CHJg VS) (%)

Colour Reduction
(%)

32.2 0Cl Reactive Red 141
(with nutrient medium)

Cl Reactive Red 141
(without nutrient medium)

Cl Reactive Blue 171

Cl Reactive Green 19

Cl Reactive Yellow 84

Dye Mixture

5.3.4 Discussion

36.7

34.0

33.4

25.8

22.4

o

o
o
o
o

o

o

o
o
o

o

The ability of the methanogens to further degrade the dye degradation products was monitored by biogas

production relative to the controls. The VFA analyses, after 60 d incubation, showed negligible

concentrations of VFAs which was expected since no additional carbon source was added to the assay

bottles. It was deduced that the samples contained aromatic amines from the reduction of the azo bonds

by the acidogenic bacteria, however these could not be identified since methods were not developed

during this project.

In all of the investigated dyes, except the Cl Reactive Red 141 without nutrient medium, the biogas

production was lower than in the controls which indicated that the methanogens were inhibited by the dye

degradation products.

Microbial inhibition was thought to be caused by intercalation of dye compounds between DNA base

pairs, so preventing enzymatic activity and cell replication (Carliell et al., 1995). However, this requires

that the dye pass through the cell membranes of the microorganisms and become inserted between the

base pairs of DNA. Cl Reactive Red 141 is a large, higWy sulphonated compound

(MW = 1 634 g/mole); therefore, permeation of the dye through the microbial cell membranes and

subsequent intercalation of the dye between DNA base pairs is thought to be unlikely as a mechanism of

inhibition. Instead, the degradation products are smaller than the dye compound and may be capable of

penetrating the cell and inhibiting the microorganisms either by intercalation or some other intracellular

mechanism (Carliell et al., 1995).
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There was no further reduction in COD or colour in any of the assay samples, thus it was deduced that

the methanogens did not further degrade the reactive dye degradation products. Although methanogenic

activity was measured in the serum bottles, it was lower than in the controls which indicated that the

activity was not due to the degradation of the dye intermediates but utilisation of the added sodium

acetate solution and endogenous respiration.

Donlon et al. (1997) found that, in batch toxicity assays, azo dye compounds were many times more toxic

than their cleavage products (aromatic arnines) towards methanogenic activity. These bioassays showed

inhibition ofmethanogenic activity by the degradation products.

In the context of treatment of dye wastewaters in the ABR, these results suggest that the compartments

dominated by methanogenesis would not contribute to further degradation of the wastewater and that the

inhibited methanogenic activity could reduce the efficiency of the entire degradation process. However, if

the coloured wastewater was fed to the ABR together with a high-COD wastewater e.g. a desize

wastewater, it is believed that these compartments would contribute to the further reduction in COD.

5.3.5 Conclusions

1. Methanogenic activity was inhibited by the dye degradation products.

2. There was no further reduction in COD or colour.

5.4 TREATMENT OF Cl REACTIVE RED 141 IN THE ANAEROBIC BAFFLED

REACTOR

Cl Reactive Red 141, or Evercion Red HE7B, is an azo reactive dye (Figure 5.2) with a molecular mass

of 1 634 g/mole. Maximum absorption of the dye was measured at a wavelength of 545 nm

(Appendix 2). The dye was chosen for investigation as it was representative of a dye class known to be

problematic with respect to treatability in a conventional wastewater treatment system; reactive dyes are

hydrophilic and, therefore, have little affmity to adsorb to biomass and generally pass through activated

sludge systems (Bell, 1998). The red hue is known to give rise to aesthetic problems at relatively low

concentrations. Previous investigations have determined the reaction kinetics of Cl Reactive Red 141

(Carliell, 1993; Carliell et al., 1994; Carliell et al., 1995; Carliell et al., 1996; Bell, 1998).

A batch control run (data not shown) investigated the difference in degradation potential of both un­

hydrolysed and hydrolysed dyes. The four dyes (Table 5.2) were hydrolysed, to imitate their form in a

wastewater stream, by raising the pH to 11 with 0.2 M NaOH and heating at 80 QC for 2 h. There was a

negligible difference in the results, thus un-hydrolysed dyes were used for the remainder of the study.

Fontenot et al. (2001) also found no significant difference between the decolourisation reaction of a

hydrolysed and unhydrolysed reactive dye.
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Investigations by Carliell et at. (1995), using column chromatography, thin layer chromatography and

NMR, positively identified 2-aminonaphthalene-l,5-disulphonic acid as a degradation product of Cl

Reactive Red 14I(Figure 5.3). This confmned that azo reduction was responsibleJor decolourisation of

the azo dye.

FIGURE 5.3 : Proposed de2radation of Cl Reactive Red 141 in an anaerobic system (Carliell et
aI., 1995).

Results of the anaerobic toxicity assays (Section A4.1) showed that Cl Reactive Red 141 was inhibitory

to the methanogenic biomass, with an ICso concentration of 2.46 gIL. The acidogenic microorganisms

were not inhibited by the dye (Section 5.2). In the biodegradability assays, methanogenic utilisation of

the dye was not observed, however, the biogas production suggested metabolism of the dye by other

anaerobic microbial populations, caused a reduction of COD and colour.

Because of the variable nature of industrial wastes, reactor stability to organic shock loads is one of the

most important aspects of reactor design. These shock loads can manifest themselves in two ways: either
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as a short-term transient which only lasts a few hours, or as a longer-term step change of days to weeks

before reversion back to the original operating conditions. In the first few hours to days, the microbial

response to both these shock loads are identical; however, the longer-term shock leads to a new steady

state which mayor may not be identical to the original operating conditions in terms of COD removal

and other parameters. In high SRT reactors such as the ABR, in contrast to CSTRs, the time required to

establish a new steady state after a step change is considerably longer than the accepted norm of three

HRTs and little is known about the dynamic changes the microbial populations undergo in the transition

from one steady state to another.

Due to the partial separation of trophic groups in the ABR, shock loads may also provide insights into

microbial responses and interactions under various environmental conditions. McCarty and Mosey (1991)

suggested that the relative ratios of reduced end-products produced by the catabolism of carbohydrates

were controlled more by population dynamics as a result of competition between bacteria producing

propionic and butyric acid under varying substrate concentrations and pH, rather than through the

concentration of hydrogen in the system controlling the kinetics and thermodynamics of catabolism. This

hypothesis is relevant to the ABR, since the ratio ofVFAs produced in the first compartment is controlled

by the feed COD and HRT (via pH and substrate concentration), and therefore, this compartment

determines the feed composition to the rest of the reactor, and possibly its response to shock loads.

The objective of this experiment was to assess the efficiency of the ABR for the degradation, or

treatment, of a Cl Reactive Red 141 waste stream; and to determine whether acc1imation of the biomass

to the dye resulted in increased methanogenic activity.

5.4.1 Hypotheses and Objectives

It was hypothesised that anaerobic digestion, in the ABR, could reduce the COD and colour of a Cl

Reactive Red 141 waste stream at a low (20 h) HRT. The compartmentalised design of the ABR would

prevent inhibition of the anaerobic biomass and methanogenic activity would increase with acclimation

of the biomass to the dye.

It was also hypothesised that fluorescent in situ hybridisation of the microbial communities that develop

in the ABR compartments, during treatment of the Cl Reactive Red 141 waste stream, would provide

improved knowledge of the biochemical pathways and the microorganisms involved in the

decolourisation.

The objectives of this investigation were to:

1. Determine whether adsorption to the anaerobic biomass played a significant role in the

decolourisation of the waste stream.

2. Assess the feasibility of the ABR for treatment of a Cl Reactive Red 141 waste stream; including

reduction of COD and decolourisation.
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3. Evaluate any impact on reactor performance with increasing dye concentrations.

5-11

4. Determine whether the anaerobic biomass became acclimated to the dye, thereby improving

degradation and decolourisation, with time.

5. Determine the effects of a dye shock load on the reactor performance and the ability of the reactor to

return to stable operation after the shock load.

6. Use 16S rRNA oligonucleotide probes to characterise the microbial populations within each

compartment, and the dynamics of these populations during treatment of the Cl Reactive Red 141

waste stream.

5.4.2 Physical Decolourisation

As stated previously, decolourisation of a wastewater in a biological treatment system may be attributed

to adsorption of the dye to the anaerobic biomass, and not entirely to degradation or breakdown of the

dye molecules. Two tests were conducted to determine the extent of adsorption of Cl Reactive Red 141 to

the digester sludge since this could contribute to the decolourisation potential in the ABR.

The test conditions are outlined in Table 5.4.

TABLE 5.4 : Test conditions to assess the extent of physical decolourisation of Cl Reactive
Red 141.

Test

Test 1

Test 2

Sludge

Non-acclimated
Autoclaved (80 min at 121 QC)

Non-acclimated
Un-autoclaved

Dye

2 glL Cl Red 141

2 glL Cl Red 141

Chemical addition

None

0.05 glL sodium azide

In test 1, the Umbilo Sewage Works mixed anaerobic digester sludge was inactivated by autodaving at

121 QC for 80 min. Once the sludge had cooled it was aliquoted into a series of serum bottles. The Cl

Reactive Red 141 dye stock solution was diluted to the required concentration (2 glL).

In test 2, sodium azide, which is an inhibitor of metabolic activity, was added to give a [mal

concentration of 0.05 gIL in the serum bottle. For each test, a control was set up for each bottle,

containing the same amount of sludge, with no dye. The function of the controls was to evaluate the

background absorbance of the sludge. The bottles were sealed and incubated in a constant temperature

room, at 35 QC. Samples were periodically taken from the bottles, over 7 d. lnunediately after their

collection, the samples were centrifuged (l0 000 rpm) for 5 min and the supematants filtered through

glass fibre filters (0.45 !lm). The samples were diluted 1 in 5 with distilled water and then analysed using

a spectrophotometer at 545 om (Appendix 2) to determine the dye concentration. The results of each test

are presented and discussed below.
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measured over time for the adsorption test (1), with autoclaved biomass.
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The results of test 1 (Figure 5.4) showed almost complete decolourisation. The decolourisation in these

bottles was due to adsorption to the biomass but the results may not be completely representative since

the autoclaving may have increased the surface area available for adsorption by rupturing the cells. It is

also unknown whether all of the biomass was inactivated by autoclaving, therefore, some of the

decolourisation may have been due to degradation or breakdown of the dye although this is unlikely since

no biogas was produced in any of the assay bottles. The decolourisation could have occurred due to the

reducing conditions of the liquid associated with the biomass.

The results of test 2 (Figure 5.5) exhibited linear decolourisation. There was some biogas production in

these assay bottles which suggests that the biomass was not completely inactivated by the sodium azide

(the concentration may have been too low) and that some of the decolourisation may have been due to

metabolic degradation or associated reduced conditions.

The results of these tests suggest significant decolourisation due to adsorption to the biomass, however, it

is also possible that the dyes were reduced due to the anaerobic, or reducing environment within the

serum bottles.
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FIGURE 5.5: Plot showing the Cl Reactive Red 141 concentration
measured over time for the adsorption test (2), with sodium azide
inactivated biomass.

A Cl Reactive Red 141 solution was fed to a laboratory-scale (10 L) ABR to assess the efficiency of the

reactor, and its configuration and separation of microbial populations, in the degradation of the dye.

5.4.3 Experimental Design

A laboratory-scale ABR was set up in a constant temperature room at 35°C. The reactor was seeded with

7.68 L (0.96 Llcompartment) of screened digester sludge taken from Umbilo Sewage Works

(TS = 28 g/L; VS = 20 gIL). This gave an inoculum of 19.2 g biomass per compartment, or 153.6 g

biomass in the reactor. The sludge was allowed to settle for one week before feeding began. The feed

connections for Cl Reactive Red 141 degradation were set up as illustrated in Figure 5.6.

The feed solution was continuously pumped, by a variable speed Watson-Marlow peristaltic pump

(model 101UIR), and diluted with distilled water pumped by a variable-speed peristaltic pump

(modeI505s). The two streams combined to form a single feed stream just before the inlet to the reactor.

The treated effluent passed through a glass U-tube for level control and a biomass trap before running to

the effluent reservoir. Effluent samples were taken from the bottom of the U-tube.
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FIGURE 5.6: Schematic diagram showing the experimental layout of the laboratory-scale ABR
treating a synthetic Cl Reactive Red 141 stream (not to scale).

The standard sucrose/protein feed solution (Appendix 1) was used. The operating conditions are outlined

in Table 5.5. Once the reactor had reached steady state, at a 20 h HRT, the Cl Reactive Red 141 dye was

added to the feed solution. The dye powder (2 g) was diluted in 2 L of the sterilised feed solution

(concentration of 40 g COD/L). The feed was diluted lOx with distilled water, such that the feed to the

reactor contained a dye concentration of 100 mg/L. The COD concentration to the reactor was maintained

at 4 g COD/L. To achieve acclimation, the concentration ofCI Reactive Red 141 was increased stepwise

from 100 mgIL (0.12 gIL.d), to 250 mgIL (0.3 g/L.d) on day 96, to 500 mgIL (0.6 g/L.d) on day 127.

Throughout the experimental period, the reactor was supplied with a constant COD loading of

4.8 g COD/L.d of the synthetic feed co-substrate. On day 155, a dye shock load (1 gIL) was fed to the

reactor for one HRT. The feed dye concentration was then reduced to 100 mg/L to determine the ability

of the reactor to return to stable operation after the shock load.

TABLE 5.5 : Summary of the operating conditions.

Day HRT Organic Loading Rate Cl Reactive Red 141
(h) (gCOD/L.d) (mg/L)

1 80 1.2 0

16 60 1.6 0

30 30 3.2 0

50 20 4.8 0

65 20 4.8 100

96 20 4.8 250

127 20 4.8 500

155/156 20 4.8 1000

156 20 4.8 100
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5.4.4 Analytical Methods

Experimental data were obtained from snap samples, taken from the ABR, once or twice week. The

reactor was sampled and analysed as described in Section 3.2.4. The VFAs were analysed by gas

chromatography (Appendix 1). Colour removal was monitored by the method described in Appendix 1.

The absorbance was measured (Pharmacia Biotech Ultrospec 2000 UVNIS) at a wavelength of 545 nm

and the dye concentration was determined from the calibration curves (Appendix 2).

To assess the changes in the microbial populations, sludge samples were taken from each compartment,

and fixed with 4 % paraformaldehyde. These samples were taken when the reactor had reached steady­

state, at a particular dye concentration, and prior to a change in the dye concentration. The method for

sample fixation, probe hybridisation and analysis is detailed in Appendix 1. The cells were dual stained

with DAPI and the fluorescent 16S rRNA-targeted oligonucleotide probes (Table 4.2). They comprised

domain-specific probes for the eubacteria and archaea and order-, family-, and genus-specific probes for

several phylogenetic groups ofmethanogens.

5.4.5 Reactor pH

The measured pH values of compartments I and 8 are shown, to assess the effect of the increasing dye

concentration on the reactor pH.
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FIGURE 5.7: Plot ofthe pH profiles in the Cl Reactive Red 141 ABR.

Analysis of the data indicates that changes in the dye concentration had a slight effect on the reactor pH.

These results also illustrate the horizontal separation of acidogenesis and methanogenesis through the

ABR. In Figure 5.7 the bold line indicates pH 7 and the changes in dye concentration are indicated as

dotted lines.

The pH was quite variable during the start-up of the reactor but stabilised to an average pH of 6.33 in

compartment 1 and 7.36 in compartment 8. When the dye was first introduced to the reactor, at a
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concentration of 100 mglL on day 65, the pH in compartment 1 dropped to 6.14 and the pH in

compartment 8 was variable over 4 data points. The pH in compartment 1 dropped again when the dye

concentration was increased to 500 mgIL, however, the pH in compartment 8 was not affected which

illustrates the ability of the compartmentalised reactor to protect the more sensitive methanogenic

species, in the later compartments, from inhibitory components or concentrations in the feed stream.

During the dye shock load, when the dye concentration was increased to I glL for a period of 1 HRT, the

pH in compartment 1 was variable but it did not drop below pH 6. The pH in compartment 8 was not

affected by the shock load. The dye concentration was reduced to 100 mgIL on day 156 and by day 167

the pH in compartment 1 was stable at ca. pH 6.3. The fact that the pH did not drop below pH 6 with the

shock load indicated that the acidogenic process would not have been inhibited and, therefore, the

anaerobic digestion process in the ABR would not have been adversely affected by the dye shock load.

5.4.6 Reactor Solids

Figure 5.8 is a plot of the cumulative solids washed out of the reactor. The measure of volatile solids was

taken as an indication of the biomass concentration. These results show that there was biomass washout

with each change in dye concentration and that the total amount of solids lost was relatively high (3.37 kg

of which 1,47 kg were volatile solids). Only ca. 50% of the solids washed out of the reactor were volatile

solids.
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FIGURE 5.8 : Plot of the cumulative solids lost from the Cl Reactive Red 141
ABR.

5.4.7 Reactor C~emicalOxygen Demand (COD)

Figures 5.9 and 5.10 depict the soluble COD removed by the reactor over time. The COD removal

during start-up, or before the addition of the dye to the feed stream, averaged 95 %, or an effluent COD

of 189 mg/L. A COD removal efficiency of> 80 % is considered acceptable to conclude the start-up

period (Willetts, 1999).
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FIGURE 5.9 : Plots showin2 (a) the influent and effluent CODs and (b) the COD reduction in the
laboratory-scale ABR.

Cl Reactive Red 141 was added to the feed stream at a concentration of 100 ~gIL, on day 65. This

resulted in a slight decrease in the COD reduction with an effluent COD of 303 mgIL. The COD

reduction stabilised within 3 HRTs to give an effluent COD concentration of 163 mgIL. The average

COD reduction for the 250 mgIL dye concentration was 92 % and 91 % for the 500 mglL concentration.

Thus, there was a slight decrease in the COD removal efficiency with each increase in the dye

concentration. The dye shock load (1 glL Cl Reactive Red 141) resulted in a sharp decrease in the COD

removal, to 47.8 %. It is thought that the high dye concentration caused a temporary inhibition of

microbial metabolism, resulting in the substrate and intermediate acids not being completely metabolised.

These results correlate with the VFA results (Section 5.4.9). The biomass recovery was almost

immediate with an effluent COD of 198 mgIL attained within 3 HRTs of the shock load. Thus, these

results indicate that addition of the dye to the ABR feed stream did not have a long-term adverse or

inhibitory effect on the anaerobic degradation process, except that the shock load caused a temporary

inhibition of the microbial metabolism.

Figure 5.10 shows the COD profiles through the reactor, at different time periods during the experiment.

On the plot, compartment 0 represents the reactor feed and compartment 9 represents the reactor effluent.

The profiles show that the majority of the COD was reduced in the first three compartments of the

reactor, due to the horizontal separation of acidogenesis and methanogenesis. The COD profiles indicate

that the COD reduction decreased with each increase in dye concentration. This could be attributed to

reduced metabolic activity of the methanogens (degrading the intermediates from the sucrose in the feed)

since they were shown to be inhibited by Cl Reactive Red 141 and its degradation products

(Sections A4.1 and 5.3). The profiles also show very little COD reduction in the last three compartments

of the reactor; thi~ was substantiated by the biogas results and the population characterisation

experiments, which showed low metabolic activity in these compartments.
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laboratory-scale reactor at different times durine the experimental
period.

The general response of anaerobic processes to a shock load can be characterised by an increase in VFAs,

a decrease in removal efficiency, a decrease in methane content and higher effluent suspended solids.

Consequently, the highest concentration shock load causes the lengthiest deterioration of effluent quality

in terms of peak soluble COD and VFA concentrations (Nachaiyasit and Stuckey, 1997a). This increase

in soluble COD in the effluent will consist of both unmetabo1ised VFAs and SMPs. The degree of

deterioration in performance depends on the duration and magnitude of the shock and the rate of

adaptability of the microorganisms; hence, the function of higher biomass concentrations in anaerobic

reactors is usually to enhance their stability rather than improve COD removal (Nachaiyasit and Stuckey,

1997a).

The theoretical volume of methane produced was calculated from the organic loading rates and the

known conversion of 1 g COD being equal to 0.395 L CH4 at 35 QC (Speece, 1996).

TABLE 5.6 : Theoretical methane production values
calculated from the organic loading rate.

Organic Loading Rate Theoretical methane production
(g COD/Lld) (Lld)

1.2 3.64

1.6 4.85

, 3.2 9.71

4.8 14.56

Thus, the theoretical total methane production, over the 162 day test period, was 1· 951 L. The total

measured methane production was 248.03 L. Unfortunately this large discrepancy was not identified until
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analysis of the experimental data, after termination of the test. Possible reasons for the large biogas loss

could be (i) that the diameter of the gas measurement V-tube (Appendix 1) was too wide to support

sufficient level changes; (ii) there was less resistance to the biogas to follow the liquid route out the

effluent tube, than up through the gas port; (iii) there was inefficient gas separation between adjacent

compartments and (iv) some biogas could have been lost during sampling. No gas leaks were found.

These poor gas production measurements are reflected in the COD balance. The balance was calculated

for each time step and the results are presented in Appendix 4. The COD balance over the whole test

period was 18.2 %. The poor balance indicates that the gas measurement set-up was also inefficient. The

reduction in COD from the inlet feed to the outlet stream was not reflected in the amount of methane

produced by each compartment i.e. the measured methane concentrations were too low, suggesting that

the COD was not conserved. Any COD which is not converted to methane and is not present in the

effluent may be assumed to be consumed in cell maintenance and synthesis.

5.4.8 Reactor Colour

The dye concentration in each compartment and in the final effluent was measured by absorbance

(545 urn). The concentration of Cl Reactive Red 141 in the influent was increased periodically after at

least 20 hydraulic retention times (HRT of 20 h) and when more than 75 % removal of the dye and the

co-substrate (sucrose in the synthetic feed) COD had been achieved. Sugar, in the form of glucose or

sucrose, is deemed a model wastewater substrate necessary for providing the electrons for the reduction

of azo compounds (Donlon, Razo-Flores et al., 1997). Sucrose was added to the synth~tic feed

(Appendix 1) and acted as a co-substrate for the azo dye reduction. Figure 5.11 shows the colour

reduction with time. The dotted lines indicate the changes in dye concentration in the feed.
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FIGURE 5.11: Plot showing the colour reduction achieved in the laboratory­
scale ABR treating a synthetic Cl Reactive Red 141 waste stream.
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These results show efficient decolourisation of the Cl Reactive Red 141 waste stream. The colour

reduction averaged 87 % with a 100 mg/L dye concentration in the feed and 85 % for the 250 mg/L

concentration. The colour removal dropped to 65 % when the dye concentration was increased to

500 mg/L (day 127). This was the lowest colour removal achieved throughout the duration of the test,

and had increased to 80 % within one HRT. The dye shock load of 1 g/L did not inhibit the anaerobic

process and a colour reduction of 85 % was achieved during the shock load. When the dye concentration

was reduced back to 100 mg/L, to assess the ability of the reactor to return to stable operation after the

shock load, colour reduction stabilised at ca. 90 %. Thus, these results show that colour removal was

efficient with an average colour removal of 86 % over the whole test period. The minimum dye

concentration achieved in the effluent was 5 mg/L, on day 91, however, this concentration is still

significant since colour is visible at concentrations ~ 1 mg/L. The effluent would require further

treatment before discharge to a water source. If this colour reduction was achieved by pre-treatment at the

factory, further aerobic reduction of the aromatic amines could be achieved by conventional treatment at

a wastewater treatment works.
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FIGURE 5.12 : Plot showing the colour reduction profiles in the laboratory­
scale ABR treating a synthetic Cl Reactive Red 141 waste stream.

The colour reduction profiles (Figure 5.12) show that, for all investigated dye concentrations, at least

50 % of the colour was removed in the first two compartments of the reactor. This verifies the theory

proposed in Section 5.2 that in the context of the ABR, and the horizontal separation of acidogenesis and

methanogenesis, reduction of the azo bond, with concurrent decolourisation, would occur in the first

compartments of th~ reactor. Therefore, it would be the acidogenic populations that would be exposed to

the dye compounds, and the methanogenic populations in the later compartments that would be exposed

to the dye degradation products, or intermediates. The toxicity assays in Section 5.2 showed that the

acidogens were not inhibited by Cl Reactive Red 141 and this was verified by the significant colour

removal achieved in the reactor. The fmal effluent concentration was < 150 mg/L for all investigated dye

concentrations.
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Carliell et al. (1995) found a first-order relationship of Cl Reactive Red 141 decolourisation vs. time with

respect to dye concentration. It was noted, however, that increasing the initial dye concentration in the

anaerobic test system resulted in decreasing reaction rates for decolourisation.

The results of the adsorption assays (Section 5.4.2) indicated that adsorption would contribute

significantly to the decolourisation of the Cl Reactive Red 141 waste stream. If decolourisation was only

achieved by adsorption, i.e. there was no reduction of the dye molecules, then the biomass would have

reached a saturation point where no more dye molecules could be adsorbed and a break-through of dye

would have been observed in the reactor effluent. This was not observed, therefore, it was concluded that

there was also metabolic reduction of the dye molecules contributing to the decolourisation of the dye

waste.

The literature shows that azo reduction exhibits different reduction potentials in different environments.

Many redox reactions occur simultaneously in a biological system and the reduction potentials vary for

each reaction. Therefore, the reduction potential of the azo bond in a biological system will be the

apparent reduction potential of the bulk solution. Many authors have reported non-specific

decolourisation of single dyes, mixtures of dyes or real textile effluent, in the presence of anaerobic or

facultative mixed cultures acquired from varying sources (Brown and Laboureur, 1983; Banat et al.,

1996). In contrast to pure culture studies, the reduction of dyes by mixed cultures appears independent of

the structure of the dye molecule involved. Hence, the bulk of decolourisation would appear to occur

extracellularly and be dependent on the redox potential of both the bulk phase and the dye. Carliell et aI.,
(1995) noted that the presence of other electron acceptors in the bulk phase, such as nitrate, caused a lag

phase before dye reduction, during which time the nitrate was reduced. This preference was simply

explained by the lower redox potential required for reduction of azo dyes as compared with nitrate

(Carliell et aI., 1995; Wisjnuprapto et al., 2001). The reduction potential was not measured in this

investigation. Carliell et al. (1995) showed that the redox potential of an anaerobic system decreased

from ca. -375 mY (addition of Cl Reactive Red 141) to ca. -475 mY by the end of a 5 h decolourisation

period (Carliell et al., 1995). Wisjnuprapto et al. (2001) also concluded that, in order to achieve colour

removal, a redox potential of - 375 mY was required. Although the precise redox potential for optimum

decolourisation is not known, it can be concluded that strictly anaerobic conditions are conducive to

decolourisation. Bell (1998) found that the rate and extent of decolourisation of Cl Reactive Red 141 was

affected by the presence of oxygen in the anaerobic system. It was concluded that the presence of oxygen

increased the bulk oxidation reduction potential (ORP) of the solution thus inhibiting the reduction of the

dye molecule (Bell, 1998).

5.4.9 Reactor Volatile Fatty Acids

Figure 5.13 shows the total VFAs found in the reactor effluent over time. There was an initial VFA peak

in the effluent, during start-up, after which the measured VFA concentration in the effluent was constant

at 0 mg/L. When the reactor was exposed to the dye shock load, the VFA concentration in the effluent

increased to 735 mg/L. It is thought that the high dye concentration caused a temporary inhibition of

microbial metabolism, resulting in the VFAs being present in the effluent. However, recovery was almost
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immediate with the effluent VFA concentration returning to < 100 mgIL. It was concluded that the

reactor operation was stable since the effluent VFA was < 200 mgIL throughout the test period, except

for the temporary response to the dye shock load, and stable reactor performance is indicated by an

effluent total VFA concentration below 500 mgIL (Willetts, 1999).
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FIGURE 5.13 Plot of the total VFAs in the laboratory-scale ABR
effluent.

The concentrations of each of the individual acids in compartment I and the reactor effluent are

illustrated in Figure 5.14. Consistent with the hypothesis of acidogenesis occurring in the first

compartments, Figure 5.14 (a) shows relatively high concentrations of acetic acid in compartment I of

the reactor and low, or almost negligible, concentrations in the effluent. Similarly, for the other acids, the

concentrations were higher in compartment 1 than in the effluent; most were not detected in the effluent.

There was, however, a peak in the effluent concentration as a result of the dye shock load. The

concentration of propionic acid (Figure 5.14 (b)) in the reactor was low except for an initial peak during

start-up (438 mgIL on day 23), a small increase in concentration (141 mgIL) when the dye was first

added to the reactor (day 65) and then another peak (259 mgIL) in response to the dye shock load.

LButyric acid concentrations were negligible in the reactor, except for two small concentration peaks, in

compartment 1, during start-up of the reactor (613 mgIL on day 16) and in response to the dye shock

load, with a concentration peak of 318 mgIL on day 155. During start-up, a high concentration

(1 349 mgIL) of butyric acid (Figure 5.14 (d)) was detected in compartment 1. Within 5 HRTs this

concentration had reduced to < 10 mglL and remained constant with a small peak concentration

(63 mgIL) in response to the dye shock load. Since butyrate concentrations did not increase during the

duration of the test,' it was deduced that the OLR was not high enough to necessitate accumulation of

these acetate stores. Negligible concentrations of Lvaleric and valeric acids were detected in the reactor.
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FIGURE 5.14: Plots of each of the individual volatile fatty acids in compartment 1 and the effluent
of the laboratory-scale ABR.

Profiles through the reactor (Figure 5.15) all showed a tail-off from maximum concentrations in the first

compartments to very little in the later compartments. The reactor was stable and the acid concentrations

were low, indicating-, methanogenic utilisation of the acids formed from the sucrose in the reactor feed.

The VFA concentrations were low until the dye shock load, where the acetate concentration increased to

2741 mg/L and remained relatively high throughout the remainder of the reactor, only dropping to

< 100 mg/L in the reactor effluent.
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These results indicate that the addition of Cl Reactive Red 141 to the ABR feed stream did not have an

adverse effect of the anaerobic digestion process. The only observed response to the dye was when the

concentration was increased to I gIL, as a dye shock load to the reactor. The results show that the

response to this was temporary inhibition but recovery to stable operation within 5 HRTs.
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FIGURE 5.15: Plots of the VFA profiles through the reactor, with time.

To summarise the information regarding the relative importance of the VFAs, the concentration is shown

as a proportion of the total VFA contribution to COD. The COD equivalent of each VFA is given in

Table 4.3.

The COD equivalent of each VFA, detected in the reactor effluent, was calculated and the total is

presented in Figure 5.16 with the measured effluent COD. These results show the high VFA-COD

associated with the dye shock load, indicating that the unmetabolised VFAs, due to inhibition of the

microorganisms by the high dye concentration, made up the majority of the effluent COD. During the

remainder of the test, the VFA-COD was very low, thus the effluent COD must have been composed of

the dye degradation products and SMPs.
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FIGURE 5.16 : Plot showine the measured COD and the calculated VFA-COD in the
reactor effluent.

5.4.10 Reactor Biogas

The volume of biogas produced in each compartment was measured by the level sensor system descri~ed

above and the biogas composition was analysed by gas chromatography (Appendix 1). The methane

composition is given as a mole fraction of the total biogas (Figure 5.17).
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FIGURE 5.17: Plot showine the methane concentration profiles throueh the
laboratory-scale ABR treating a synthetic Cl Reactive Red 141 waste stream.

The profile plot shows that for all of the investigated dye concentrations, the methane composition of the

biogas increased in each compartment, from compartment 1 through to a maximum methane composition
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in either compartment 5 or 6 (ca. 70%). In all cases the methanogenic activity was low in compartments 7

and 8 which could indicate that the methanogens in these compartments (predominantly the scavenging

Methanosaeta spp.) were inhibited by the dye degradation products, or that the organic load to the reactor

was such that the metabolic activity in these compartments was low. This correlates with the COD results

(Section 5.4.7).

These results show that the methane composition in the fIrst compartment was relatively high, ranging

from ca. 40 % with the 100 mg/L dye concentration, to 63 % with the 500 mg/L concentration. Tilche

and Yang (1987) found that 70 % of all methane produced in a hybrid ABR was produced in the fIrst

compartment, despite having only 10 % of the VS present within the reactor (Tilche and Yang, 1987).

The methane composition in the compartments increased with increasing dye concentration. This was

unexpected since the anaerobic toxicity assays showed the methanogens to be inhibited by Cl Reactive

Red 141. The dye shock load resulted in a decrease in methanogenic activity, especially in compartments

6, 7 and 8, which suggests that the methanogens were inhibited by the dye degradation products.

These changes in the biogas composition can be related to the changes in the microbial populations due

to the dye concentration changes (Section 5.4.11).

Willetts (1999) stated that successful treatment of highly concentrated dye wastewater was unlikely. This

investigation has shown that successful treatment of a highly coloured wastewater is possible in the ABR.

Although there was some inhibition of the methanogens with each increase in the dye concentration (up

to 0.5 g/L), the COD and colour removal were effIcient. The dye shock load (1 g/L) resulted in a

temporary inhibition of the biomass, however, stable operation was resumed within 3 HRTs. The effect

of a longer shock load on the reactor operation should be investigated prior to full-scale design and

operation. Thus, it can be deduced that the design of the ABR facilitates effIcient treatment of

concentrated textile dye wastewaters by protecting the sensitive methanogens from the inhibitory dye

molecules and degradation products, and promoting effIcient colour and COD reduction, primarily in the

fIrst compartments. The results of this experiment showed very low metabolic activity in the fInal three

compartments of the reactor, therefore, in a pilot- or full-scale design, these compartments could be

removed. If the dye wastewater was to be treated with a high strength COD wastewater, the metabolic

activity in the last three compartments would be higher and facilitate further COD reduction. The fmal

three compartments could also be aerated for further reduction of the aromatic amines.

5.4.11 Population Characterisation

Reactor samples were taken, from each compartment, on days 64, 96, 126 and 150 of operation. The,
samples were hybridised (Appendix 1) with the fluorescent-labelled oligonucleotide probes listed in

Table 4.2 (except MS5 and MB4) to identify the microbial populations, the predominant populations and

microbial changes, or shifts in population, with time and in response to changes in the dye concentration.
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Initial hybridisations with the universal eubacteria (EUB338) and universal archaea (ARC915) probes

revealed an abundance of members of both in the first compartment, at each sampling date. This

correlated with the analytical data from the reactor operation, where it was evident that there was

methanogenic activity in the first compartments and that the methanogenic activity increased with each

increase in dye concentration. The relative ratio of eubacteria to archaea in each compartment, at each

dye concentration, was determined and the results are presented in Figure 5.18.
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FIGURE 5.18: Ratios of Eubacteria (EUB338-hybridised) to Archaea (ARC915-hybridised) in each
compartment of the ABR, for each investigated Cl Reactive Red 141 concentration.

Analysis of samples taken from compartment 4 onwards revealed a decline in the ratio of bacterial cells

to archaeal cells. The characteristic morphology of Methanosaeta (long sheathed filaments) was

visualised using ARC915, and confirmation of the identity of these filaments using the genus specific

probe MX825 was obtained. Another morphotype observed hybridising to ARC915 included

Methanospirillum-like shorter filaments, which dominated the archaeal populations in the first four

compartments, but did not hybridise with either the MX825 or MO1200 probes. Detailed results for each

sample set are given below.
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Day 64 (Start-Up) : The samples taken on day 64 were representative of the reactor biomass during

start-up. The biomass had been exposed to a stepwise decrease in the HRT, from 80 h to 60, 30, then

20 h, with the synthetic sugar/protein feed (Appendix 1). The components of the feed were readily

biodegradable, thus there was a predominance of the eubacteria (Figure 5.19) in compartment 1 (94 %)

and equal populations of eubacteria and archaea in compartment 2. The archaea were the dominant

microorganisms making up the microbial populations from compartment 3, through the rest of the

reactor.

Figure 5.18 shows a predominance of archaea in compartments 7 and 8, however, the fluorescent signal

emitted by these hybridisations was very faint, indicating low metabolic activity. This correlates with the

biogas and COD data. All of the archaea in these compartments hybridised with the MX825 probe, Le.

scavenging Methanosaeta spp., which are able to survive at low acetate concentrations.

FIGURE 5.19 : FISH image of bacterial cells in compartment 1
of the Cl Reactive Red 141 ABR, hybridised with EUB338.

Figure 5.21 shows the plots of the archaeal community analysis of the ABR compartments 1 to 8,

sampled at each investigated dye concentration, showing counts obtained using farnily- and genus­

specific probes expressed as a fraction of the total archaeal counts achieved using probe ARC915. On

day 64, 32 % of the archaeal population in compartment 1 was made up a short filamentous species.

Methanosarcina cells were observed in compartment 2; they made up 28 % of the archaea and hybridised

with the MS821 probe (Figure 5.20).
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FIGURE 5.20 : FISH images of Methanosarcina ceUs, from compartment 2 of the Cl Reactive
Red 141 ABR, hybridised with (a) ARC915 and (b) MS821.

The remainder of the compartments, i.e. compartment 3 onwards, were dominated by the MX825­

hybridised Methanosaeta spp. No MG1200 hybridisations were observed in these samples.
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FIGURE 5.21 : Archaeal commuDlty analysis of ABR compartments 1 to 8, sampled at each
investigated dye concentration, showing counts obtained using family- and genus-specific probes
expressed as a fraction of total archaeal counts achieved using probe ARC915.
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Day 96 (100 mgIL Cl Reactive Red 141) : The biomass samples taken from the reactor on day 96

represented the sludge which had been treating a Cl Reactive Red 141 concentration of lOO mg/L for

31 d. Figure 5.18 shows that 89 % of the microbial population in compartment I was made up of

eubacteria; the hybridisations emitted bright fluorescent signals indicating high metabolic activity. These

organisms were responsible for the majority of the COD and colour reductions (Sections 5.4.7 and 5.4.8).

The relatively low OLR did not require an extended acidogenic phase, thus the microbial population in

compartment 2 was composed of ca. 50:50 eubacteria to archaea. The archaea dominated the populations

from compartment 3 onwards. Compartments 7 and 8 contained very few, undefined cells, as observed by

the microscope. The fluorescent signals emitted by the hybridisations in these compartments were very

faint, indicating low metabolic activity, which correlates with the biogas and COD results.

Figure 5.21 (b) illustrates the composition of the archaeal population on day 96. Compartments I to 4

were dominated by a short filamentous species (Figure 5.22 (a». Although these cells were similar in

morphology to those observed in Chapter 4, they did not hybridise with the MGI200 probe. It was

thought that they were Methanosaeta spp., however, they did not hybridise with the MX825 probe either.

It was evident that these cells had proliferated due to the addition of the dye to the reactor. They were not

inhibited by the dye or the dye degradation products since the bright fluorescent signals indicated high

metabolic activity. These microorganisms would not have been present in the anaerobic toxicity assay

sludge; the results suggest that selection occurred due to the addition of the dye to the ABR feed stream.

Further identification of these microorganisms would require extraction and sequencing ofthe DNA.

(a) (b)

F~GURE 5.22 : FISH images of (a) the short archaeal filaments from compartment 2, hybridised
With ARC915 and (b) the long Methanosaeta filaments from compartment 6, hybridised with
MX825.

A portion (7 %) of the archaeal community in compartment 3 hybridised to the MGI200 probe. The

Methanosaeta spp. dominated the archaeal populations from compartment 5 through the remainder of the
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reactor. These organisms hybridised with the MX825 probe (Figure 5.22 (b». The metabolic activity of

the Methanosaeta spp. was relatively low, as can be seen by the faint fluorescent signal emitted in

Figure 5.22 (b). This corresponded with the reactor biogas and COD data which showed low

methanogenic activity in the fmal reactor compartments.

Day 126 (250 mglL Cl Reactive Red 141) : The biomass samples taken from the reactor on day 126

represented the sludge which had been treating a Cl Reactive Red 141 concentration of 250 mg/L for

30 d. The EUB:ARC ratios in Figure 5.18 show that although the microbial population in compartment I

was dominated by the eubacteria (75 %), there was a larger fraction of archaea in this compartment,

compared to previous samples. This was unexpected since the anaerobic toxicity assay showed inhibition

of the methanogens by the dye, thus it was expected that increasing the dye concentration would result in

lowering the methanogenic activity. However, the biogas results showed increased methanogenic activity

in the first compartments of the reactor, with increased dye concentration. The FISH experiments verified

this with hybridisation of the short filamentous archaeal microorganism which sh'owed high metabolic

activity in compartments I to 4. The archaea dominated the communities from compartment 2, through

the remainder of the rea~tor (Figure 5.21 (c». Methanosarcina spp., hybridised with MS821, comprised

ca. 1 % of the archaeal community in compartment 1.

Day 150 (500 mg/l Cl Reactive Red 141) : The biomass samples taken from the reactor on day 150

represented the sludge which had been treating a Cl Reactive Red 141 concentration of 500 mg/L for

23 d. The eubacteria dominated in compartment I (94 %) and compartment 2 (91 %). The reason for the

increased eubacterial activity could be that the methanogenswere inhibited by the higher dye

concentration, although the biogas results (Figure 5.17) showed an increase in the methanogenic activity

with the dye concentration increase to 500 mg/L. The results of the FISH experiments (Figure 5.21 (d»

verified these showing that the short filamentous archaeal species was predominant and active in the first

four compartments. The EUB338 hybridisations emitted a bright fluorescent signal, indicating that these

organisms were metabolically active and obviously involved in the colour reduction of the dye and COD

reduction of the waste stream. The main component of the archaeal community, from compartment 5

onwards was the MX825-hybridised Methanosaeta spp. Very few cells were present in compartments 7

and 8 and the MX825 hybridisations in these compartments emitted very faint fluorescent signals,

indicating low metabolic activity.

This investigation showed an unexpected result, namely the abundance of the short filamentous archaeal

microorganism, which did not hybridise with either the MG1200 or MX825 probes. This species became

metabolically active after the addition of the dye to the ABR feed stream, thus, it was deduced that there

was selection for the organism. The bright fluorescent signals, together with the measured increased

methane production suggest that these organisms were actively involved in the colour reduction of the

dye and the COD reduction of the waste stream, in the first four compartments of the reactor. There was a

horizontal separation through the reactor of this short filamentous species and the MX825-hybridised

Methanosaeta spp. Metabolic activity was low in compartments 7 and 8.
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5.4.12 Conclusions

5-32

1. The results of the physical decolourisation tests suggested significant decolourisation due to

adsorption to the biomass, however, it is possible that the dye chromophores were reduced due to the

low redox potential environment within the test bottles. No dye break-through, due to adsorption

saturation, was observed during operation of the reactor.

2. COD reduction was consistently> 90 %, except for the period during the dye shock load. Colour

reduction averaged 86 %.

3. The biomass showed acclimation to the dye, with increased methanogenic activity with each

increase in dye concentration.

4. The inaccurate biogas measurement resulted in the poor COD balance of 18.2 %.
\

5. The reactor operation was stable, even with increases in the dye concentration. The only observed

response to the dye was when the concentration was increased to 1 g/L (shock load), resulting in

temporary inhibition but recovery to stable operation within 5 HRTs.

6. This investigation has shown that successful treatment of a highly coloured wastewater is possible in

the ABR. The design of the ABR facilitates efficient treatment of concentrated textile dye

wastewaters by protecting the sensitive methanogens from the inhibitory dye molecules and

promoting efficient colour and COD reduction, primarily by the acidogens in the first compartments.

7. Metabolic activity was low in the fmal three compartments ofthe reactor.

8. There was a definite shift in the microbial populations through the ABR, with a predominance of

eubacteria in the first compartments (acidogenesis) and archaea (methanogenesis) in the later

compartments.

9. The use of molecular approaches provided useful descriptions of the methanogens actively involved

within each compartment. These results showed a horizontal separation of a short filamentous

archaeal microorganism and the long sheathed filamentous Methanosaeta spp.

10. The short filamentous archaeal microorganism proliferated after addition of the dye to the reactor

and was metabolically active in the first four compartments of the reactor. Identification of the

microorganism will require DNA extraction and sequencing.

11. The application of molecular techniques to the ABR process improved the understanding of the

metabolic processes occurring within each compartments and the microorganisms involved in these

reactions.



Chapter 6
Conclusions and Recommendations

From this investigation on the treatment of dye wastewaters in the anaerobic baffled reactor and the

characterisation of the associated microbial populations, the following can be concluded:

1. There is potential for the ABR to be implemented on-site for pre-treatment of coloured wastewaters.

The overall objective is the implementation of waste minimisation and cleaner production strategies

in factories. However, wherever there is industrial activity, some waste is unavoidable; but the

effluent produced is of much smaller volume and hence more concentrated. With implementation of
\

the ABR, the concentrated waste stream could be pre-treated, with a biomass acclimated to the

particular effluent, which should facilitate sufficient degradation such that the effluent could be

discharged to sewer for further treatment.

2. Molecular methods can enhance the understanding of an anaerobic digestion process by providing

information on the dynamics and evolution of the microbial communities. This information, together

with the chemical and biochemical data will facilitate improved reactor design and optimisation of

processes.

3. Batch toxicity and biodegradability assays are important screening tests, however, the results cannot

be directly applied to the ABR since they use a mixed anaerobic sludge, whereas specialised sludges

evolve in each compartment of the ABR. Screening tests can be devised to provide useful toxicity

and biodegradability data for application to the ABR.

4. The hypothesis of the horizontal separation of acidogenesis and methanogenesis through the ABR

was proven in the experiments reported in this thesis. Changes in the HRT affected the operation of

the reactor, however, recovery from these upsets was almost immediate and operation of the reactor

was stable.

5. Tartrazine was not readily degraded by anaerobic digestion, however, degradation may be improved

with acclimation of the biomass. A COD reduction of 50 to 60 % was achieved in the laboratory­

scale ABR and colour removal increased with time, suggesting acclimation of the biomass. After ca.

60 d, the tartrazine concentration in the effluent was 12 mgIL (95 % reduction). Most of the colour

reduction was achieved in the first compartment of the reactor. The tartrazine dye, associated with

the biomass interfered with probe hybridisation resulting in the 168 rRNA oligonucleotide probes

binding to the dye and not to the biornass.

6. For the industrial dye wastewater, anaerobic degradation of a 10 % dilution was efficient.

Methanogenic activity was high, the organic content of the influent was reduced by approximately
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70 % and colour was reduced by almost 90 %. Degradation is affected by the complexity and

variability of a real industrial wastewater, however the long SRT in the ABR can reduce these

effects.

7. Anaerobic treatment of the textile reactive dye, Cl Reactive Red 141, was successful with the COD

reduction consistently > 90 %, except for the period during the dye shock load. Colour reduction

averaged 86 %.The biomass showed acclimation to the dye, with increased methanogenic activity

with each increase in dye concentration. The reactor operation was stable, even with increases in the

dye concentration. The only observed response to the dye was when the concentration was increased

to 1 g/L (shock load), resulting in temporary inhibition but recovery to stable operation within

5 HRTs.

8. The design of the ABR facilitates efficient treatment of concentrated dye wastewaters by protecting
J

the sensitive methanogens from the inhibitory dye molecules and promoting efficient colour and

COD reduction, primarily in the first compartments.

9. The molecular-based method, fluorescent in situ hybridisation (FISH), allowed the direct

identification and enumeration of microbial populations active in the ABR. In all of the reported

investigations, there was a definite shift in the microbial populations through the ABR, with a

predominance of eubacteria in the first compartments (acidogenesis) and archaea (methanogenesis)

in the later compartments. The number of compartments involved in each depended on the strength

of the substrate (OLR).

10. The use of molecular approaches provided useful descriptions of the methanogens actively involved

within each compartment. These results showed far fewer Methanosarcina cells than expected. In

the laboratory-scale ABR, investigating the effect of changes in HRT on the microbial populations, a

horizontal separation of the shorter filamentous Methanospirillum-like spp. and the long sheathed

filamentous Methanosaeta spp was observed.

11. A combination of FISH probing, and the analysis of 98 archaeal 16S rDNA clone inserts, revealed

that together with the bacterial population, a methanogenic population dominated by Methanosaeta,,
together with species of Methanobacterium and Methanospirillum, and a relatively unstudied

methanogen Methanomethylovorans hollandica, contributed to the successful anaerobic treatment of

the industrial food dye waste stream.

12. Fluorescent in situ hybridisation (FISH), with 16S rRNA oligonucleotide probes, showed a

horizontal sep~ration of a short filamentous archaeal microorganism and the long sheathed

filamentous Methanosaeta spp. in the laboratory-scale ABR treating the Cl Reactive Red 141

stream. The shortfilamentous archaeal microorganism proliferated after addition of the dye to the

reactor and was metabolically active in the first four compartments of the reactor. Identification of

the microorganism will require DNA extraction and sequencing.
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Based on the above conclusions, the following work is recommended:

6-3

1. Hydrodynamics studies to investigate the biomass concentration, the effects of gas mixing, changes

in the viscosity of the bulk liquid and the degree of granulation of the biomass (particle size

distribution). Knowledge of these would further enhance understanding of the flow and mixing

patterns within the ABR, for optimisation of the design.

2. Develop batch test specifically for the ABR; this may involve sampling of biomass from each

compartment of an operating ABR.

3. Further batch tests could be used to evaluate the half lives of dyes, under varying conditions such as

inoculum source, dye class, sulphide concentrations and the presence of redox mediators.

4. An in-depth study on the acclimation of biomass to a dye, with concurrent molecular

characterisation of the microbial population dynamics.

5. An accurate gas measurement system should be designed such that the operational efficiency of the

reactor can be simultaneously monitored by an accurate mass balance.

6. Investigate complete treatment of a coloured wastewater in the ABR by aerating the final

compartment for aerobic post-treatment to remove the residual colour.

7. The effect of a longer dye shock load on the reactor operation should be investigated prior to full­

scale design and operation.

8. Develop HPLC methods to identify dye degradation products in the batch serum bottle tests and in

the ABR effluent.

9. Trial investigations at Imperial College assessed the feasibility of using adsorption as a secondary

treatment, to remove the remaining colour from the tartrazine and dye wastewater ABR effluents. Of

the tested adsorbants (activated carbon in powder; synthetic clay; granular activated carbon;

diatomaceous earth; Montmorilonite KIO; cationic exchange resin; anionic exchange resin; rice;

charcoal; and bentonite), the greatest colour removal was obtained with granular activated carbon.

Total colour removal was obtained for the tartrazine effluent and 85.94 % for the dye wastewater

effluent. An in-depth study on the cost-effectiveness of this post-treatment and the efficiency on a

pilot- or full-scale would be valuable.

10. Construct and commission a pilot-scale ABR for pre-treatment of an industrial wastewater.
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ALl ANAEROBIC MEDIUM FOR BATCH ASSAYS

Preparation of I L of anaerobic medium: 10 mL of stock solution A 1 (Table ALl) was mixed with

10 mL of solution A2 and 1 mL of solution A3 and diluted with 967 mL of deionised water. The medium

was boiled in an Erlenmeyer flask with a glass watch on top to prevent evaporation. The solution was

cooled to room temperature whilst being purged with a gas mixture of 70 % N2, 30 % CO2, The solution

was transferred into an anaerobic bottle with the appropriate amount of A6 (0.4~ g of NH4HC03 and

3.73 g of NaHC03), whilst still flushing with the gas mixture.

The bottle was sealed with a rubber stopper and aluminium cap, and a slight overpressure (0.5 bar).

The following were added to the solution, with a syringe, through the rubber stopper:

1 mLA4

10 mL AS

I mLA7

1 mLA8
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TABLE ALl : Components of the anaerobic nutrient medium.

Stock Components Concentration Final cone.

in stock in medium

Al K2HP04 65.3 g/L 0.653 g/L

A2 NaH2P04.2H2O 19.5 g/L 0.195 g/L

A3 Resazurin 0.5 g/L 0.5 mg/L

A4 Trace Element Solution mglL

EDTA 500 0.5 mg/L

FeCI2.4H2O 2000 2.0mg/L

MnCI2.4HzO 100 1.0mg/L
,

CoCI2·6H2O 190 0.19 mg/L

ZnCl2 70 0.07 mg/L

CuCl2 2 0.002 mg/L

AICI3·6H2O 10 0.01 mg/L

H3B03 6 0.006 mg/L

NazMo04 36 0.036mg/L

NiClz·6HzO 24 0.024mg/L

+ 1 mL cone. HCI

AS Vitamin Solution mglL

Biotin (vitamin H) 2 20 ~g/L

p-aminobenzoate (Na salt) 5 50 ~g/L

Pantothenate (Na salt) 5 50 ~g/L

Folic acid (dihydrate) 2 20 ~g/L

Lipoic acid (thioctic acid) 5 50 ~g/L

Pyridoxine (vitamin B6) 10 100 ~g/L

Nicotinamide 5 50 ~g/L

Thiamine HCI (vitamin B 1) 5 50 ~g/L

Riboflavine (vitamin Bz) 5 50 ~g/L

Cyanocobalamine (B 12) 0.1 2 ~g/L

A6 NH4HC03 0.4439 g/L

NaHC03 3.730 g/L

A7 NazS.9H2O 1000 x 1.00 mM

A8 CaClz.2HzO 1000 x O. t 10 11fT.
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cells were pelleted by centrifugation (13 000 rpm for 5 min) and the supematant, containing the fixative,

removed. The cells were washed in 1 mL IX PBS, by centrifugation and then re-suspended in IX PBS

and absolute ethanol to give 108 to 109 cells/mL. The samples were then stored at -20°C until required

for probing. Unfixed samples to be used for DNA extraction and further analysis were stored at -20 C

until required.

A1.4.2 Hybridisation

Fixed cell samples (3 ilL) were applied to teflon coated multi-well glass slides, allowed to air dry and

dehydrated by serial immersion of the slide in 50, 80 and 98 % ethanol (3 min each). The purpose of the

ethanol wash was to remove any cell debris from the slides. The hybridisation buffer was prepared

containing 0.9 M NaCl, 20 mM Tris-HCl (pH 7.2), O.ol % sodium dodecyl sulphate and appropriate

amounts of formamide, for the required stringency of a particular probe, The slides were air dried, and

8 ilL of hybridisation buffer was added to each well. The remainder of the buffer 'was used to humidify

the hybridisation tube. The oligonucleotide probe (25 to 50 nt) was added (I ilL) to each well, to give a

final concentration of 5 ng/llL. The slide was placed in the hybridisation tube, in the hybridisation oven at

46°C for 2 h. Details of the oligonucleotide probes used in this project are given in Table A1.3.

A1.4.3 Washing and mounting

After the hybridisation, the slides were washed in a wash buffer containing a specific amount of NaCI,

dependent on the stringency of the hybridisation. The wash buffer was warmed to 48°C in a water bath.

The slides were washed for 15 min, then rinsed in distilled water, air dried and mounted with Vectashield

Mounting Medium containing DAPI (4',6-diamidino-2-phenylindole) (Vector Laboratories,

Peterborough).

Cells were visualised using a Zeiss (Jena, Germany) Axioskop epifluorescence microscope equipped with

a 50 W high-pressure bulb equipped for epifluorescence. Images were obtained either by photography

using a Nikon N90 camera mounted on the epifluorescence microscope using Fuji Superia ISO 800 film

with exposure times between 4 and 6 s or using the image analysis software. Counting of cells was

performed by sampling at least 20 randomly selected fields with usually at least 1 500 cells counted for

each probing event.
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TABLE A1.3: Sequences and the formamide concentration of the oligonucleotide
probes used in this investigation.

Formamide
Probe S'-Sequence- 3' concentration

(%)

ARC915 GTGCTCCCCCGCCAATTCCT 20

EUB338 GCTGCCTCCCGTAGGAGT 20

MX825 TCGCACCGTGGCCGACACCTAGC 20

MS5 GGCCACGGTGCGACCGTTGTCG 35

MS821 CGCCATGCCTGACACCTAGCGAGC 20

MB4 TTTATGCGTAAAATGGATT 35

MG1200 CGGATAATTCGGGGCATGCTG 20

ALF1b CGTTCGGYTCTGAGCCAG 20

BET42a GCCTTCCCACTTCGTTT 35

GAM42a GCCTTCCCACATCGTTT 35

SRB385 CGGCGTCGCTGCGTCAGG 20

CF319a TGGTCCGTGTCTCAGTAC 35

BAC303 CCAATGTGGGGGACCTT 0

HGC69a TATAGTTACCACCGCCGT 25

LGC354a TGGAAGATTCCCTACTGC* 20

LGC354b CGGAAGATTCCCTACTGC 20

LGC354c CCGAAGATTCCCTACTGC 20

DSV698 GTTCCTCCAGATATCTACGG 20

DSB985 CACAGGATGTCAAACCCAG 0

A1.5 16S DNA CLONE LIBRARY CONSTRUCTION

AI.5.1 Extraction and purification of total sample DNA

Al-8

The frozen sludge sample was thawed and 500 ilL was combined with an equal volume of buffer

containing 200 mM,NaCI, 200 mM Tris-HCI, 2 mM sodium citrate and 10 mM CaCl
2

adjusted to pH 8

with HCI. Lysozyme was added, to give a final concentration of 5 mg/roL, followed by gentle mixing and

incubation at 37 C for 40 min. Amounts of SDS and proteinase K were added to final concentrations of

0.3 % and 2 mg/rnL respectively, and after further gentle mixing the samples were incubated at 50 C for

30 min. A physical lysis step followed where SDS was added to a fmal concentration of 5 % together

with an equal volume of phenol-chloroform-isoamylalcohol (24:24: 1) and ca. 300 !!L volume of acid-
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washed 0.1 mm diameter zirconia glass beads (Stratech, Bedfordshire). Samples were shaken on a Mini

Bead-Beater (BioSpec Products, Bartlesville) for 2 min on the low setting. Samples were then centrifuged

for 3 min at 12 000 rpm and 4 C to pellet the beads with the supematant transferred to a new tube.

Samples were then extracted with an equal volume of phenol-chloroform-isoamylalcohol (24:24: I) by

thorough mixing and centrifugation for 3 ruin at 12000 rpm. Nucleic. acids were precipitated by the

addition of an equal volume of isopropanol and ca. O.l x volume of 3 M sodium acetate (pH 5.2) with

samples placed on ice for 30 min then centrifuged for 20 min at 12000 rpm and 4 C. Pellets were rinsed

with 500 ~L of chilled 70 % ethanol and then air dried for 30 min before being resuspended in 50 ~L of

TE buffer (10 mM Tris HCI, 1 mM EDTA, pH 8). The extracted DNA was purified using the Wizard

DNA Clean-Up System (Promega, Madison) and eluted in 50 ~L ofTE buffer

A1.5.2 Amplification, cloning and sequencing of archaeal16S rDNA

\

PCR amplification of archaeal 16S rDNA was performed using the archaeal-specific primer IAf

(forward) (5'-TCYGKTTGATCCYGSCRGAG-3' (Munson, Nedwell et aI., 1997) and the universal

primer 1492r (5'-TACGGYTACCTTGTTACGACTT-3'). PCR reactions of total volume 100 ~L

contained I0 ~L of lOx PCR buffer, 1.5 mM MgCI2, 0.2 mM of each deoxynucleoside triphosphate, 0.2

~g of each primer, 0.1 to 0.2 ~g of DNA template, 2 U of BioTaq polymerase (Bioline, London).

Thermal cycling was performed with a hot start of 96 C for 5 min before the addition of polymerase,

followed by 28 cycles of 52 C for I min, 72 C for 2 min and 94 C for I min with a final extension at

72 C for 5 min in a thermal cycler (Hybaid, Teddington). The reaction products were visualised using 1

% agarose gel electrophoresis and then purified using Wizard PCR-Prep DNA purification system

(Promega, Madison). Purified PCR product was inserted into the TA cloning vector (pCR2.l) using the

TOPO-TA Cloning Kit (Invitrogen Corporation, San Diego) and then transformed into provided

competent Escherichia coli cells. Plasmid inserts were amplified by PCR using the M13 primer set

(Invitrogen Corporation), and full-sized-insert clones were screened using the two restriction

endonucleases HhaI and HaeIII (New England Biolabs) and visualised using 2.5 % agarose gel

electrophoresis. Clones possessing different restriction profiles were selected for sequence analysis.

Plasmid preparations from selected clones for DNA sequencing was performed using the Flexi-Prep Kit

(Pharmacia). Automated DNA sequencing was performed on ABI Model 377 sequencer (Applied

Biosystems) using the MI3 primer set.

A1.5.3 Sequence analysis

Sequence data were aligned and analysed using the program package ARB (available at

http://www.mikro.biologie.tu-muenchen.del) by comparing clone sequences with the database released

with ARB and the RDP_SSU database (Maidak, Cole et aI., 1999). The program Check_Chimera was

used to screen clone sequence data for the presence of chimeras (Maidak, Cole et aI., 1999). Other

sequences were obtained from GenBank for inclusion in analyses. Phylogenetic trees were constructed

using distance matrix calculations employing the Jukes-Cantor correction and ~eighbour joining
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functions available within the ARB program. Bootstrapping (100 samplings) was used to test the stability

of branching patterns within the phylogenetic trees.
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Al.! CHEMICAL OXYGEN DEMAND

Potassiwn hydrogen phthalate (KPH) was used to prepare the standard solutions with 17 g KPHIL being

equivalent to 20 g CODIL.

TABLE lil : Absorbance data for COD calibration I.

Conc~ A610nm

o
200
500
1000
2000
3000

1

0.000
0.054
0.093
0.170
0.318
0.502

2
0.000
0.042
0.091
0.179
0.336
0.481

3
0.000
0.042
0.0%
0.172
0.338
0.498

Mean
0.000
0.046
0.093
0.174
0.331
0.494

TABLE A2.2 : Absorbance data for COD calibration 2.

Conc (mgIL) A610nm

o
100
200
500
1000
2000
3000

1
0.000
0.048
0.063
0.114
0.202
0.338
0.488

2
0.000
0.049
0.069
0.117
0.189
0.367
0.511

3
0.000
0.057
0.068
0.114
0.216
0.335
0.499

Mean
0.000
0.051
0.067
0.115
0.202
0.347
0.499

TABLE A2.3 : Absorbance data for COD calibration 3.

Conc(mgIL) A610nm

1 Corrected 2 Corrected 3 Corrected Mean

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000
100 0.048 0.013 0.049 0.014 0.057 0.022 0.016
200 0.063 0.028 0.069 0.034 0.068 0.033 0.032
500 0.114 0.079 0.117 0.082 0.114 0.079 0.080

1009 0.202 0.167 0.189 0.154 0.216 0.181 0.167
2000 0.338 0.303 0.367 0.332 0.335 0.300 0.312

3000 0.48~ 0.453 0.511 0.476 0.499 0.464 0.464
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FIGURE A2.1 : COD calibration plots.



Calibrations A2-3

The measured absorbance of the COD standard solutions was compared with the absorbance of glucose

solutions, made up to known COD concentrations, to assess the accuracy ofthe COD method.

TABLE A2A : Absorbance data for the COD calibration test comparing the COD of KHP and
glucose solutions.

Conc
A610nm

(ppm)
1 Corrected 2 Corrected 3 Corrected Mean

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000
100 0.044 0.009 0.072 0.037 0.059 0.024 0.023
200 0.109 0.074 0.076 0.041 0.068 0.033 0.049
500 0.126 0.091 0.144 0.109 0.146 0.111 0.104
1000 0.156 0.121 0.196 0.161 0.206 0.171 0.151
2000 0.335 0.300 0.331 0.296 0.335 0.300 0.299
3000 0.501 0.466 0.512 0.477 0.472 0.437 0.460
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FIGURE A2.2: Comparison of the COD absorbance measurements of KHP
standard solutions and glucose standard solutions.
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A2.2BIOGAS

Al.2.1 Methane

TABLE A2.5: Methane calibration data.

A2-4

Volume
Moles

(pL)

0 0

20 8.18E-07

40 1.64E-06

60 2.45E-06

80 3.21£-06

100 4.09E-06

Rep 1

o
3829

9914

18993

30114

40834

Rep 2 Mean

0 0

3134 3481.5

10952 10433

19448 19220.5

2%10 29862

40998 40916

y = 2.5'Tnx.' + 159.24x

R'=O.9971
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0
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!20000+----------......"-----------___l

10000+------~J-------------___l

",le, or Melhane

FIGURE Al.3 : Methane calibration curves.
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A2.2.2 Carbon Dioxide

TABLE A2.6 : Carbon dioxide calibration data.

Volume Moles Rep 1
(fIL)

0 0 0

20 8.l8E-07 2762

40 1.64E-06 14422

60 2.45E-06 24693

80 3.27E-06 38869

100 4.09E-06 54404

Rep 2 Mean

0 0

2744 2753

17443 15932.5

23704 24198.5

39937 39403

46312 50358

6OOOOr-----------------------,
•

scooo t----------------+----I
y=2.571Ax' + 2S9.l8x

R' =0.9895

4OOOO+-------------_a_-r--------I

! 3COOO t--------------;.,e---------j
!
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FIGURE A2,4 : Carbon dioxide calibration cwves.
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A2.2.3 Nitrogen

TABLE A2.7 : Nitrogen calibration data.

0 0 0

20 RI8E-07 6813

40 1.64E-06 9114

60 2.45E-06 20611

80 3.27E-06 39330

100 4.09E-06 49221

Volume
(JIL)

Moles Rep 1 Rep 2 Mean

0 0

5498 6156

11031 10073

23751 22181

38231 39208

50450 49836

6OOOOy------------------------,

soooot------------=-:-r-=:-:~-__r__----j

4OOOOt----------------a---,,£-------j

!
<soooo+---------------""L--------_l
~
2OOOOt---------~""'-""----------_j

120lOO4Q fiO 8l
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o
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FIGURE A2.5 : Nitrogen calibration curves.
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A2.3COLOUR

A2.3.1 Tartrazine

TABLE A2.8 : Tartrazine calibration data.

Dye concentration Absorbance
mg/L 430nm
o 0
10 0.026
20 0.068
50 0.280
100 0.573
250 1.758
500 3.092

A1-7

/iI
y=O.OO63x /R' =0.9944

/
Y

/
/

/'

3.5

e 2
.!:
Q

0.5

o
o 100 200 300 600

TarlnulDe coaconlrailon (mll!L)

FIGURE A2.6 : Tartrazine calibration curve.



Calibrations A2-8

A2.3.2 Cl Reactive Red 141
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FIGURE A2.7 : Wavelength scan of Cl Reactive Red 141, showing the
maximum absorbance at 545 om.

TABLE A2.9 : Cl Reactive Red 141 calibration data.

Dye concentration Abs5450m
mgIL 1 2 3 Mean

0 0.000 0.000 0.000 0.000
10 0.208 0.203 0.208 0.206
20 0.377 0.376 0.377 0.377
50 0.888 0.889 0.884 0.887

100 1.742 1.745 1.744 1.744
150 2.442 2.444 2.447 2.444
250 2.976 2.976 2.978 2.977
500 >max >max >max >max

y=0.01681<
R' =0.9968

16014012060 80 100

Dye Concentration (m&!L)

4020
0~--~--~--.-------.----,.--~-_~ __-1

o

FIGURE A2.8 : Cl Reactive Red 141 calibration curve.
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A2.3.3 Industrial Food Dye Wastewater

TABLE A2:l0 : Industrial dye wastewater calibration data.

Wastewater concentration Absorbance
0/. (v/v) SOOnm

o 0
5 0.240
10 Q349
20 0.665
40 1.412
50 2.087
100 3.703

y = o.031:Sx

R'=O.9937

s
j 2+--------~"---------____1
~

O~---~---~---~---~---__,_------J

o ~ ~ ro ~ m rn

Wastewate. coaceDtratlon (% vIv)

FIGURE A2.9 : Industrial dye wastewater calibration curve.

Al.4 VOLATILE FATTY ACIDS

A2.4.l Acetic Acid

TABLE A2.11 : Acetic acid calibration data.

AZ-9

Concentration Acetic
mgIL Repl Rep 2 RepJ

100 1116 966 1200
200 1416 1608
500 5532 4997 6377

1000
2000 25771 21587 22844

Mean
1094
1512
5635

23401
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FIGURE A2.I0 : Acetic acid calibration curve.

A2.4.2 Propionic Acid

TABLE A2.12 : Propionic acid calibration data.

Concentration Propionic
mgIL Rep 1 Rep 2 Rep 3 Mean

8891
20344

100 996 1037 1552
200 1917 2429
500 7906 8074

1000 19258 19147
2000

1195
2173
8290

19583

3OOOOr--~------------~'------------,

2SOOO

ooסס1

SOOIl

y=18.619x

R'-O.mS

Coocentrao... (mclL)

FIGURE A2.11: Propionic acid calibration curve.
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A2.4.3 Iso-Butyric Acid

TABLE A2.13 : Iso-butyric acid calibration data.

Iso-butyric
Rep 2 Rep 3

3347
8324

23638 26324

Concentration
mgIL

100
200
500

1000
2000

Rep 1
2858
7575

18497

67188 75979 76702

Mean
3103
7950

22820

73290

100000

80000 Y-37.184x
R'-0.9936

60000
I!
:;...
~ 40000

20000

2500200015001000soo
o.j.....:!:...-_-~---~---~-__~__----I

o
ConcentraOon (mc!L)

FIGURE A2.12 : Iso-butyric acid calibration curve.

A2.4.4 Butyric Acid

TABLE A2.14 : Butyric acid calibration data.

Concentration Butyric
mgIL Rep 1 Rep 2 Rep 3 Mean

100 1783 2156 1970
200 5886 6064 5975
500 16918 20704 20846 19489

1000
2000 62710 70843 70057 67870
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FIGURE A2.13 : Butyric acid calibration curve.

A2.4.5 Iso-Valeric Acid

TABLE A2.l5 : Iso-valeric acid calibration data.

Concentration Iso-valeric
mgIL Repl Rep 2 RepJ

100 2425 2939
200 7645 8838
500 20776 25419 26296

1000
2000 75238 85376 84475

Mean
2682
8242

24164

81696

100000.----- -,

80000

60000

40000

20000

y=41.254x

R.' =0.9961

2500200015001000500
O-l---''''---_----,------..- ~------l

,0

ConcenlraUon (mgIL)

FIGURE A2.l4 : Iso-valeric acid calibration curve.
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A2.4.6 Valeric Acid

TABLE A2.l6 : Valeric acid calibration data.

Concentration Valeric
mgIL Repl Rep 2 RepJ

100 1440 1707
200 8514 7086
500 19682 24965 23643

1000
2000 75312 81228 78749

100000

80000 Y=39.525><

RI =0.9959

60000
!.
'll
cl: 40000

20000

0
0 500 1000 1500 2000 2500

Concentration (metLl

FIGURE A2.l5: Valeric acid calibration curve.

Mean
1574
7800

22763

78430

A2-13
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Food Dyes

Anaerobic toxicity assays were set up in serum bottles, according to the method of Owen et al., 1979).

The results of the anaerobic toxicity assays were used to guide the set-up of the biodegradability assays.

Although these assays provided valuable information in that the concentration at which each dye became

inhibitory to the anaerobic biomass, and the ultimate anaerobic biodegradability of the dyes was

determined, these results could not be directly applied to the ABR. The reason for this is that the serum

bottle test approximated a CSTR with a mixed anaerobic sludge, whereas in the ABR, the biomass within

each compartment differs as does the substrateentering each compartment.

The details of these experiments, the results and discussion are described below.

A3.1 ANAEROBIC TOXICITY ASSAYS

Toxicity monitoring is useful for determining, in advance, potential toxic or inhibitory effects of an

industrial effluent. Source identification and control of toxicants is the most effective management

strategy (Willetts, 1999). Anaerobic toxicity assays can be used to determine the ICso valueand thus

quantitatively describe the inhibitory effect of a given compound on the anaerobic biomass. The method

followed in this study was that described by Owen et al. (1979). Bioassay techniques for measuring the

presence or absence of inhibitory substances are effective since they are simple to set up, several

substances can be tested simultaneously, they are inexpensive, and do not require knowledge of specific

inhibitory substances (Owen et al., 1979). In these batch bioassays, anaerobic toxicity was determined as

the adverse effect of a dye on the predominant methanogens. Methanogenic activity was stimulated, at

the start of the test, by the addition of a spike containing the methanogenic precursors, acetate and

propionate. The methanogenic metabolism of the acetate-propionate solution was monitored by total gas

production, in the controls. Inhibition due to dye addition was determined as a decreased rate of gas

production, relative to the controls. The first week of incubation was critical as these data reflected the

true, unadapted response of the microorganisms to the dyes.

A3.l.t Hypotheses and Objectives

Dye compounds and their degradation products can be toxic to humans, animals and microorganisms.,
Bioassay techniques for measuring the presence or absence of inhibitory substances are an effective

indication of the effect that these substances would have on an anaerobic system.

The objective of this phase of the study was to assess the toxicity of a range of food dyes to the

methanogens in anaerobic digester sludge.
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A3.1.2 Materials and Methods

A3-2

A food dye manufacturer provided samples of 15 food dyes, of varying chemical classes. The dyes are

listed in Table A3.1, with both the commercial and Colour Index names. The classification into chemical

class is dependent on the structure of the dye molecule and, most importantly, the chromophore type.

A stock solution (10 % w/v) ofeach dye was made up. The experiments were performed in 160 mL glass

serum bottles, which were sealed with butyl rubber septa and aluminium crimp seals. A defined nutrient

medium containing trace elements, minerals and vitamins was prepared according to Owen et al. (1979),

with some modifications. The method for the preparation of the stock solutions and the nutrient medium

are presented in Appendix 1.

TABLE A3.1 : List of food dyes investigated for inhibition of methanogenic
activity.

Commercial Dye

Sunset Yellow Supra

Amaranth Supra

Carmoisine Supra

Brown FK Standard

Allura Red AC Supra

Red 2G Supra

Tartrazine Supra

Ponceau 4R Supra

Black PN Extra

Green S Supra

Patent Blue V Supra

Brilliant Blue Supra

Quinoline Yellow Extra

Erythrosine Supra

Indigo Carmine Supra

\

Colour Index Classification Dye Class

Cl Food Yellow 3 Monoazo

Cl Food Red 9 Monoazo

Cl Food Red 3 Monoazo

Cl Food Brown 1 Monoazo

Cl Food Red 17 Monoazo

Cl Food Red 10 Monoazo

Cl Food Yellow 4 Monoazo

Cl Food Red 7 Monoazo

Cl Food Black 1 Disazo

Cl Food Green 4 Triarylmethane

Cl Food Blue 5 Triarylmethane

Cl Food Blue 2 Triarylmethane

Cl Food Yellow 13 Quinoline

Cl Food Red 14 Xanthene

Cl Food Blue 1 lndigoid

The objective of a toxicity assay is to determine the concentration at which a substance becomes

inhibitory to the biomass, thus, the serum bottles were dosed with a range of dye concentrations, to,
provide a range from non-inhibitory to toxic. The dye concentrations investigated, for each dye, were:

50 mg/L; 250 mg/L; 1 g/L; 5 g/L; 10 g/L and 20 g/L. Each concentration was repeated in triplicate.

The assay bottles were overgassed with a gas mixture containing 70 % N2, 30 % CO2 at a flow rate of

0.5 mL/min for 15 min. A 20 % (v/v) inoculum was used in each serum bottle, which was equivalent to
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20 mL of anaerobic digester sludge (suspended; from Mogden Sewage Works) in a total working volume

of 100 mL. The biomass was mixed with 30 mL of the nutrient medium. The dye stock solution was

diluted to the required concentration, with deionised water, to make up a volume of 48 mL. The bottles

were overgassed and sealed. After equilibration for 1 h, at the incubation temperature of 35 QC, the gas

volumes were zeroed to ambient pressure with a glass syringe. The acetate-propionate solution (2mL, to

give 75 mg acetate and 26.5 mg propionate in 100 mL working volume) was added to each bottle by

means of a 2 mL glass syringe and hypodermic needle.

The anaerobic toxicity assays were also run with two industrial effluents. These were sampled at the food

dye manufacturing factory. The company employed a chemical treatment of the fmal effluent (reducing

agent, sodium dithionite), in an attempt to remove some of the colour. Effluent samples before and after

chemical treatment were taken. A range of effluent concentrations was investigated: 20; 40; 60; 80 and

100 % (v/v) of the effluent, diluted in deionised water. These serum bottles were set up in the same

manner as for the dye tests.

The controls, or blanks, contained only the inoculum sludge, the anaerobic nutrient medium and the

acetate-propionate solution. The methanogenic metabolism of the acetate-propionate solution was

monitored by total gas production, in the controls. Inhibition due to the addition of a dye was determined

as a decreased rate of gas production, relative to the controls.

Gas volume measurement during incubation was performed with a graduated glass syringe (20 mL). The

syringe was initially flushed with the 70 % Nz, 30 % COz gas mixture and lubricated with deionised

water. The syringe needle was inserted through the rubber septum into the headspace. Readings were

taken at the incubation temperature and the syringe was held horizontal for measurement. Volume

determinations were made by allowing the syringe plunger to move and equilibrate between the bottle

and the atmospheric pressure. Readings were verified by drawing the plunger past the equilibrium point

and releasing to ensure that the plunger returned to the original equilibration volume. Gas was either re­

injected into the bottle, with minimal loss, or wasted with concurrent determination of the biogas

composition.

The dye concentration at which 50 % of the methanogenic population was inhibited (ICso) was calculated

for each dye. Total biogas was measured during the incubation period. The methane composition of the

biogas was determined, thus the methane fraction of the biogas was known. At the commencement of the

tests, the total solids (TS) and volatile solids (VS) of the inoculum sludge were measured (Appendix 1).

The methanogenic activity could thus be calculated (mL CH4/g VS) for each dye concentration, and

calculated as a fraction of the methanogenic activity in the controls. The activity at each concentration

was plotted and a best-fit line was plotted through the data points. From the equation of the line, the dye

concentration at which 50 % of the methanogenic biomass was inhibited (ICso) could be calculated.

These results are given below.
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A3.1.3 Results

A3-4

The gas production results, for each dye and wastewater investigated, are given in Section A3.1.6. The

symbols represent the replicate samples, and the line through the data points is the calculated mean

biogas production. The apparent change in the gradient of this line is due to a change in the values on the

x-axis since some tests were run for a slightly longer time period than others. The gas production rate in

the controls, represented by the black line, is, however, the same in all samples and figures. For each

concentration, the gas production curve is shown relative to the gas production rate of the controls. A

decrease in biogas production (line below that of the control) indicated inhibition of the methanogens due

to addition of the dye.

The methanogenic activity for each dye concentration was calculated from the measured biogas volume

and the analysed methane fraction. This activity was calculated as a percentage of the activity in the

controls; no inhibition would have an activity of 100 %. From these data, the dye concentration at which

50 % of the methanogenic population was inhibited (lCso) was calculated for each dye. These values are

given in Table A3.2.

TABLE A3.2: Calculated methanogenic ICso values for the investigated food dyes.

Dye Molec. mass (g/mol) Methanogenic ICso

Cl Food Yellow 3 452.2 19.6 gIL

Cl Food Red 3 502.4 0.25 gIL

Cl Food Brown 1 848.8 2.48gIL

Cl Food Red 17 496.0 >20 gIL

Cl Food Red 10 509.0 >20gIL

Cl Food Yellow 4 534.4 14.3 gIL

Cl Food Red 7 604.3 > 20 g/L

Cl Food Black 1 871.7 > 20 glL

Cl Food Green 4 530.0 19.5 gIL

Cl Food Blue 5 663.0 2.15 g/L

Cl Food Blue 2 794.9 5.55 gIL

Cl Food Yellow 13 401.2 8.38 glL

Cl Food Red 14 879.9 0.2mgIL

Cl Food Blue 1 468.3 14.03 gIL

Untreated Food Dye Effluent 22.5 % (v/v)

Treated Food Dye Effluent 15.9 % (v/v)
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A3.1.4 Discussion

A3-5

The presence of toxic compounds during the anaerobic degradation process can inhibit the normal

sequence of anaerobic metabolic reactions, thereby causing inefficient treatment and possibly even failure

(Razo-Flores et al., 1997). Of all the classes of organisms involved in anaerobic degradation, the

methanogens are reported to be the most sensitive and slowest growing and thus a toxic shock to them is

most detrimental (Kugelman and Chin, 1971; Speece, 1983; Razo-Flores et al., 1997). Inhibition of

methanogenesis is generally indicated by reduced methane production and increased concentration of

VFAs. The literature has indicated that dye compounds and their degradation products can be toxic.

Donlon et al., (1997) found that, in batch toxicity assays, azo dye compounds were many times more

toxic to methanogenic activity than their cleavage products (aromatic amines).

The reduction potential within each compartment was not measured because it was not possible to do so

without exposing the anaerobic environment to oxygen contamination. Chung and'Stevens (1993) found

that the measurement of reduction potentials for aromatic compounds was not useful for estimating their

rates of disappearance in anaerobic environments.

Cl Food Red 9 was not included in the study as it was insoluble in both water and ethanol. The defined

nutrient medium (Appendix 1) contained nutrients and vitamins required by anaerobic cultures.

Resazurin was added to detect oxygen contamination. Sodium sulphide was included to provide a

reducing environment and sodium bicarbonate (NaHC03) to provide buffering, for alkalinity control.

Table A3.2 gives the molecular mass of each dye molecule, to provide an indication of the variability in

dyes that are available commercially and also because the size of the dye molecule would affect its ability

to permeate the microbial cells. The molecular masses ranged between 400 and 900 g/mole. According to

the literature, the average dye concentration, in an effluent, is ca. 1 mg/L. Dye concentrations usually

investigated in laboratory studies range between 1 and 250 mg/L. Thus, it was believed that the wide

concentration range used in these toxicity assays (50 mg/L to 20 g/L) should incorporate concentrations

at which each dye was both non-inhibitory and inhibitory to the methanogens.

A wide range of toxicity data were obtained from these tests (Table A3.2), with ICso values ranging from

> 20 g/L (highest dye concentration investigated) to as low as 0.2 mg/L. It was surprising to find that

some of the dyes, currently used to colour foodstuffs, were toxic to the methanogens at concentrations

< 1 mg/L. These dyes could be problematic in the anaerobic treatment of dye wastewaters since they

could cause inhibition of the methanogens present in the treatment system, resulting in reactor failure and

inefficient treatment.

The gas production plots shown in Section A3.1.6 suggest, in some cases, that the ICso value would differ

from those values given in Table A3.2. This discrepancy can be attributed to the fact that the calculated

ICso values are based entirely on methanogenic inhibition, whereas the plots show total biogas production

measured over the incubation period. The fraction of methane in the biogas was calculated from the

biogas composition analyses. The addition of the acetate-propionate solution made these tests specific for
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methanogenic inhibition since the added VFAs are precursors to methanogenesis. To determine the

inhibition to the acidogenic species in the digester sludge inoculum, a substrate such as glucose could be

added and biogas production monitored relative to the controls.

No inhibition was observed in several of the dyes, including Cl Food Yellow 3, Red 17, Red 10, Red 7,

Black 1 and Green 4. Addition of these dyes did not cause 50 % inhibition at concentrations as high

20 glL, and since it is unlikely that they would be present in higher concentrations in a wastewater, it was

concluded that they would not have an inhibitory effect on an anaerobic treatment system. However,

some of the investigated dyes did show toxicity to the methanogens. The two most toxic dyes were Cl

Food Red 3 (IC5o of 0.25 glL) and Cl Food Red 14 (IC5o of 0.2 mg/L). Although the lowest dye

concentration investigated was 50 mg/L, this concentration of 0.2 mg/L could be calculated from the

toxicity equation. These dyes could be problematic in anaerobic treatment if they were present in

concentrations greater than the calculated IC50 concentrations. This could easily occur with wastage or

washing procedures at the factory resulting in a large volume of the dye in the [mal 'effluent. Further tests

would have to be conducted to determine whether the methanogenic biomass could acclimate to these

inhibitory dyes.

The monoazo dye, tartrazine (Cl Food Yellow 4) was of interest due to the large volume produced by the

food dye manufacturer. The anaerobic toxicity assay showed the dye to be relatively non-inhibitory with

an IC50 concentration of 14.3 glL. These results were promising as they indicated that anaerobic treatment

was a possibility for tartrazine waste streams. Results from the tests with the real industrial wastewaters

showed that, after chemical treatment, the effluent became more inhibitory to the methanogenic biomass.

Overall, the tests showed the food dye effluent to be inhibitory to the methanogens with IC50 values of

22.5 % and 15.9 % (v/v), for the untreated and chemically treated effluents, respectively. The increased

inhibition after chemical treatment could be due to the presence of toxic aromatic amines that have been

found to be released, from the combined form, by reduction with dithionite (Prival et al., 1993).

In similar batch toxicity assays, Razo-Flores et al. (1997) found selected azo dye compounds to be toxic

towards methanogenic activity in anaerobic granular sludge. Considering the ability of anaerobic

microorganisms to reduce and decolourise azo compounds, acclimation of the methanogens to the azo

dyes is likely during anaerobic treatment. The objective of these experiments was to provide an initial

indication of the characteristics of the food dyes, and to provide toxicity data on which further

biodegradability tests could be based. Biodegradability tests would provide information on microbial

metabolism of the dyes and acclimation of the microorganisms to the inhibitory dyes.

Acclimation may provide a solution to certain toxicity problems. The magnitude of the toxic or inhibitory

effect to biomass caused by a substance can often be reduced significantly if the concentration of that

substance is increased slowly over a given period, a process defined as acclimation (Speece, 1996). The

same concentration of the toxicant which is inhibitory to an unacclimated biomass, causing· complete

termination of activity, may show no reduction in activity to a properly acclimated biomass. Through

acclimation, the threshold toxicity concentrations of certain toxicants can be increased as much as ten­

fold (Speece, 1996). Acclimation involves an adjustment of the biological population to the adverse
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effects of the toxin, e.g., existing microorganisms may rearrange their metabolic resources to overcome

the metabolic block produced by the substance. In addition, selection of those microorganisms that are

innately more tolerant to the toxin occurs over time.

A3.1.5 Conclusions

1. The toxicity assays were specific to the methanogenic populations of the anaerobic digester sludge.

2. From the 15 investigated food dyes, a wide range of toxicity data were obtained with ICso values

ranging from> 20 g/L to 0.2 mgIL.

3. The two most inhibitory dyes were Cl Food Red 3 (ICso of 0.25 gIL) and Cl Food Red 14 (ICso of

0.2 mg/L).

4. The ICso concentration oftartrazine was 14.3 g/L.

5. The food dye effluent was relatively inhibitory to the methanogens with ICso values of 22.5 % and

15.9 % (v/v), for the untreated and chemically treated effluents, respectively.

6. These tests were efficient in determining the concentration at which each dye became inhibitory to

the anaerobic biomass.

7. Further tests should be conducted to determine whether the methanogenic biomass could utilise the

dyes as a substrate and acclimate to the inhibitory dyes.
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A3.1.6 Biogas Production Plots
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FIGURE A3.1 : Plots of biogas production during the anaerobic toxicity assay with Sunset
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Food Dyes A3-21

I
---~I

Cl Food Blue 1 (50 mg/l) Cl Food Blue 1 (250 mgn) I
I
I

60 60
i

1 50 1 50

I~4O g 40

g30 g30.., e20£ 20 ll.

= 10 ~ 10
Cl

0 0

0 3 6 0 6 I

Time Id) Time Id) I
,------

___J

------,
Cl Food Blue 1 (0.5 % wlv)

I
Cl Food Blue 1 (0.1 % wlv) i

60 60

:[ 50 :[ 50 i
:; 40 ~4O I

'li g30 I~ 30.., ..,
£ 20 £20 I

I

: 10 a10 !
Cl

61

0 0

0 3 6 0 5

Time (d) Time (d)

~l___

Cl Food Blue 1 (1 % wlv) Cl Food Blue 1 (2'10 wlv)

L --'

60,..------------------:....------,

:[50
a 40

g30
e20
ll.

~ 10 11
o~~:::;:=:~::::=~--~-_-_J

o 4 6j
Time Id)

6543

Time (d)

2

o~~~=~~-~-~--~--J
o

60,..-----------------:;..._---,

:[50
~ 40

g30
e20
ll.

= 10Cl

FIGURE A3.14 : Plots of biogas production during the anaerobic toxicity assay with Indigo
Carmine Supra (Cl Food Blue 1).



Food Dyes A3-22

Paintings Untreated (20 % vlv) Paintings Untreated (40 % v/v)

60 -r------------~---__,

106

0~:.:..--~--_--~---~-__1

o

60 -r------------"7"-----,

= 50
E
j 40

~ 30e
.. 20

~ 10

106

= 50
E
~ 40

~
~ 30·

.. 20

~ 10

0~--~--~---.,._--~--___1

o
Time (d) Tme(d)il_. .__. .....J

i'-- .1

~-_ ....~-----------------, r-------------.---~-----,

Paintings Untreated (60 % vlv) Paintings Untreated (80 % v/v)

108

o

4 6

Tim. Id}

6O-r------------"7"-----,

=50
.§.
5 40

g30..,
£ 20..
i3 10

60 -r------------""""7-----,
=50
E
i 40

i 30

i ~::I k~~;:::=~=::;=Ti:m=e=(d::}!::==.,..--~10

r-----·-----~---------------

Paintings Untreated (100 % vlv)

4 6

Time (d)

•
8 10

FIGURE A3.15 : Plots of biogas production during the anaerobic toxicity assay with the Food
Dye untreated final effluent.



Food Dyes A3-23

I Polntings Treated (20 % v/v) Pointings Treated (40 %v/v)

!
60

i
60

=50 _ 50
E E
';;" 40 ';;" 40
0

! ~30
0g 30

i ." ."
1 £20 ~ 20

I .. .... 10 (; 10

I
Cl

0
0 4 6 8 10 4 6 10L__ Time (d) Time (d)

____J

Polntings Treated (60 % vlv) Polntlngs Treated (80 % vlv)

60,----------------:;r-------,

l
4 6

TIme (d)

60 ,--------------;;;>~---,

~5O

6 40

g 30

"£ 20

=Cl 10

10 ,

I
I

'-----------------------'

,1·1468

Time (d)

~ 50

fi 40
'll
~ 30e
.. 20.
c3 10 /"

0~8
o

Polntings Treated (100 % vlv)

106

60 ,----------------:;r--~----,

c: 40

i 30

"£ 20

"~ 10

Time (d)
L .__. -'

FIGURE A3.16 : Plots of biogas production during the anaerobic toxicity assay with Food Dye
treated final effluent.



Food Dyes

A3.2 BIODEGRADABILITY ASSAYS

A3-24

Laboratory-scale models attempt to simulate the conditions prevailing in the whole or part of the natural

environment under study (Atlas and Bartha, 1993). Batch biodegradability assays can function as

preliminary screening tests to assess the anaerobic degradability of a particular substrate. It is critical that

these tests are conducted prior to operation of a continuous reactor in order to evaluate the efficiency of

the degradation process and to assess volumes and concentrations of the substrate that can be treated

effectively, i.e. without causing reactor failure.

The results of the anaerobic toxicity assays were used to guide the set-up of the biodegradability assays.

To prevent inhibition of the methanogenic biomass, dye concentrations lower than the measured ICso

concentrations were added to the assay bottles. Biodegradability of the dyes was determined by

monitoring the cumulative biogas production during anaerobic incuqation, according to the method of
'.

Owen et al. (1979).

A3.2.1 Hypotheses and Objectives

It was hypothesised that biodegradability assays would provide information on microbial metabolism of

the dyes and acclimation of the anaerobic microorganisms to the inhibitory dyes.

Therefore, the objectives of the investigation were to:

1. Assess the anaerobic biodegradability of the food dyes by the microbial populations present in the

anaerobic digester sludge.

2. Determine the anaerobic biodegradability of each dye.

3. Determine the methanogenic utilisation of the dye as a substrate.

A3.2.2 Materials and Methods

The same dyes were investigated as in the anaerobic toxicity assays (Table A3.1). The anaerobic

degradability of the food dye manufacturing effluent was also evaluated. The nutrient medium was

prepared as described in Appendix 1. The inoculum sludge was obtained from an operating anaerobic

digester at the Mogden Sewage Works. The TS and VS of the inoculum sludge were measured.

The concentration of dye added to each assay bottle was calculated according to the theoretical COD of

the dye, the theoretical gas production (to produce ca. 100 mL biogas), according to the Tarvin and

Buswell (1934) equation, and the measured ICso concentrations determined in the anaerobic toxicity

assays. The theory behind these methods is described in detail in Section A3.2.4. The investigated

concentration of each dye is given in Table A3.3.
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TABLE A3.3: Bioassay conditions to assess the anaerobic biodegradability of a range of food dyes.

Methanogenie Theoretical COD Assay Dye Cone.
Dye Chemical Formula ICso (g COD/g dye) (gIL)

Cl Food Yellow 3 CI6HlON207Na2S2 19.6 gfL 0.96 1.25

Cl Food Red 3 C20H12N207Na2S2 0.25 glL 1.15 0.1

Cl Food Brown 1 C3IH27N IOO9Na3S3 2.48 gfL 0.97 0.24

Cl Food Red 17 CIsHl4N20sNa2S2 > 20 gfL 1.48 0.7

Cl Food Red 10 CISH13N30SNa2S2 > 20 glL 1.46 1.26

Cl Food Yellow 4 CI6H9Np9Na3S1 14.3 glL 0.644 1.5

Cl Food Red 7 C2oHIIN1OlONa3S3 > 20 g/L 0.86 1.0

Cl Food Black 1 C2sH1INsOl4NalS4 >20gIL 0.826 0.28

Cl Food Green 4 C23H17N107Na3S1 19.5 gfL 1.5 1.0

Cl Food Blue 5 C17H31Np6NaSl 2.15 gfL 1.14 0.6

Cl Food Blue 2 C37H36N109NalS3 5.55 g/L 1.61 1.85

Cl Food Yellow 13 CIsHIIN06S1 8.38 g/L 1.35 1.0

Cl Food Red 14 C2oH6OsNall4 0.2 mgfL 0.69 0.1 mgfL

Cl Food Blue 1 CI6HlON1OsNalSl 14.03 glL 0.89 0.52

The investigated concentrations for the treated and untreated industrial effluents were 20 % (v/v) and

100 % (v/v). The bottles were prepared in the same manner as for the anaerobic toxicity assays. Each

sample was run in triplicate. Smaller serum bottles (100 rnL) were used, with a working volume of

50 rnL. A 10 % (v/v) inoculum was added to each bottle. The dye stock solutions were diluted, in the

anaerobic medium, to a total volume of 40 rnL. No additional carbon source or acetate-propionate

solution was added. The serum bottles were equilibrated and then incubated in a waterbath, at a constant

temperature of 35°C. The bottles were shaken manually to facilitate contact between the microorganisms

and the substrate.

Three sets of controls were set up, each in triplicate. The fIrst set contained only the inoculum sludge and

the nutrient medium, to account for gas production due to degradation of residual organic molecules in

the inoculum sludge and any gas production associated with the nutrient medium. The second set of

controls contained the nutrient medium and the assay concentration of each dye, to identify any

decolourisation caused by reducing agents in the defIned medium. In order to assess whether the dyes

were adsorbed to the butyl rubber septa, the third set of controls contained only the dye solutions in

sealed serum bottles.

Biogas production and composition were measured according to the methods described for the anaerobic

toxicity assays. Biogas composition was determined whenever gas was wasted.
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On the first day of incubation, samples (3 mL) were with~awn from each bottle. The samples were

centrifuged (4 000 rpm) and the supematants filtered (0.45 ~m). The COD and colour of each sample was,

measured, according to the methods outlined in Appendix 1. These are referred to as the initial, or

starting measurements. The same parameters were measured after 60 d of incubation, to assess the

reduction in both COD and colour. A spectrum scan (200 to 800 nm) was run on each dye to determine

its maximum wavelength. The measured wavelengths were verified against the wavelengths given for the

dyes in the Colour Index. The absorbance of each dye was measured at its specific maximum wavelength.

A3.2.3 Results

Measurements were taken and results calculated after 60 d of incubation at 35 QC. The results of the

biodegradability assays are presented in Section A3.2.6. Each figure shows the measured biogas

production, relative to the biogas produced in the controls containing the nutrient medium and the
; .

inoculum sludge. The corrected gas production is also plotted, for each dye. Here the amount of gas

produced due to degradation of the dye alone is shown by subtraction of the control biogas from that

measured in the samples. The symbols represent the triplicate samples, and the line through the data

points, is the calculated mean biogas production. For each concentration, the gas production curve is

shown relative to the gas production rate of the controls (solid black line). Each figure in Section A3.2.6

summarises the biodegradability results for that particular dye or industrial effluent. These include the

dye concentration added to each serum bottle, the theoretical COD of the dye and the theoretical COD of

the assay, calculated from the theoretical COD of the dye and the amount of dye added.

The initial biogas production rate (mL/d) was the rate measured on day 2 of incubation. This provided an

indication of degradability of the dye by the unacclimated microorganisms; the lower the gas production

rate, the greater the inhibition. An extended lag period was observed with some of the assays, during

which time the microorganisms acclimated to the dye, resulting in biogas production. The biogas

production rate of the acclimated biomass is given for these bioassays. Acclimation occurs due to one or

more characteristics of mixed microbial cultures. Bacteria are conservative; although a bacterium may

possess the genetic information necessary to produce enzymes to degrade a particular new compound, it

will not spend the energy and synthesise the necessary enzymes unless the compound is present. This

lagging response to a new compound is called induction (Athanasopoulos, 1991). Population dynamics

affect the removal of a new compound in mixed cultures. If a particular strain of bacteria acclimates, and

the co-existing populations do not acclimate to the compound, the acclimated strain has a competitive

advantage. Food is available to a strain which can increase its relative predominance in the total

population (Athanasopoulos, 1991).

,
The volume of biogas produced was measured throughout the test period and the cumulative volume is

given. Biogas composition was determined (Appendix 1) whenever gas was wasted from a serum bottle

and after 60 d of incubation. The total volume of methane gas produced during the 60 d incubation period

was determined. This was corrected for the amount of methane produced in the controls, to give the net

methane production due to degradation of the added substrate (dye or industrial effluent). The COD
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equivalent of the methane produced was calculated from the known conversion of 1 g COD being equal

to 0.395 L CH4 at 35°C (Speece, 1996).

The amount of methanogenic activity in each serum bottle was estimated by calculating the fraction of

dye COD converted to methane COD. The theoretical utilisation was based on the theoretical COD of the

dye. The actual utilisation used the measured COD at the start of incubation. These values provide an

indication of the extent ofmethanogenic utilisation of the dyes as substrates.

The COD balance was calculated from the measured COD values. CODin represents the initial COD

measurement; CODout is the sum of the final soluble COD measurement and the COD transformed into

methane. The measured reduction in COD is given as a percentage.

The maximum wavelength for each dye and industrial wastewater was determined by a spectrum scan on

the UV-VIS spectrophotometer. These are given in Table A3.4. Colour reduction (<<0) was determined by

the change in absorbance (at the maximum wavelength) from the initial starting colour, to the colour after

60 d of incubation. Decolourisation was corrected for by the controls to assess the amount of

decolourisation due to reduction by reducing agents in the nutrient medium and adsorption of the dye to

the butyl rubber stoppers. These values were negligible.

TABLE A3.4: Maximum wavelengths of the investigated food dyes.

Dye Wavelength
Dye

Wavelength

(om) (om)

Cl Food Yellow 3 480 Cl Food Green 4 634

Cl Food Red 3 515 Cl Food Blue 5 630

Cl Food Brown 1 430 Cl Food Blue 2 630

Cl Food Red 17 500 Cl Food Yellow 13 410

Cl Food Red 10 520 Cl Food Red 14 520

Cl Food Yellow 4 430 Cl Food Blue 1 610

Cl Food Red 7 510 Food Dye Untreated 500

Cl Food Black 1 570 Food Dye Treated Effluent 500

The results of the biodegradability bioassays are summarised in Table A3.5.
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TABLE A3.5: Results of the food dye anaerobic biodegradability assays (60 d).

Methanogenic Utilisation COD Reduction Colour Reduction
Dye

(%) (%) (%)

Cl Food Yellow 3 0.0 64.3 78.5

Cl Food Red 3 0.0 68.6 69.4

Cl Food Brown 1 0.0 66.0 72.0

Cl Food Red 17 0.9 55.5 90.0

Cl Food Red 10 1.3 52.5 89.8

Cl Food Yellow 4 0.84 48.2 94.4

Cl Food Red 7 1.64 48.5 86.9

Cl Food Black 1 1.9 55.0 74.2

Cl Food Green 4 0.0 28.6 94.9

Cl Food Blue 5 0.0 61.8 33.6

Cl Food Blue 2 2.08 54.0 0.0

Cl Food Yellow 13 0.0 57.4 0.0

Cl Food Red 14 0.0 41.3 0.8

Cl Food Blue 1 2.6 34.0 16.6

Food Dye Untreated (20 %) 2.2 37.0 65.8

Food Dye Untreated (100 %) 0.43 64.0 79.8

Food Dye Treated (20 %) 1.96 54.0 31.0

Food Dye Treated (100 %) 0.0 61.0 36.6

A3.2.4 Discussion

In an anaerobic system, an azo dye is not biodegraded by the microorganisms, instead the dye acts as an

oxidising agent for the reduced flavin nucleotides of the microbial electron transport chain and is reduced

and decolourised concurrently with re-oxidation of the reduced flavin nucleotides. Therefore, a source of

reduction, resulting from the degradation of a suitable carbon source, is essential to ensure

decolourisation and maintain the anaerobic population in the treatment system (Haug et a!., 1991; Carliell

et al., 1996). In theSe biodegradability assays the added substrate, i.e. the food dye or the industrial

effluent was added as the sole substrate; no additional carbon source was added. The objective of these

tests was to evaluate whether the anaerobic microbial populations would be able to utilise the added dye

as a sole substrate. Experimental work has shown that an additional carbon source, such as glucose or

VFA mixture enhances decolourisation (Razo-Flores et al., 1997; Carliell et al., 1995). However, Razo-
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Flores et al. (1997) also found that a pharmaceutical azo dye, azodisalicylate, was completely

, decolourised and mineralised to CH4 without the supplementation of an additional carbon source, at dye

loading rates up to 225 mg/L.d. Additionally, it was found that a cleavage product of the azo dye

Mordant Orange 1, namely 5-aminosa1icylic acid (5-ASA) was biodegradable in methanogenic consortia

under the operational conditions of a continuous anaerobic reactor (Donlon et al., 1997). These results

indicated that some azo dyes could be mineralised in anaerobic environments in contrast to the common

assumption that they are only biotransformed to mutagenic and carcinogenic aromatic amines.

Three sets of controls were set up for these bioassays. The function of the controls containing only the

inoculum sludge and the anaerobic nutrient medium was to determine the amount of gas produced due to

the microbial degradation of residual organic molecules in the inoculum or gas production associated

with the nutrient medium. The measured gas volumes, for the experimental bottles, were corrected by

subtracting the volume of gas produced in the controls to quantify the gas produced as a result of the

degradation of the dye alone.

The controls containing the anaerobic medium and the assay concentration of each dye functioned to

evaluate decolourisation due to the reducing agent, sodium sulphide, in the medium. Decolourisation may

be attributed to adsorption and not necessarily degradation of the dye. To determine whether dyes were

adsorbed to the butyl rubber septa, controls were set up containing only the dye solution in sealed serum

bottles. Decolourisation due to adsorption or reduction of the azo bond was found to be negligible.

Appropriate sample size and liquid to headspace volume ratios are important for the precision and

accuracy of the results. Smaller serum bottles were used because of availability. The working volume

was scaled proportionally. The estimated degradable COD was kept at ca. 2 gIL, based on the method of

Owen et al. (1979), to satisfy the carbon to nitrogen ratio required for anaerobic microorganisms with the

defined nutrient medium. The concentration of dye added to each bottle was based on the production of a

volume of biogas that could be measured accurately (ca. 60 to 100 mL), without exceeding a load of

2 g COD and not exceeding the dye ICso concentration.

The dye structure or chemical formula of each dye was known, thus the theoretical COD could be

calculated per g of dye. The theoretical gas production, assuming complete mineralisation to methane and

carbon dioxide, was calculated according to the Tarvin and Buswell (1934) equation:

( ab) (n a b) (n a b)CnHaOb+ n---- H20~ ---+- CO + -+--- CH
42 284 2 284 4

[A3.1]

The amount of dye required to produce ca. 100 mL of biogas was calculated. The theoretical COD of the

calculated mass of dye was calculated, according to the equation:

b
2- + a+8d-3e +

CnHaO Ne + dCr20 7 + (8d +e)H ~ nC02+ HzO + eNH; + 2dCr32

where d = 2nl3 + al6 - bl3 - el2

[A3.2]



Food Dyes A3-30

The theoretical COD (3d/2) is calculated based on the amount of oxygen required to oxidise the molecule

(Speece, 1996). The amount of dye added to each serum bottle was corrected if the theoretical COD was

greater than 2 g and if the calculated dye concentration (based on the production of 100 mL biogas) was

greater than the ICso concentration, determined during the anaerobic toxicity assays. The dye

concentration added to each assay bottle is shown in Table A3.3.

Gas production is indicative of metabolic activity, thus the shape of the gas production curve indicates

the ease and the degree of degradability of a substrate. Biogas production was monitored throughout the

incubation period. Determination of the biogas composition gave the fraction of methane in the total

biogas. The volume of methane could then be calculated to give an indication of the extent of

methanogenic activity within the serum bottles. It is known that in an anaerobic environment, COD is not

destroyed, but transformed. Thus, a methane balance can be used to evaluate the methanogenic activity

within a batch culture by calculating the amount of COD converted to methane. These values were

calculated for each assay to assess the extent of methanogenic activity. The amount' of methane produced

was corrected for the volume of methane produced in the controls, such that the equivalent methane COD

was attributed to degradation, or utilisation, of only the dye. From the results, it can be seen that

generally, the methanogenic activity was low, suggesting that these dyes were not readily utilised by

methanogenic populations.

There is a degree of inaccuracy associated with the data presented for the COD balances, resulting in the

poor balances attained. The discrepancy lies with the measured COD values, relative to the theoretical

values. For each assay, the theoretical COD ofthe dye added was calculated, from the mass of dye added.

The COD of the nutrient medium was assumed to be negligible (measured at 36.7 mg/L). However, as

shown in Section A3.2.6, the COD values, measured at the start of the incubation period, do not correlate

with the theoretical values; they are generally larger. The final soluble COD was measured and the COD

equivalent of the methane produced was calculated to give the final CODout.

Soluble COD was measured since it was assumed that biomass production would be negligible. Also,

COD measurement of solids is inaccurate unless the samples are properly homogenised. The presence of

a larger floc in a sample would greatly influence the measured COD. The total COD (soluble and

insoluble) of each bottle was measured to assess the influence on the COD balances (data not shown).

The samples were homogenised by passing them through a 0.6 mm syringe needle. The measured values

were much greater than the measured initial COD values and, therefore, did not provide a solution to the

poor COD balances. The loss of COD may be attributed to adsorption of the dye (and its associated

COD) to the biomass.

In terms of effluent'<lischarge, decolourisation is critical. Colour removal can be achieved by physical,

chemical or biological means. Colour reduction in these bioassays could have been due to the reducing

environment within the serum bottles or by adsorption to the biomass. The aim was to achieve biological

decolourisation, Le. utilisation of the dye by the microorganisms resulting in breakdown of the dye

molecules and removal of colour. Decolourisation was of particular interest for samples with low ICso

concentrations because biodegradation was not expected but reduction, or breakage, of the dye
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molecules, could occur resulting in decolourisation. Decolourisation in these assays could have been

caused by either adsorption or degradation, or both.

Very little gas production was observed in the Cl Food Yellow 3 bioassays (Table A3.7). The gas

production approximated that of the controls, suggesting that gas production was due to degradation of

residual organic molecules in the inoculum sludge or associated with the nutrient medium. The plot of the

corrected gas production was negative at points, showing that gas production was lower than that in the

controls, indicating inhibition due to addition of the dye. This was not expected since the ICso

concentration was calculated at 19.6 g/L. This inhibition value was specific for the methanogens,

therefore, the dye could be inhibitory to the other microbial populations present in the digested sludge.

However, there was no methanogenic activity either. These results suggest that the dye would be

unsuitable for anaerobic degradation. Reduction in COD and colour were relatively high at 65 % and

78.5 %, respectively. These reductions were obviously not due to microbial activity and are, therefore,

attributed to adsorption to the biomass.

Gas production in the Cl Food Red 3 bottles was lower than in the controls (Table A3.8), which

suggested that the dye was inhibitory to the anaerobic microorganisms. This correlated with the results of

the anaerobic toxicity assays, where the ICso concentration was low at 0.25 glL. No methanogenic activity

was present in the bottles. This dye would, therefore, not be suited to anaerobic treatment. Again, the

COD and colour reductions were relatively high at 68.4 % and 68.6 %, respectively, which could have

been due to adsorption to the biomass. Similar results were obtained for Cl Food Brown 1 (Table A3.9),

which also had a low ICso concentration at 2.48 g/L. This resulted in inhibition of the microbial

populations, including the methanogens which showed no activity. COD reduction was 66 % and there

was a 72 % reduction in colour.

Biogas production was greater than in the controls, for Cl Food Red 17 (Table A3.10). The

methanogenic ICso concentration was calculated at > 20 gIL, however, in these assays, methanogenic

activity only attributed to 0.9 % of the utilisation of the dye. From this it can be deduced that, although

the dye is not inhibitory to the methanogens, it is not readily utilised. This could be overcome by addition

of a carbon source, which may result in co-metabolism of the dye. The bioassay COD was reduced by

55.5 % and the colour by 90 %. This could have been achieved by other bacterial populations, which is

suggested by the volumes of biogas produced. Similar results were obtained for Cl Food Red 10

(Table A3.11), which also had an ICso concentration of> 20 glL. Methanogenic utilisation accounted for

1.3 % of the dye. COD reduction was 52.5 % and colour was reduced by 89.8 %. Cl Food Yellow 4

(Table A3.12) had an ICso concentration of 14.3 gIL, and was, therefore, assumed not to be inhibitory to

the methanogens. Methanogenic activity was recorded and accounted for 0.8 % of the degradation of the
"

dye. Biogas production was greater than in the controls, suggesting metabolism of the dye by other

microbial populations, also resulting in the reduction of the initial COD by 48.2 %. The initial yellow

colour of the dye was reduced by 94.4 % but a change in colour to purple/maroon was observed. This

could be problematic in treatment of the dye. The change in colour could be attributed to degradation
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products bonding to form a different dye structure; or else it could have been due to oxidation of the

degradation products, during gas measurement and sampling.

Cl Food Red 7 (Table A3.13) had an ICso concentration of > 20 g/L. Biogas production, during the

incubation period, was greater than that in the controls, suggesting utilisation of the dye. Methanogenic

metabolism contributed to 1.64 % of the degradation of the dye. COD reduction was measured at 48.5 %

and colour reduction at 86.9 %. Thus, anaerobic treatment of this dye would be efficient, but it requires

the co-operation of several bacterial populations and degradation would be enhanced with the addition of

a carbon substrate. A similar deduction could be drawn for Cl Food Black 1 (Table A3.14), with 1.9 %

methanogenic utilisation of the dye. This case illustrates the discrepancy between the theoretical and

measured COD values. Based on the theoretical dye COD, the methanogenic utilisation of the dye would

have been 11.6 %. However, the initial measured COD was that much greater to reduce the methanogenic

efficiency to 1.9 %.

Biogas production was lower than the controls in the Cl Food Green 4 bioassays (Table A3.15). This was

not expected since the methanogenic ICso concentration was 19.6 g/L. The dye could have been

inhibitory to other microorganisms in the biomass, or it could be that it was not readily utilised. Colour

reduction was high at 94.9 %. No reduction in colour was observed in the colour controls, therefore, it is

assumed that decolourisation was due to adsorption to the biomass.

Inhibition was observed in the Cl Food Blue 5 assays (Table A3.16), where the biogas production was

lower than in the controls. This verified the anaerobic toxicity assays results, which calculated the ICso

concentration at 2.15 g/L. The dye concentration added to the bioassays was, however, lower than this

concentration. There was no methanogenic activity. Reduction in COD (61.8 %) could have been due to

adsorption of the dye to the biomass (33.6 % reduction in colour). Biogas production in the Cl Food

Blue 2 bioasssays (Table A3.17) was greater than in the controls except that no reduction in colour was

achieved. This was of interest because the food dye manufacturer could not achieve chemical

decolourisation of the dye either. The gas production and reduction in COD (54 %) could be due to

degradation of readily available side groups on the dye molecules, without actual break down of the dye

molecule itself.

Biogas production was the same as that in the controls, for Cl Food Yellow 13 (Table A3.18), up to day

10, after which biogas production increased. This would suggest acclimation of the microorganisms to

the dye. There was no methanogenic utilisation of the dye. There was also no decolourisation.

Biogas production was greater than in the controls for Cl Food Red 14 (Table A3.19), which was

unexpected, due to tQ.e high toxicity data recorded in the anaerobic toxicity assays. The dye concentration

added was lower than the ICso concentration of 0.2 mg/L. However, there was still no methanogenic

utilisation of the dye. The biogas production was due to activity by other microbial populations. Colour

reduction was low at 0.8 %.
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The untreated food dye effluent (Tables A3.21 and A3.22) was more degradable at the lower

concentration of 20 % (v/v) than at 100 % (v/v). Biogas production was greater than in the controls for

the 20 % concentration. There was no gas production in the 100 % concentration until acclimation was

achieved by ca. day 35. The biogas production rate was then 0.1 mL/d. Methanogenic utilisation of the

dye was greater (2.2 %) in the lower wastewater concentrations than in the undiluted wastewater (0.43 %

methanogenic utilisation). Methanogenic degradation of the chemically treated food dye effluent

(Tables A3.23 and A3.24) was lower, 1.96 % (for the 20 % concentration) than in the untreated samples.

Similar COD and colour reductions were achieved. There was no methanogenic utilisation of the

undiluted wastewater.

These bioassays provided a more thorough understanding of the dye characteristics and degradation

potential. This knowledge can then be used to predict the optimal treatment option. It must be noted,

however, that these bioassays investigated the final products of the industry, i.e. the dyes. The factory

effluent would contain concentrations of the dye precursors, from the synthesis p~ocesses. These could

have a severe effect on the treatment process as several aromatic amines have been shown to be toxic or

inhibitory.

The results presented for these biodegradability assays showed that the dyes were not readily utilised as a

sole methanogenic substrate, however, degradation of the dyes could be enhanced by co-metabolism with

another substrate.

A3.2.5 Conclusions

1. Although the bioassays showed efficient COD reduction and decolourisation, generally, the

methanogenic activity was low, suggesting that the dyes are not readily utilised by methanogenic

populations.

2. Supplementation of an additional carbon source could improve the methanogenic utilisation of the

dyes.

3. The bioassays provided a more thorough understanding of the dye characteristics and degradation

potential.
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A3.2.6 Biogas Production Plots

TABLE A3.6 : Results for the controls in the biodegradability assay.
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Initial biogas production rate :

Acclimated biogas production rate (60 d) :

1.60 mUd

Total gas production (37 0c) : 7.0mL

CH4 fraction : 0.055

CH4 production:

CH4 -COD:

0.385 mL

0.970 mg

COD balance

CODin: 16.735 mg (in 50 mL) COD out : 10.078 mg (in 50 mL)

Balance:

COD reduction:

CH4 - COD: 0.970 mg

Total CODout: 11.048 mg

66%

34%
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TABLE A3.7 : Results of the biodegradability assay with Cl Food Yellow 3.

Sunset Vellow Supra I Cl Food Vellow 3
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Sunset Vellow Supra I Cl Food V.Uow 3

Biodegradability:

Dye concentration:

Theoretical dye COD:

Theoretical Assay COD (in 50 mL)

Initial biogas production rate :

Acclimated biogas production rate (60 d) :

1.25 g/L

0.96 g COD/g dye

60mg

1.88 mL/d

Total gas production (37 QC) : 6.3 mL

CH4 fraction: 0.045

CH4 production:

Net CH4 production:

CH4 -COD:

0.2835 mL

OmL

0.1133 mg

Methanogenic activity

Theoretical utilisation:

Actual utilisation:

0%

0%

COD balance

CODin : 127.6 mg (in 50 mL) COD out: 45.4 mg (in 50 mL)

Balance:

COD reduction:

CH4 - COD: 0.1133 mg

Total CODout : 45.51 mg

35.7%

64.3 %

Colour reduction

Measured colour reduction: 78.5 % (480 nm) - Orange to brown
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TABLE A3.8 : Results of the biodegradability assay with Cl Food Red 3.
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Biodegradability:

Dye concentration :

Theoretical dye COD:

Theoretical Assay COD (in 50 mL) :

Initial biogas production rate :

Acclimated biogas production rate (60 d) :

0.1 g/L

1.l5 g COD/g dye

5.75 mgCOD

0.12 mUd

Total gas production (37 QC) :

CH4 fraction:

CH4 production:

4.07 mL

0.05

0.2035 mL

Net C~ production:

CH4 -COD:

OmL

0.51 mg

Methanogenic activity

Theoretical utilisation:

Actual utilisation:

0%

0%

COD balance

CODin: 67.6 mg (in 50 mL) COD out: 20.7 mg (in 50 mL)

Balance:

COD reduction:

CH4 - COD: 0.51 mg

Total CODout: 21.2 mg

31.4 %

68.6%

Colour reduction

Measured colour reduction: 69.4 % (515 nm)
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TABLE A3.9 : Results of the biodegradability assay with Cl Food Brown 1.

Hexacol Brown FK Standard I Cl Food Brown 1

~ 70
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Biodegradability:

Dye concentration :

Theoretical dye COD:

Theoretical Assay COD (in 50 mL) :

Initial biogas production rate :

Acclimated biogas production rate (60 d) :

0.24 gIL

0.97 g COD/g dye

11.64 mgCOD

0.05 mUd

Total gas production (37 QC) : 3.3 mL

CH4 fraction: 0.047

CH4 production: 0.156 mL

Net CH4 production:

CH4 -COD:

OmL

0.39 mg

Methanogenic activity

Theoretical utilisation:

Actual utilisation:

0%

0%

COD balance

CODin: 60.86 mg (in 50 mL) COD out:

CH4 -COD:

20.3 mg (in 50 mL)

0.39 mg

Total CODout: 20.69 mg

Balance:

COD reduction:

34%

66%

Colour reduction

Measured colour reduction: 72 % (430 nm) • Orange/brown to brown
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TABLE A3.10: Results of the biodegradability assay with Cl Food Red 17.

,-----------------------------------,

o

o I •: :.& 0

----------------1
Hexacol Allura Red AC Supra I Cl Food Red 17 i

I
• I
• I

I
I

I

L-- 20__30__Ti_m~_(d_)_50__60 70 "]

10

•A
• i 8

c
0 7
t:
~

l ."'- 5
M 11.I! 4-
'D ...
~ 3 A

~ .
8 2

0
80

0 10

11
•

•
11 11

Hexacol Allura Red AC Supra ICI Food Red 17

I

16

14

I, i::
u 8

I i 6, "'-

I ~ 4
i

I
I 0 ":0-~10-~20-~30--40--50~-60-r----7~0---1

l~--------------Tim-.-(d-) ---.J

Biodegradability:

Dye concentration:

Theoretical dye COD:

Theoretical Assay COD (in 50 mL):

Initial biogas production rate :

Acclimated biogas production rate (60 d) :

0,7 g1L

1.48 g COD/g dye

5L8mgCOD

6.06 mUd

Total gas production (37 QC) : lL7mL

CH4 fraction:

CH4 production:

Net CH4 production:

CH4 -COD:

0.066

0.774mL

0.389 mL

0.980 mg

Methanogenic activity

Theoretical utilisation:

Actual utilisation:

1.9 %

0.9%

COD balance

CODin: 107.8 mg (in 50 mL) COD out : 46.9 mg (in 50 mL)

Balance:

COD reduction:

CH4 - COD: 0.980 mg

Total CODout: 47.92 mg

44.5%

55.5%

Colour reduction

Measured colour reduction: 90 % (500 nm) - Red to brown
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TABLE A3.11 : Results of the biodegradability assay with Cl Food Red 10.

Hexacol Red 2G Supra I Cl Food Red 10 Hexacol Red 2G Supra I Cl Food Red 10
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Biodegradability:

Dye concentration.:

Theoretical dye COD:

Theoretical Assay COD (in 50 mL) :

Initial biogas production rate :

Acclimated biogas production rate (60 d) :

1.26 g/L

1.46 g COD/g dye

91.98 mg COD

9.26 mUd

Total gas production (37°C) : 14.1 mL

CH4 fraction:

CH4 production:

Net CH4 production:

CH4 -COD:

0.068

0.956mL

0.571 mL

1.439 mg

Methanogenic activity

Theoretical utilisation:

Actual utilisation:
1.56 %

1.3 %

COD balance

CODin : 101.1 mg (in 50 mL) COD out :

CH4 -COD:

46.6 mg (in 50 mL)

1.439 mg

Balance:

COD reduction:

Total CODout : 48.0 mg

47.5%

52.5 %

Colour reduction

Measured colour reduction: 89.8 % (520 nm) - Red to brown
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TABLE A3.12: Results of the biodegradability assay with Cl Food Yellow 4.
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Biodegradability:

Dye concentration :

Theoretical dye COD:

Theoretical Assay COD (in 50 mL) :

Initial biogas production rate :

Acclimated biogas production rate (60 d) :

1.5gIL

. 0.97 g COD/g dye

72.75 mg COD

10.01 mUd

Total gas production (37 0c) :

CH4 fraction:

CH4 production:

Net CH4 production :'

CH4 -COD:

13.6 mL

0.06

0.816 mL

0,431mL

1.09 mg

Methanogenic activity

Theoretical utilisation :

Actual utilisation:

2.3 %

0.84%

COD balance

CODin: 131.36 mg (in 50 mL) COD out:

CH4 -COD:

66.9 mg (in 50 mL)

1.09 mg

Balance:

COD reduction:

Total CODout: 68.0 mg

51.8 %

48.2%

Colour reduction

Measured colour reduction: 94.4 % (430 nm) - Yellow to purple
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TABLE A3.13: Results of the biodegradability assay with Cl Food Red 7.
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Biodegradability:

Dye concentration:

Theoretical dye COD:

Theoretical Assay COD (in 50 mL) :

Initial biogas production rate :

Acclimated biogas production rate:

1.0gIL

0.86 g COD/g dye

43 mgCOD

8.84 mUd

Total gas production (37°C) :

CH. fraction :

CH. production :

Net CH. production:

CH.-COD:

13.5 mL

0.074

0.998 mL

0.613 mL

1.54 mg

Methanogenic activity

Theoretical utilisation:

Actual utilisation:

3.6%

1.64 %

COD balance

CODin: 93.72 mg (in 50 mL) COD out:

CH.-COD:

46.8 mg (in 50 mL)

1.54 mg

Total CODout: 48.3 mg

Balance:

COD reduction:

52%

48.5 %

Colour reduction

Measured colour reduction: 86.9 % (510 nm) - Red to brown
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TABLE A3.14 : Results of the biodegradability assay with Cl Food Black 1.

Hexacol Black PH Extra ICl Food Black 1
r----------------------~I

Hexacol Black PN Extra I Cl Food Black 1 I
I

o 0

o~-__- -_-_-_-_ ___I I

o W 20 30 ~ 50 50 ro 50 501
TImeldl I

80

\.

_12
• i0

g 10
13
~... 82... • ..
M.. 8
"...
fl •~s

705030 40 50

Tim'ld)

2010

20,..-----------------,
18

16

Biodegradability:

Dye concentration:

Theoretical dye COD:

Theoretical Assay COD (in 50 mL) :

Initial biogas production rate :

Acclimated biogas production rate (60 d) :

0.28 gIL

0.826 g COD/g dye

11.56 mg COD

9.07 mUd

Total gas production (37 QC) : 13.3 mL

CH4 fraction:

CH4 production :

Net CH4 production:

CH4 -COD:

0.069

0.916 mL

0.531 mL

1.34 mg

Methanogenic activity

Theoretical utilisation:

Actual utilisation:

11.6 %

1.9 %

COD balance

CODin : 69.6 mg (in 50 mL) COD out:

CH4 -COD:

30.09 mg (in 50 mL)

1.34 mg

Total CODout : 31.34 mg

Balance:

COD reduction:

45%

55%

Colour reduction

Measured colour reduction: 74.2 % (520 om)
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TABLE A3.15: Results of the biodegradability assay with Cl Food Green 4.

Hexacol Green S Supra I Cl Food Green 4 Hexacol Green S Supra I Cl Food Green 4 1
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Biodegradability:

Dye concentration: 1.0 gIL

Theoretical dye COD: 1.5 g COD/g dye

Theoretical Assay COD (in 50 mL) : 75 mg COD

Initial biogas production rate : 2.02 mUd

Acclimated biogas production rate (60 d) :

Total gas production (37 0c) : 5.5 mL

CH4 fraction: 0.047

CH4 production: 0.2585 mL

Net CH4 production: 0 mL

CH4 - COD: 0.6511 mg

Methanogenic activity

Theoretical utilisation: 0 %

Actual utilisation: 0 %

COD balance

CODin: 118.1 mg (in 50 mL) COD out: 83.7 mg (in 50 mL)

CH4 - COD: 0.6511 mg

Total CODout: 84.35 mg

Balance:

COD reduction:

71.4 %

28.6%

Colour reduction

Measured colour reduction: 94.9 % (630 om) - Dark blue to light blue
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TABLE A3.16: Results of the biodegradability assay with Cl Food Blue 5.

Hexacol Patent Blue VSupra ICl Food Blue 5 Hencol Patent Blue V Supra I Cl Food Blue 5

•

--_.. _-------_.._-------------!

·5~------------ ___'

70

Tim.(d)

I
o I

I
• I

I
i

L- J

o•
•

70 60605040

Time (d)

302010

Biodegradability:

Dye concentration :

Theoretical dye COD:

Theoretical Assay COD (in 50 mL) :

Initial biogas production rate' :

Acclimated biogas production rate (60 d) :

0.6 g/L

2.1 g COD/g dye

63 mgCOD

0.56 mUd

Total gas production (37 QC) : 1.77 mL

CH4 fraction:

CH4 production :

0.01

0.0197 mL

Net CH4 production:

CH4 -COD:

OmL

0.05 mg

Methanogenic activity

Theoretical utilisation:

Actual utilisation :

0%

0%

COD balance

CODin : 188.9 mg (in 50 mL) COD out : 72.2 mg (in 50 mL)

Balance:

COD reduction:

CH4 - COD: 0.05 mg

Total CODout: 72.25 mg

38.2%

61.8 %

Colour reduction

Measured colour reduction: 33.6 % (630 nm)
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TABLE A3.17 : Results of the biodegradability assay with Cl Food Blue 2.

HeXlcol Brilliant Blue Supra f Cl Food Blue 2
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Biodegradability:

Dye concentration:

Theoretical dye COD:

Theoretical Assay COD (in 50 mL) :

Initial biogas production rate :

Acclimated biogas production rate (60 d) :

1.15 glL

1.61 g COD/g dye

92.57 mgCOD

9.12 mUd

Total gas production (37 QC) : 15.0 mL

CH4 fraction:

CH4 production:

Net CH4 production:

CH4 -COD:

0.087

1.31 mL

0.926mL

2.33 mg

Methanogenic activity

Theoretical utilisation:

Actual utilisation:

2.52%

2.08%

COD balance

CODin: 112 mg (in 50 mL)

Balance:

COD reduction:

COD out: 48.8 mg (in 50 mL)

CH4 - COD: 2.33 mg

Total CODout: 51.17mg

45.7%

54%

Colour reduction

Measured colour reduction: 0% (630 nm)
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TABLE A3.18: Results of the biodegradability assay with Cl Food Yellow 13.
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Dye concentration:

Theoretical dye COD:

Theoretical Assay COD (in 50 mL) :

Initial biogas production rate :

Acclimated biogas production rate (60 d) :

Total gas production (37°C) :

CH4 fraction:

CH4 production:

Net CH4 production:

CH4 -COD:

Methanogenic activity

Theoretical utilisation:

Actual utilisation:

COD balance

1.0 g/L

1.35 g COD/g dye

67.5 mg COD

0.56 mL/d

5.37 mL

0.05

0.272 mL

OmL

0.6851 mg

0%

0%

CODin: 106.5 mg (in 50 mL) COD out: 44.7 mg (in 50 mL)

Balance:

COD reduction:

Colour reduction

Measured colour reduction:

CH4 - COD: 0.6851 mg

Total CODout: 45.39 mg

42.6%

57.4 %

0% (410 nm)
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TABLE A3.19 : Results of the biodegradability assay with Cl Food Red 14.
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Biodegradability:

Dye concentration:

Theoretical dye COD:

Theoretical Assay COD (in 50 mL) :

Initial biogas production rate :

Acclimated biogasproduction rate (60 d) :

0.0001 gIL

0.69 g COD/g dye

0.00345 mg COD

7.76 mUd

Total gas production (37 cC) :

Ct4 fraction :

6.83 mL

0.02

CH4 production:

Net CH4 production:

CH4 -COD:

0.145 mL

OmL

0.365 mg

Methanogenic activity

Theoretical utilisation:

Actual utilisation:

0%

0%

COD balance

CODin: 51.9 mg (in 50 mL) COD out: 30.12 mg (in 50 mL)

Balance:

COD reduction:

CH4 - COD: 0.365 mg

Total CODout: 30.49 mg

59%

41.3 %

Colour reduction

Measured colour reduction: 0.8 % (520 run) - Pink to pink
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TABLE A3.20 : Results of the biodegradability assay with Cl Food Blue 1.

Hexacollndigo Cannine Supra I Cl Food Blue1 Hexacollndigo Cannine Supra I Cl Food Blue1

25 ~-------------------, i
!

• !
!

o

•
•••• • •

14 -.--------------------,

•
• 0

••

20

115~&l • •
~ ': •• , I _-------

--------------------------'

10 20 30 40 50

Tlm'ld)

60 70 60
O*--_~_-_~-_-_-_-_-___li

o " m ~ ~ ~ ~ ro ~!
Time (d) i

L- ~ _

Biodegradability:

Dye concentration:

Theoretical dye COD:

Theoretical Assay COD (in 50 mL) :

Initial biogas production rate :

Acclimated biogas production rate (60 d) :

0.52 g/L

0.89 g COD/g dye

23.14 mgCOD

10.67 mUd

Total gas production (37°C) : 14.3 mL

CH4 fraction: 0.068

CH4 production:

Net CH4 production:

CH4 -COD:

0.978mL

0.583 mL

1.47 mg

Methanogenic activity

Theoretical utilisation:

Actual utilisation:

6.4%

2.6%

COD balance

CODin : 57.23 mg (in 50 rnL) COD out:

CH4 -COD:

36.03 mg (in 50 mL)

1,47 mg

Balance:

COD reduction:

Total CODout: 37.5 mg

66%

34%

Colour reduction

Measured colour reduction: 16.6 % (610 nm)
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TABLE A3.21 : Results of the biodegradability assay with the Untreated Food Dye Effluent (20 % v/v).

Pointlngs Effluent (Untreated): 20 % (vlv)

807060

o.:

30 40 50

Time (d)

. ..

2010

Paintings Effluent (Untreated) : 20 '10 (vlv)

18 12

16
• "" 10

14 .. • • g. "
~12

0
8g

g 10 ...e'e a. 8

1 8 ..
"a. ...

4M

~C;
~
II 2

0
10 20 30 40 50 60 70 80 0

Time (d)
;

~------------------_. I

Biodegradability:

Initial biogas production rate

Acclimated biogas production rate:

5.31 mUd

Total gas production (37 0c) :

CH4 fraction:

13.3 mL

0.092

CH4 production:

Net CH4 production:

CH4 -COD:

1.226 mL

0.841 mL

2.1 mg

Methanogenic activity

Actual utilisation: 2.2%

COD balance

CODin: 93.9 mg (in 50 mL) COD out: 56.8 mg (in 50 mL)

Balance:

COD reduction:

CH4 -COD: 2.1 mg

Total CODout: 58.92 mg

62.7%

37%

Colour reduction

Measured colour reduction: 65.8 % (500 run)



Food Dyes A3-50

TABLE A3.22
(100 % v/v).

Results of the biodegradability assay with the Untreated Food Dye Efnuent

Paintings Effluent (Untreated) : 100 %(vlv) Pointings Effluent (Untreated): 100 % (vlv) l

12-r-------------------,

L. --.J

'O-'---------- --.J

70

o.o.

..

Tlmo(d)

i
li 2
ti

~.." 0 +--~-~-~---____,_/c_--~.. -
10 20 30 50 60

"..tl -2

~

8-1

6070605040

Tlm. (d)

302010

10

Biodegradability:

Initial biogas production rate

Acclimated biogas production rate (40 d) :

omUd

0.1 mUd

Total gas production (37 QC) :

CH4 fraction :

7.4 mL

0.103

CH4 production:

Net CH4 production:

C~-COD :

0.762 mL

0.377 mL

0.95 mg

Methanogenic activity

Actual utilisation: 0.43 %

COD balance

CODin: 220.7 mg (in 50 mL) COD out: 78.6 mg (in 50 mL)

CH4 - COD: 0.95 mg

Total CODout: 79.6 mg

Balance:

COD reduction :

36%

64%

Colour reduction

Measured colour reduction: 79.8 % (500 nm)
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TABLE A3.23 : Results of the biodegradability assay with the Treated Food Dye Effluent (20 % v/v).

.. - ..... - - ..... _~_. _J

Pointing. Effluent (Treated) : 20 % (vlv)

so706030 40 SO

Time (d)

2010
O~-~-~-~-_-~---_-__l

o
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Pointing. Effluent (Treated) : 20 % (VIv)---'-i

I

:::- .
E
-; 7

i
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i 3
I!
8 2

------- .1
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Time (d)
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OOL--~-_-~-~-_--~-~~

o
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16

14

f 12

~ 10

i 8..
~ 6·
o

Biodegradability:

Initial biogas production rate

Acclimated biogas production rate (40 d) :

4.84 mLld

Total gas production (37°C) :

C~ fraction :

12.77 mL

0.089

CH4 production:

Net CH4 production:

CH4 -COD:

1.14 mL

0.755 mL

1.9 mg

Methanogenic activity

Actual utilisation: 1.96 %

COD balance

CODin : 96.8 mg (in 50 mL) COD out :

CH4 -COD:

42.3 mg (in 50 mL)

1.9 mg

Balance:

COD reduction:

Total CODout : 44.2 mg

46%

54%

Colour reduction

Measured colour reduction:
\ 31 % (500nm)
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TABLE A3.24 : Results of the biodegradability assay with the Treated Food Dye Effluent (100 % v/v).

Pointings Effluent (Treated) : 100 % (vlv) Pointings Effluent (TInted): 100 % (vlv)

,------------------------"
Tim. Cd)

-6-'-------- ---1

10

12,.---------------------,

'------------------------

8070605040

Tim.(d)

30

• • • 8

• 0
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16
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:§: 12

g 10
'lJi 8

: 6
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Biodegradability:

Initial biogas production rate

Acclimated biogas production rate (40 d) :

0.05 mUd

0.19 mUd

Total gas production (37°C) : 2.97 mL

CH4 fraction : 0.103

CH4 production:

Net CH4 production:

CH4 -COD:

0.306 mL

OmL

0.77 mg

Methanogenic activity

Actual utilisation: 0%

COD balance

CODin: 184.5 mg (in 50 mL) COD out: 71.8 mg (in 50 mL)

CH4 -COD: 0.77 mg

Total CODout : 72.6 mg

Balance:

COD reduction:

39%

61 %

Colour reduction

Measured colour reduction": 36.6 % (500 nm)
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Textile Dyes

A series of serwn bottle tests as described in Table A4.1, and the details of each are given.

TABLE A4.1 : Detailll of the textile dye serum bottle testll.

Test Spike Substrate

Methanogenic toxicity Acetate-propionate Textile dyes

Acidogenic toxicity Glucose Textile dyes

Anaerobic biodegradability Textile dyes

Anaerobic biodegradability Textile dye degradation products

A4.1 ANAEROBIC TOXICITY ASSAYS

Reference

Section A4.1

Section 5.2

Section A4.2

Section 5.3

Inhibition is commonly reported in investigations describing the biological treatment of textile dye

wastewaters. This inhibition may be related to the dyes themselves or to other components of the

wastewater such as the various additives required in the dyeing process. This study was limited to the

investigation of the inhibitory effects of the dyes.

A4.1.1 Hypotheses and Objectives

From a study of the literature, it was hypothesised that the reactive dye compounds, present in textile dye

wastewaters, could exert an inhibitory effect on the anaerobic biomass involved in the treatment process

Bioassay techniques are an effective indication of the effect that these substances would have on an

anaerobic system.

The objective of this investigation was to assess the toxicity of a range of textile dyes to the methanogens

in anaerobic digester sludge.

A4.1.2 Materialll and Methods

A stock solution (10 % w/v) of each dye (Table 5.2) was made up. The experiments were performed in

160 mL glass serum bottles, which were sealed with butyl rubber septa and aluminium crimp seals. A

dermed nutrient medium containing trace elements, minerals and vitamins was prepared according to

Owen et al. (1979) (Appendix 1).
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The bottles were prepared with 100 mL working volwnes. The bottles were seeded with anaerobic

digester sludge collected from the Umbilo Sewage Works (IS = 30.67 gIL; VS =13.67 gIL). The dye

concentrations investigated. for each dye. were: 50 mg/L; 250 mg/L; I g/L; 5 g/L; 10 g/L and 20 g/L. The

anaerobic toxicity assays were also run with a mixture of the four dyes. Each concentration was repeated

in triplicate. The acetate-propionate solution (2mL. to give 75 mg acetate and 26.5 mg propionate in

100 mL working volwne) was added to each bottle after equilibration for I h, at the incubation

temperature of 35 DC.

The controls. or blanks. contained only the inoculwn sludge. the anaerobic nutrient mediwn and the

acetate-propionate solution. The methanogenic metabolism of the acetate-propionate solution was

monitored by total gas production, in the controls. Inhibition due to the addition of a dye was determined

as a decreased rate of gas production. relative to the controls.

Gas volwne and composition measurements were the same as described in Section A3.1.2. The

methanogenic activity was calculated (mL CHJg VS) for each dye concentration, and calculated as a

fraction of the methanogenic activity in the controls. The activity at each concentration was plotted and a

best-fit line was fitted through the data points. From the equation of the line. the dye concentration at

which 50 % of the methanogenic biomass was inhibited (lCso) could be calculated. These results are

given below.

A4.1.3 Results

CllleU,U OB_I71
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FIGURE A4.1 : Plots showing the methanogenic activity, as a fraction of that in the control, for
each investigated dye concentration" and the best-fit lines through the experimental data points,
used to determine the ICso concentration for each dye.

The gas production results for each dye are given in Section A4.1.6. The symbols represent the duplicate

samples, and the line through the data points is the calculated mean biogas production. For each

concentration, the gas p*roduction cmve is shown relative to the gas production rate of the controls. A

decrease in biogas production (line below that of the control) indicated inhibition of the rnethanogens due

to addition of the dye. The calculated IC~o concentration for each dye is given in Table A4.2.

TABLE A4.2 : Calculated methanogenic ICso values for the
investigated textile dyes.
Dye Methanogenic ICso

(gIL)

Cl Red 141

Cl Blue 171

Cl Yellow 84

Cl Green 19

Dy~mixture

2.46

3.07

2.30

2.46

2.46
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Figure A4.2 shows the cumulative biogas production for each concentration of the investigated textile

reactive dyes, relative to the gas production measured in the controls.
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FIGURE A4.2 : Gas production plots for the methanogenic toxicity assays, showing the cumulative
biogas production for each concentration of the investigated textile reactive dyes, relative to the gas
production measured in the controls (black line).
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A4.1.4 Discussion

A4-5

The literature has indicated that dye compOlmds and their degradation products can be toxic. The results

of these toxicity assays showed that the four investigated dyes and the dye mixture were inhibitory to the

methanogens, with all of the IC$O concentrations < 3.1 gIL. This indicates that these dyes could be

problematic in the anaerobic treatment of dye wastewaters since they could cause inhibition of the

methanogens present in the treatment system, resulting in reactor failure and inefficient treatment.

Although it is unlikely that a normal dyehouse effiuent would have a dye concentration> 3.1 gIL, it is not

impossible. This could easily occur with wastage or washing procedures, resulting in a large volume of

the dye in the fmal effiuent.

The gas production plots shown in Section A4.1.6 show the total biogas production measured over the

incubation period. The fraction of methane in the biogas was calculated from the biogas composition

analyses. The addition of the acetate-propionate solution made these tests specific for methanogenic

inhibition since the added VFAs are precursors to methanogenesis.

The gas production for all concentrations of the investigated dyes, and the dye mixture, was lower than

the gas production in the controls, indicating that all of the dyes were inhibitory to the methanogens,

resulting in reduced methanogenic activity within the serum bottles. There were two exceptions, in the

50 and 250 mgIL concentrations of Cl Reactive Red 141, the gas production curve was initially lower

than the controls, but increased to equal the gas production in the controls, by day 5 (Figure A4.2 (a».

This suggests acclimation of the biomass to the lower dye concentrations. In all cases, the degree of

inhibition increased with increasing dye concentration The most inhibitory dye was Cl Reactive

Yellow 84 (lC$O of 2.3 gIL).

Carliell et al. (1995) observed that Cl Reactive Red 141 was inhibitory to methane production at

concentrations over 100 mg/l, using the toxicity assay methodology described by Owen et al. (1979). The

results of this study indicate acclimation and methane production at a Cl Reactive Red 141 concentration

of250mgIL.

An interesting result was observed in the Cl Reactive Yellow 84 assays (Figure A4.2 (c»; although equal

volumes of biogas produced were measured for the first three days, after this the gas production in the

250 mgIL and 1 gIL assay bottles was marginally greater than in the 50 mgIL assay bottles. This would

suggest acclimation and utilisation of the dye as a substrate, however, the gas production in all of these

bottles was still lower than in the controls, indicating inhibition of the methanogens due to the addition of

the dye. The same was observed in the dye mixture assays (Figure 5.1 (e» where the gas production in

the 250 mgIL assay bottles was greater than in the 50 mgIL bottles.

A4.1.5 Conclusions,

1. The toxicity assays were specific to the methanogenic populations of~~ anaerobic digester sludge.

J
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2. The results showed that the four investigated dyes, and the dye mixture, were inhibitory to the

methanogens, with all of the ICso concentrations < 3.1 gIL.

3. The Cl Reactive Red 141 assays showed *acclimation of the biomass to the dye, at the 50 and

250 mgfL concentrations.

4. For all dyes, the degree of inhibition increased with increasing dye concentration.

5. The most inhibitory dye was Cl Reactive Yellow 84 (ICso of 2.3 gfL).

A4.1.6 Biogas Production Plots
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FIGURE A4.3 : Plots of biogas production during the anaerobic toxicity assay with Cl Reactive
Red 141.
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FIGURE A4.4 Plots of biogas production during the anaerobic toxicity assay with Cl Reactive
Blue 171.
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A4.2 BIODEGRADABILITY ASSAYS

A4-11

The anaerobic biodegradability of the textile dyes was determined by monitoring the cumulative biogas

production during anaerobic incubation, according to the method ofOwen et al. (1979).

A4.2.1 Hypotheses and Objectives

It was hypothesised that biodegradability assays would provide information on microbial metabolism of

the dyes and acelimation of the anaerobic microorganisms to the inhibitory dyes.

Therefore, the objectives of the investigation were to:

1. Assess the anaerobic biodegradability of the textile dyes by the microbial populations present in the

anaerobic digester sludge.

2. Determine the anaerobic biodegradability ofeach dye.

3. Determine the methanogenic utilisation of the dye as a substrate.

A4.2.2 Materials and Methods

A preliminary control run (data not shown) investigated the difference in degradation potential of both

un-hydrolysed and hydrolysed dyes. The dyes were hydrolysed, to imitate their form in a wastewater

stream, by raising the pH to 11 with 0.2 M NaOH and heating at 80 DC for 2 h. There was a negligible

difference in the results, thus un-hydrolysed dyes were used for the remainder of the study. Fontenot et

al. (2001) also found no significant difference between the decolourisation reaction of a hydrolysed and

unhydrolysed reactive dye.

The same four dyes were investigated as in the anaerobic toxicity assays (Table 5.2). The nutrient

medium was prepared as described in Appendix 1. The inoculum sludge was obtained from an operating

anaerobic digester at the Umbilo Sewage Works (TS = 18 g/L and VS = 12.7 gIL.). These assay bottles

were set up slightly differently to the food dye biodegradability assays in that the concentration of dye

added to each assay bottle was not calculated according to the theoretical COD of the dye and the

theoretical gas production. The reason for this is that, despite continued attempts, knowledge of all of the

dye structures was not known. The same volume of a 2 % (wlv) dye stock solution was added to each

assay bottle, such that the dye concentration within each bottle was the same. The result was that the

COD within the serum bottles was relatively low. In retrospect, this method was not optimal. The

investigated concentration of each dye is given in Table A4.3. The dyes were diluted to the correct

concentration with the nutrient medium. The dyes were mixed, in equal proportions, to form the dye

mixture. The working volume in each bottle was 50 mL.
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TABLE A4.3: Bioassay conditions to assess anaerobic biodegradability of a range of
textile dyes.

Dye

Cl Reactive Red 141

Cl Reactive Blue 171

Cl Reactive Green 19

Cl Reactive Yellow 84

Methanogenic ICso
(gIL)

2.46

3.07

1.16

2.30

Theoretical COD
(g COD/g dye)

0.93

1.98

1.98

Unknown·

Assay Dye Cone.
(gIL)

0.263

0.263

0.263

0.263

Dye Mixture 2.46

• The chemical structure ohms dye was unknown

0.263 of each

No additional carbon source or acetate-propionate solution - was added. The sennn bottles were

equilibrated and then incubated in a constant temperature room at 35°C. The bottles were shaken

manually to facilitate contact between the microorganisms and the substrate. The controls contained only

the inoculwn sludge and the nutrient mediwn, to account for gas production due to degradation of

residual organic molecules in the inoculwn sludge and any gas production associated with the nutrient

medium.

Two variations of the Cl Reactive Red 141 assays were set up; the one contained nutrient mediwn and

the other did not. The purpose of this was to determine the difference in colour reduction in the presence

and absence of the reducing agents in the anaerobic nutrient mediwn.

Biogas production and composition were measured according to the methods described in

Section A3.1.2. Biogas composition was determined whenever gas was wasted.

On the flIst day of incubation, samples (2.5 roL) were withdrawn from each bottle. The samples were

centrifuged (10 000 rpm) and the supernatants filtered (0.45 !lm). The COD and colour of each sample

was measured, according to the methods outlined in Appendix 1. These are referred to as the initial, or

starting measurements. The same parameters were measured after 60 d of incubation, to assess the

reduction in both COD and colour. The samples were kept and used in a subsequent experiment to

determine the biodegradability of the dye degradation products (Section 5.3). The optimum wavelength

of each dye was found by generating a spectrum of the absorbance of each dye over a range of UV

wavelengths (200 to 800 om). These wavelengths corresponded with those measured and used by Hansa

(1999).
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TABLE A4.4
textile dyes.

Dye

Maximum wavelengths of the investigated

Maximum wavelength
(nm)

A4-13

Cl Reactive Red 141

Cl Reactive Blue 171

Cl Reactive Green 19

Cl Reactive Yellow 84

Dye Mixture

545

600

630

405

550

A4.2.3 Results

Measurements were taken and results calculated after 60 d of incubation at 35°C. The results of the

biodegradability assays are presented in Section A4.2.6. Each table shows the' measured biogas

production, relative to the biogas produced in the controls containing the nutrient medium and the

inoculum sludge. Each plot is divided into two by a dotted line; the data on the left of the line represent

the results of the initial dye biodegradability assays and the data on the right of the dotted line represent

the results of the degradation product assays (Section 5.3). The corrected gas production was also plotted

for each dye. Here the amount of gas produced due to degradation of the dye alone is shown by

subtraction of the control biogas from that measured in the samples. The symbols represent the triplicate

samples, and the line through the data points, is the calculated mean biogas production. For each

concentration, the gas production cwve is shown relative to the gas production rate of the controls (solid

black line). Each table in Section A4.2.6 summarises the biodegradability results for that particular dye.

These include the dye concentration added to each serum bottle, the theoretical COD of the dye and the

theoretical COD of the assay, calculated from the theoretical COD of the dye and the amount of dye

added.

The initial biogas production rate (mUd) was the rate measured on day 2 of incubation. This provided an

indication of degradability of the dye by the unacclimated microorganisms; the lower the gas production

rate, the greater the inhibition. The volume of biogasproduced was measured throughout the test period

and the cumulative volume is given. Biogas composition was detennined (Appendix 1) whenever gas

was wasted from a serum bottle and after 60 d of incubation. The total volume of methane gas produced

during the 60 d incubation period was determined. This was corrected for the amount of methane

produced in the controls, to give the net methane production due to degradation of the added dye. The

COD equivalent of the methane produced was calculated from the known conversion of 1 g COD being
#'

equal to 0.395 L CRt at 35°C (Speece, 1996).

The amount of methanogenic activity in each serum bottle was estimated by calculating the fraction of

dye COD converted to methane COD. The theoretical utilisation was based on the theoretical COD of the

dye. The actual utilisation used the measured COD at th~ start of incubation. These values provide an
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indication of the extent of methanogenic utilisation of the dyes as substrates. The COD balance was

calculated.

Colour reduction (%) was determined by the change in absorbance (at the maximum wavelength) from

the initial starting colour, to the colour after 60 d of incubation.

TABLE A4.5: Results of the textile dye anaerobic biodegradability assays (60 d).

Dye Methanogenic Activity COD Reduction Colour Reduction
(mL ca../g VS) (%) (%)

Cl Reactive Red 141 26.0 78 99
(with nutrient medium)

Cl Reactive Red 141 26.0 92 99
(without nutrient medium)

Cl Reactive Blue 171 21.8 87 94

Cl Reactive Green 19 24.3 89 96

Cl Reactive Yellow 84 19.2 90 ' 97

Dye Mixture 16.8 79 93

A4.2.4 Discussion

The objective of these tests was to evaluate whether the anaerobic microbial populations would be able to

utilise the added dye as a sole substrate. The measured gas volumes were corrected by subtracting the

volume of gas produced in the controls to quantitY the gas produced as a result of the degradation of the

dye alone.

A dye concentration of 0.26 gIL was added to each set of bottles. The dye concentration was lower than

the calculated ICso value for all of the dyes. The dye concentrations added were relatively low, thus the

COD load in each bottle was low which would explain the low metabolic activity observed.

Gas production is indicative of metabolic activity, thus the shape of the gas production curve indicates

the degree of degradability of a substrate. Biogas production was monitored throughout the incubation

period. Determination of the biogas composition gave the fraction of methane in the total biogas. The

volume of methane could then be calculated to give an indication of the extent of methanogenic activity

within the serum bottles. It is known that in an anaerobic environment, COD is not destroyed, but

transformed. Thus, a methane balance can be used to evaluate the methanogenic activity within a batch

culture by calculating the amOlmt of COD converted to methane. These values were calculated for each

assay (Section A4.2.6). The amount of methane produced was corrected for the volume of methane

produced in the controls, such that the equivalent methane COD was attributed to degradation, or

utilisation, of only the dye. From the results, it can be seen that. the methanogenic activity was low,

indicating that these dyes were not readily utilised by methanogenic populations.
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As with the food dye assays, there was a degree of inaccuracy associated with the data presented for the

COD balances, resulting in the poor balances attained. The reason is unclear. The loss of COD may be

attributed to adsorption of the dye (and its associated COD) to the biomass. Spencer (1999) provided

possible reasons for inaccurate results and balances in batch screening tests. These include: (i) the

inability to accurately measure the COD removed or COD contribution of the inoculum sludge, (ii) the

presence of toxins, (iii) the lack of trace metals, (iv) poor acclimation of the inoculum sludge to the

substrate, (v) faults in the methodology, particularly in ensuring strict anaerobic conditions in all seed and

substrate transfers, and (vi) gas leaks in the system and the inaccuracy of gas measurement because of the

small volumes of gas being measured (Spencer, 1999).

The biogas production in the Cl Reactive Red 141 bioassays, with nutrient medium (Table A4.7), was

equal to or greater than the biogas production in the controls. The initial biogas production rate was

2.03 mUd. For each time step, the standard deviation (0) between the three replicates was calculated. The

average standard deviation over the test period, to give an indication of the degree of variability between

the replicate samples, was 0.25. A total volume of 3.1 mL of methane was produCed (methanogenic

activity = 26 mL CHJg VS), however, this was less than the amount produced in the controls (3.18 mL),

thus the net methane production, or methane production due to degradation of the dye molecule, was

zero. Reduction in COD and colour were relatively high at 78 % and 99 %, respectively.

In the Cl Reactive Red 141 bioassays without the nutrient medium (Table A4.8) the biogas production

was lower than in the controls and lower than in the assays with the nutrient medium. However, the

methane production was greater, resulting in a net methane production of 0.1 mL (from degradation of

the dye). The COD and colour removal were high at 92 % and 99 %, respectively. Thus, it could be

deduced that the nutrient medium did not enhance colour reduction since the same colour reduction was

achieved in both assays. The unexpected result was the increased COD reduction and methane

production, relative to the assays with the nutrient medium. Lower metabolic activity would have been

expected because of the absence of trace metals and nutrients in the batch culture. However, these results

have suggested actual metabolism of the dye by the anaerobic biomass. The average standard deviation

for these data points was 0.47.

The biogas production was low in the Cl Reactive Blue 171 assays (Table A4.10). The total volume of

methane produced was 2.8 mL, with a methanogenic activity of 21.8 mL CHJg VS. However, the net

methane production, i.e. the methane produced due to degradation of the dye, was zero. The average

standard deviation for these data points was 0.56. A COD reduction of 87 % was achieved and a colour

reduction of 94 %. These results suggest that the acidogenic populations, which were shown not to be

inhibited by the dye (Section 5.2), were responsible for the measured biogas production and the COD and

colour reduction. The difference in biogas production between the assay samples and the controls was

due to the inhibited, or reduced, methanogenic activity in the assay bottles due to addition of the dye.

Similar results were recorded for the Cl Reactive Green 19 samples (Table A4.9), where the

methanogenic activity was low, total volume of methane produced was 3.1 mL with a methanogenic

activity of 24.3 mL CHJg VS. However, although the net methane production was zero, there was still
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89 % reduction in COD and 96 % reduction in colour. The average standard deviation for these data was

0.41. These results also suggest inhibition of the methanogens in the anaerobic biomass but metabolism

by the acidogens.

Similarly for Cl Reactive Yellow 84 (Table A4.11), although the net methane production was zero, with

a methanogenic activity of 19.2 mL CHJg VS, the COD was reduced by 90 % and the colour by 97 %.

This metabolic activity was attributed to the acidogens. The average standard deviation was 0.52.

Willetts (1999) investigated the decolourisation rate reactions of mixtures of dyes. These results showed

that the two dyes in a mixture affected one another in terms of the kinetics of their decolourisation. The

more easily reduced dye of the pair was decolourised at the same rate as when it was present alone.

Reduction of the second dye, however, showed a slower start. First order kinetics were thus no longer

adhered to, indicating that the supply of reducing equivalents became rate-limiting. The decolourisation

did, however, still reach completion. An increase in the decolourisation rate of the second dye was

evident at the point that the first dye was completely reduced and therefore, no longer consuming the

reducing equivalents (Willetts, 1999). No sequential degradation was observed in the biogas production

plot for the textile dye mixture (Table A4.12). Methanogenic activity was inhibited in these assays with

the 79 % COD reduction and 93 % colour reduction being attributed to the acidgenic bacteria.

The VFAs in each serum bottle were analysed after 60 d incubation. VFAs were only detected in six of

the samples and all of the concentrations were ~ 5 mg/L. The only VFAs detected were propionic, i­

butyric and butyric acids. The production of VFAs was not expected since no additional carbon source

was added to the assay bottles, i.e. the microorganisms only had the dye molecules to degrade. Methods

for identifYing the dye degradation products were not developed during this project. It is likely that the

samples would have contained aromatic amines from the reduction of the azo bonds by the acidogenic

bacteria.

The results presented for these biodegradability assays showed that the dyes were not readily utilised as a

sole methanogenic substrate, however, the biogas production, COD and colour reduction suggests that the

acidogenic populations were actively reducing the dyes. The methanogenic activity may have been

enhanced by supplementation with an additional carbon source. Although, in similar tests conducted by

Bell (1998), on Cl Reactive Red 141, it was found that an increase in solids concentration and/or addition

of a source of readily biodegradable COD (glucose) had little effect on the rate of decolourisation of Cl

Reactive Red 141 (Bell, 1998).

A4.2.5 Conclusions

1. Although the bioassays showed efficient COD reduction and decolourisation, the methanogenic

activity was lo~, indicating that the dyes were not readily utilised bymethanogenic populations.

2. The acidogenic bacteria were responsible for the biogas production and the COD and colour

reduction.
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100

99

3. No significant VFA concentrations were detected; the samples would have contained aromatic

amines from the reduction of the azo bonds by the acidogenic bacteria.

4. The bioassays provided a more thorough understanding of the dye characteristics and degradation

potential.

A4.2.6 Biogas Production Plots

TABLE A4.6 : Results for the controls in the textile dye biodegradability assay.

Contrail

,
I

~ p<l>.[).>------<[).>..ol>.

i ~ & @ij

:;
I a a

11mo(cI)

Initial biogas production rate: 2.9 mL/d

Acclimated biogas production rate (60 d) :
Degradation Products

Total gas production (37°C) :

C~production :

CH4 -COD:

12.51 mL

3.1836 mL

8.02mg

7.87mL

4.4392 mL

11.2 mg
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TABLE A4.7 : Results of the biodegradability assay with Cl Red 141 (with nutrient medium).

ClRe4141_-",

",-----------,--------,

'"
.ol--__--_-_.-L--_--_---l. _(i,

"

Biodegradability :

Dye concentration :

Theoretical dye COD:

Theoretical Assay COD (in 47.5 mL) :

Initial biogas production rate :

Total gas production (37°C) :

CHt production:

Net CHtproduction :

CHt-COD:

0.26 gIL

0.93 g COD/g dye

11.625 mg COD

2.03 mUd

12.61 mL

3.0892mL

OmL

7.78mg

Degradation Products

6.9mL

4.0763 mL

OmL

10.3 mg

Methanogenic activity

Methanogenic activity :

COD balance

26 mL CH.tIg vss 32.2 mL CHt/g VSS

CODin: 117.2 mg (in 47.5 mL) COD out : 26.3 mg (in 47.5 mL)

CHt - COD: 7.78 mg

Total CODout: 34.05 mg

Balance :

COD reduction:

29%

78%

Colour reduction

Measured colour reduction: 99 % (545nm)
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TABLE A4.8: Results of the biodegradability assay with Cl Red 141 (without nutrient medium).

Biodegradability:

88

,.

aR"J,.fl~"")

n..(1II)

Dye concentration :

Theoretical dye COD:

Theoretical Assay COD (in 47.5 mL) :

Initial biogas production rate :

Total gas production (37°C) :

CH4production :

Net C~production:

CH4 -COD:

Methanogenic activity

Methanogenic activity :

COD balance

0.26 gIL

0.93 g COD/g dye

11.625 mg COD

1.91 mLI d

12.34 mL

3.2948 mL

0.1112 mL

8.299mg

26 mLCNgvss

Degradation Products

8.36mL

4.6548mL

0.2156mL

11.8 mg

36.7 mL CHJg VSS

CODin: 117.6 mg (in 47.5 mL) COD out : 9.5 mg (in 47.5 mL)

Balance :

COD reduction:

Colour reduction

Measured colour reduction :

C~ - COD: 8.299 mg

Total CODout: 17.8 mg

15%

92%

99 % (545 nm)
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TABLE A4.9 : Results of the biodegradability assay with Cl Green 19.

OGftt.19 CICn_IJ

,.

..
00.'

..III
'~-~----~'----------~----II

• -,,,

Biodegradability :

Dye concentration :

Theoretical dye COD:

Theoretical Assay COD (in 47.5 mL) :

Initial biogas production rate :

Total gas production (37 DC) :

CIiJ production :

Net CIiJproduction :

CH4 -COD:

0.26 g/L

1.98 g COD/g dye

24.75mgCOD

1.81 mU d

12.05 mL

3.0754mL

OmL
7.75mg

Degradation Products

8.41mL

4.3090mL

OmL
1O.9mg

Methanogenic activity

Methanogenic activity :

COD balance

24.3 mL CHJg VSS 34.0 mL CHJg VSS

CODin: 118.7 mg (in 47.5 mL) COD out : 13.2 mg (in 47.5 mL)

CIiJ-COD: 7.75mg

Total CODout: 20.9 mg

Balance :

COD reduction:

18%

89%

Colour reduction

Measured colour reduction : 96% (630nm)
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TABLE A4.10: Results of the biodegradability assay with Cl Blue 171.

Cl_In CI.hdll

"r---------:----------,

'"'00.."
.10-- -_-'----_-_---1.

Biodegradability :

Dye concentration:

Theoretical dye COD:

Theoretical Assay COD (in 47.5 mL) :

Initial biogas production rate :

Total gas production (37°C) :

CH4 production:

Net C~production:

CH4 -COD:

0.26 g/L

1.98 g COD/g dye

24.75mgCOD

1.53 mLI d

11.26 mL

2.7561 mL

OmL

6.94mg

Degradation Products

8.42mL

4.2289mL

OmL

1O.7mg

Methanogenic activity

Methanogenic activity :

COD balance

21.8 mL C~g VSS 33.4 mL C~g VSS

CODin: 117.3 mg(in47.5 mL) COD out : 15.4 mg (in 47.5 mL)

C~ - COD: 6.94 mg

Total CODout: 22.3 mg

Balance:

COD reduction:

19%

87%

Colour reduction

Measured colour reduction: 94 % (600nm)



Textile Dyes

TABLE A4.11 : Results of the biodegradability assay with Cl Yellow 84.

aV,Jqw84

A4-22

".,-------------------,

"
:r
All

t
S'lll
"

"

00..

'"

!
i

o :

-",

Biodegradability :

Dye concentration :

Initial biogas production rate :

Total gas production (37°C) :

CH4production :

Net C~production:

CH4 -COD:

Methanogenic activity

Methanogenic activity :

COD balance

0.26 gIL

1.81 mU d

9.87mL

2.4270mL

OmL

6.11 rog

19.2 mL CHJg VSS

Degradation Products

8.02 mL

3.2713 mL

OmL

8.3 rog

25.8 mL CHJg VSS

CODin: 116.4 rog (in 47.5 mL) COD out : 11.3 rog (in 47.5 mL)

Balance :

COD reduction:

Colour reduction

Measured colour reduction:

C~-COD: 6.11 mg

Total CODout: 17.4 rog

15%

90%

97% (405 mn)
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TABLE A4.12: Results of the biodegradability assay with textile dye mixture.

A4-23

.,.-
"..----------,--------, I

.,.-

00..

'01

o 0 0

00

n .. (~

Biodegradability :

Dye concentration :

Initial biogas production rate

Total gas production (37°C) :

CH4production :

Net C~production:

CH4 -COD:

Methanogenic activity

Methanogenic activity :

COD balance

0.26 gIL of each dye

1.72 mUd

9.24mL

2.1287 mL

OmL

5Amg

16.8 mL CH/g VSS

Degradation Products

9.07mL

2.8337mL

OrnL
7.2mg

22.4 mL CHJg VSS

CODin: 121.9 mg (in 47.5 mL) CODout: 25.4 mg (in 47.5 mL)

Balance :

COD reduction:

Colour reduction

Measured colour reduction:

C~-COD: 5Amg

Total CODout: 30.8 mg

25%

79%

93 % (5SOnm)



Textile Dyes

A4.3 COD BALANCE

A4-24

From the biogas production data, a COD balance was calculated for each time step. The results are

presented below.

TABLE A4.13 : COD balance data for the laboratory-scale ABR treating a synthetic Cl Reactive
Red 141 waste stream.

Total CODtn Total CH.-COD Total Effluent-COD Total COD.... Balance
(gCOD) (gCOD) (gCOD) (gCOD) (%)

51.477 0.000 5.599 5.599 10.9

54.566 0.000 4.435 4.435 8.1

54.500 0.000 1.976 1.976 3.6

114.294 0.000 1.331 1.331 1.2

112.143 94.369 4.395 98.764 88.1

117.842 0.090 2.943 3.033 2.6

151.511 18.117 1.590 19.706 13.0

353.526 299.457 14.636 314.093 88.8

478.518 212.894 1.129 214.022 44.7

194.665 0.093 2.039 2.133 1.1

157.594 0.069 2.137 2.206 1.4

199.181 0.070 4.193 4.264 2.1

194.181 0.401 6.048 6.449 3.3

177.085 0.098 13.548 13.646 7.7

420.941 1.263 3.629 4.891 1.2

191.923 0.125 4.493 4.618 2.4

95.731 0.134 5.242 5.376 5.6

141.604 0.137 8.047 8.184 5.8

311.731 0.237 5.184 5.421 1.7

159.805 0.099 1.440 1.539 1.0

26.081 0.055 14.429 14.483 55.5

87.299 0.000 1.365 1.365 1.6

87.990 0.136 2.650 2.785 3.2
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Analytical Results

The analytical results, reported in Chapters 4 and 5 of the thesis, are presented below. Due to the volume

of results, the VFA data has not been included in this appendix, but it saved on the disk which is attached

to the back cover of the thesis.
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AS.1 SUCROSE LABILE FEED

The following data correspond to the results presented in Chapter 4.

AS-2

-

TABLE AS.l : pH data for the baseline study with sucrose (Section 4.2.1).
Lompartment

Elapsed
Time

(d) In 1 2 3 4 5 6 7 8 Out

\ 8.4 6.83 6.96 6.98 6.98 7 7.02 7.0\ 7.01 7.02

3 6.92 7.34 7.34 7.23 7.16 7.13 7.06 7.07 7. I I

\0 6.6\ 7.1 7.12 7.18 7.29 7.\8 7.32 7.32 7.3

\6 6.56 7.05 7.18 7.29 7.37 7.46 7.3 7.44 7.5

35 7.02 7.3 7.29 7.28 7.32 7.3 7.35 7.37 7.52

37 6.99 7.44 7.41 7.33 7.32 7.3 7.31 7.37 7.39

42 6.63 7.22 7.24 7.24 7.25 7.28 7.33 7.36 7.22

44 6.76 6.92 7.41 7.41 7.37 7.28 7.26 7.27 7.24 7.35

49 6.75 6.81 7.33 7.41 7.32 7.27 7.3 7.26 7.33 7.36

54 7.19 7.3 7.41 7.43 7.41 7.45 7.45 7.46 7.64

58 7.27 6.70 7.12 7.24 7.19 7.10 7.13 7.16 7.17 7.00

63 7.84 6.98 7.00 7.04 7.05 7.04 7.06 7.04 7.08 7.15

75 7.71 7.66 7.67 7.59 7.66 7.60 7.49 7.37

78 7.77 6.46 6.82 7.10 7.30 7.39 7.33 7.42 7.45 7.35

82 7.29 6.29 6.68 6.90 7.11 7.34 7.40 7.41 7.46 7.30

84 9.02 6.17 6.72 6.78 7.04 7.33 7.47 7.46 7.41 7.38

89 9.23 6.29 6.99 7.19 7.35 7.43 7.48 7.57 7.53 7.34

9\ 9.07 6.45 7.05 7.37 7.38 7.44 7.49 7.42 7.41 7.31

95 9.29 6.39 6.5\ 6.77 7.08 7.27 7.40 7.52 7.44 7.70

98 6.\6 7.12 7.40 7.53 7.45 7.42 7.38 7.35 7.28

103 6.56 6.98 7.07 7.15 7.20 7.30 7.29 7.37 7.26

114 6.54 6.84 7.17 7.40 7.24 7.30 7.34 7.34 7.23
118 9.59 6.30 6.83 6.98 7.03 7.05 7.18 7.27 7.36 7.45
120 9.27 6.44 7.00 7.34 7.35 7.33 7.37 7.40 7.38
125 7.04 6.46 6.65 7.06 7.16 7.32 7.36 7.31 7.34 7.35
128 6.32 6.59 6.95 7.01 7.15 7.12 7.25 7.1 I 7.18
138 9.01 6.66 6.97 7.20 7.43 7.53 7.69 7.72 7.67 7.67
14\ 9.09 6.55 6.84 7.01 7.32 7.36 7.37 7.29 7.28 7.24
\45 9.07 6.28 6.55 6.65 6.82 6.98 7.05 7.\5 7.17 7.27
148 8.68 6.41 6.75 7.13 7.33 7.48 7.47 7.47 7.51 7.69
156 9.33 6.34 7.00 7.38 7.42 7.60 7.66 7.72 7.58 7.82
168 8.06 6.63 6.86 7.30 7.36 7.36 7.39 7.35 7.35 7.51
175 9.11 6.50 6.92 7.19 7.26 7.31 7.27 7.31 7.27 7.40
200 8.13 6.53 6.90 7.08 7.15 7.13 7.10 7.11 7.10 7.24
216 8.78 6.27 6.73 7.14 7.21 7.23 7.23 7.25 7.20 7.25
223 9.81 6.26 6.95 7.32 7.41 7.54 7.44 7.47 7.53 7.53
230 8.88 5.7\ 6.62 7.17 7.20 7.34 7.31 7.29 7.40 7.31
235 9.11 5.75 6.48 6.66 6.61 6.78 6.81 6.87 6.89
244 9.68 6.28 6.04 6.37 6.56 6.83 6.88 6.96 7.06 7.27
252 9.62 6.53 6.56 7.26 7.36 7.33 7.32 7.31 7.30 7.47
259 6.79 7.15 7.24 7.2\ 7.22 7.08 7.09 9.50
266 7.06 7.09 7.12 7.32 7.48 7.27 7.26 7.29
273 8.75 7.02 7.13 7.09 7.26 7.41 7.32 7.30 7.26
280 7.92 6.48 6.93 7.08 7.06 7.02 6.99 7.09 7.04 9.08
284 9.69 6.29 6.05 6.42 6.61 6.92 7.07 7.20 7.26 7.32
295 9.62 6.56 6.86 6.97 7.05 7.15 7.23 7.48 7.49 9.05
302 9.54 6.32 6.72 6.89 7.01 7.17 7.18 7.39 7.54 9.02
326 9.55 6.35 7.14 7.41 7.36 6.86 6.75 7.18 6.71 6.79
330 9.62 6.35 6.25 6.22 6.22 7.28 6.29 7.21 6.40 6.47
337 9.24 6.02 6.58 6.84 7.00 6.99 6.97 7.00 6.90 6.89
341 8.91 6.43 6.93 7.17 7.14 7.07 7.05 7.18 7.16 7.22
344 8.31 6.58 6.71 7.11 7.12 7.09 7.01 7.20 7.26 7.20
347 9.30 6.59 6.58 7.01 7.03 7.0\ 7.03 7.23 7.08 7.33
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TABLE A5.2 : Total solids data for the baseline study with sucrose (Section 4.2.2).

Compartment

Elapsed (d) I-RepI I-Rep 2
Dish (g) Wt after (g) TS (glL) Dish (g) Wt after (g) TS (glL) Mean

0 (glL)
1 57.04 57.22 18.00 55.88 56.12 24.00 21.00

10 56.97 57.26 29.00 29.00

35 55.83 55.94 11.00 55.18 55.26 8.00 9.50

37
42 52.62 52.73 11.00 11.00
49 54.16 54.27 11.00 55.99 56.12 13.00 12.00

54 57.22 57.32 10.00 57.15 57.31 16.00 13.00

58 57.21 57.28 7.00 56.05 56.11 6.00 6.50
63 57.23 57.27 4.00 56.03 56.05 2.00 3.00
75
78 57.18 57.29 11.00 11.00
82
84
89 53.88 54.02 14.00 54.18 54.30 12.00 13.00
91
95
98 57.25 57.30 5.00 55.97 56.10 13.00 9.00

114 57.22 57.41 19.00 19.00
118
120
125 56.03 56.16 13.00 54.19 54.40 21.00 17.00
141 52.65 52.81 16.00 16.00
145 54.19 54.24 5.00 53.88 54.00 12.00 8.50
148 54.17 54.37 20.00 52.64 52.77 13.00 16.50
156 55.95 56.26 31.00 31.00
168
175 55.96 56.06 10.00 10.00
200 52.64 52.74 10.00 10.00
216 55.97 56.06 9.00 9.00
223 52.62 52.80 18.00 18.00
230 55.81 56.01 20.00 20.00
235 52.63 52.72 9.00 9.00
244 54.18 54.23 5.00 5.00
252 57.17 57.25 8.00 8.00
266 55.93 56.09 16.00 16.00
273 56.03 56.18 15.00 15.00
330 54.17 54.26 9.00 9.00
337 53.90 53.96 6.00 6.00
341 55.82 55.96 14.00 14.00
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TABLE A5.3: Total solids data for the baseline study with sucrose (Section 4.2.2).

Compartment

Elapsed (d) Effluent-Repl Effluent-Rep 2
Dish (g) Wt after (g) TS (g/L) Dish (g) Wt after (g) TS(g/L) Mean

0 (glL)

1 57.24 57.26 2.00 53.89 53.91 2.00 2.00

10 57.13 57.18 5.00 56.01 56.11 10.00 7.50

35 52.61 52.68 7.00 57.17 57.23 6.00 6.50

37 55.84 56.00 16.00 55.18 55.33 15.00 15.50

42 53.89 53.98 9.00 9.00

49 57.17 57.20 3.00 57.22 57.25 3.00 3.00
54 54.16 54.25 9.00 56.04 56.10 6.00 7.50
58 55.86 55.94 8.00 57.27 57.36 9.00 8.50
63 57.18 57.20 2.00 55.83 55.84 1.00 1.50
75 57.19 57.20 1.00 55.84 55.86 2.00 1.50
78 60.48 60.59 11.00 11.00
82 54.17 54.31 14.00 57.22 57.36 14.00 14.00
84 53.86 53.94 8.00 56.00 56.08 8.00 8.00
89 52.62 52.79 17.00 56.02 56.19 17.00 17.00
91 53.89 54.04 15.00 56.04 56.17 13.00 14.00
95 57.18 57.22 4.00 55.84 55.87 3.00 3.50
98 54.19 54.23 4.00 56.04 56.08 4.00 4.00

114 56.01 56.12 11.00 55.84 55.94 10.00 10.50
118 52.63 52.67 4.00 4.00
120 56.02 56.04 2.00 55.83 55.86 3.00 2.50
125 53.88 53.92 4.00 52.63 52.68 5.00 4.50
141 54.19 54.21 2.00 2.00
145 57.22 57.23 1.00 1.00
148 56.02 56.07 5.00 55.82 55.84 2.00 3.50
156 56.89 56.91 2.00 2.00
168 54.18 54.20 2.00 53.88 53.91 3.00 2.50
175 56.02 56.04 2.00 55.82 55.85 3.00 2.50
200 53.89 53.91 2.00 54.18 54.20· 2.00 2.00
216 55.83 55.85 2.00 2.00
223 57.17 57.22 5.00 5.00
230 55.96 55.99 3.00 60.47 60.50 3.00 3.00
235 53.88 53.88 0.00 57.18 57.18 0.00 0.00
244 55.82 55.84 2.00 60.48 60.50 2.00 2.00
252 29.97 29.98 1.00 52.64 52.64 0.00 0.50
266 55.68 55.69 1.00 65.26 65.28 2.00 1.50
273 55.93 55.93 0.00 55.67 55.68 1.00 0.50
330 55.82 55.82 0.00 53.90 53.90 0.00 0.00
337 52.65 52.65 0.00 54.19 54.20 1.00 0.50
341 53.89 53.91 2.00 54.19 54.21 2.00 2.00



Analytical Results A5-5

TABLE A5.4 : Volatile solids data for the baseline study with sucrose (Section 4.2.2).

Compartment

Elapsed (d) I-RepI I-Rep 2
Dish (g) Wt after (g) TS (gIL) Dish (g) Wt after (g) TS (glL) Mean

0 (glL)

1 57.22 57.06 16.00 56.12 55.93 19.00 17.50

10 57.26 57.21 5.00 5.00

35 55.94 55.87 7.00 55.26 55.22 4.00 5.50

37
42 52.73 52.65 8.00 8.00

49 54.27 54.20 7.00 56.12 56.05 7.00 7.00

54 57.32 57.24 8.00 57.31 57.21 10.00 9.00

58 57.28 57.22 6.00 56.11 56.07 4.00 5.00

63 57.27 57.25 2.00 56.05 56.04 1.00 1.50

75
78 57.29 57.21 8.00 8.00

82
84
89 54.02 '53.92 10.00 54.30 54.23 7.00 8.50
91
95
98 57.30 57.21 9.00 56.10 55.96 14.00 11.50

114 57.41 57.26 15.00 15.00
118
120
125 56.16 56.04 12.00 54.40 54.22 18.00 15.00
141 52.81 52.71 10.00 10.00
145 54.24 54.20 4.00 54.00 53.91 9.00 6.50
148 54.37 54.22 15.00 52.77 52.68 9.00 12.00
156 56.26 56.03 23.00 23.00
168
175 56.06 56.01 5.00 5.00
200 52.74 52.65 9.00 9.00
216 56.06 56.01 5.00 5.00
223 52.80 52.65 15.00 15.00
230 56.01 55.87 14.00 14.00
235 52.72 52.66 6.00 6.00
244 54.23 54.19 4.00 4.00
252
266 56.09 56.01 8.00 8.00
273 56.18 56.11 7.00 7:00
330 54.26 54.20 6.00 6.00
337 53.96 53.91 5.00 5.00
341 55.96 55.85 11.00 11.00



Analytical Results A5-6

TABLE AS.S: Volatile solids data for the baseline study with sucrose (Section 4.2.2).

Compartment

Elapsed (d) Effluent-Rep! Effluent-Rep 2
Dish(g) Wt after(g) TS (!IL) Dish(g) Wt after(g) TS(gIL) Mean

0 (!IL)
1 57.26 57.26 0.00 53.91 53.91 0.00 0.00

10 57.13 57.01 12.00 56.11 56.06 5.00 8.50
35 52.68 52.67 1.00 57.23 57.20 3.00 2.00
37 56.00 55.93 7.00 55.33 55.27 6.00 6.50
42 53.98 53.93 5.00 5.00
49 57.20 57.20 0.00 57.25 57.25 0.00 0.00
54 54.25 54.22 3.00 56.10 56.05 5.00 4.00
58 55.94 55.87 7.00 57.36 57.28 8.00 7.50
63 57.20 57.20 0.00 55.84 55.84 0.00 0.00
75 57.20 57.18 2.00 55.86 55.84 2.00 2.00
78 60.59 60.50 9.00 9.00
82 54.31 54.24 7.00 57.36 57.28 8.00 7.50
84 53.94 53.92 2.00 56.08 56.06 ' 2.00 2.00
89 52.79 52.67 12.00 56.19 56.06 13.00 12.50
91 54.04 53.91 13.00 56.17 56.05 12.00 12.50
95 57.22 57.18 4.00 55.87 55.83 4.00 4.00
98 54.23 54.18 5.00 56.08 56.03 5.00 5.00

114 56.12 56.04 8.00 55.94 55.86 8.00 8.00
118 52.67 52.66 1.00 1.00
120 56.04 56.04 0.00 55.86 55.85 1.00 0.50
125 53.92 53.91 1.00 52.68 52.68 0.00 0.50
141 54.21 54.21 0.00 0.00
145 57.23 57.22 1.00 1.00
148 56.07 56.03 4.00 55:84 55.84 0.00 2.00
156 56.91 56.91 0.00 0.00
168 54.20 54.19 1.00 53.91 53.90 1.00 1.00
175 56.04 56.04 0.00 55.85 55.84 1.00 0.50
200 53.91 53.89 2.00 54.20 54.20 0.00 1.00
216 55.85 55.85 0.00 0.00
223 57.22 57.21 1.00. 1.00
230 55.99 55.97 2.00 60.50 60.48 2.00 2.00
235 53.88 53.88 0.00 57.18 57.18 0.00 0.00
244 55.84 55.83 1.00 60.50 60.48 2.00 1.50
252
266 55.69 55.68 1.00 65.28 65.26 2.00 1.50
273 55.93 55.93 0.00 55.68 55.67 1.00 0.50
330 55.82 55.82 0.00 53.90 53.90 0.00 0.00
337 52.65 52.65 0.00 54.20 54.19 1.00 0.50
341 53.91 53.91 0.00· 54.22 54.21 1.00 0.50
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TABLE A5.6 : COD data for the baseline study with sucrose (Section 4.2.3).

Compartment

1 2 3

Elapsed Rep 1 Rep2 Rep 1 Rep 2 Rep 1 Rep 2

Time COD COD Mean COD COD Mean COD COD Mean

(d) (mglL) (mg/L) (mg/L) (mglL) (mglL) (mglL) (mg/L) (mglL) (mglL)

I 1853 1853 628 628 338 338
3 2185 2050 2118 720 830 775 285 325 305

10 2753 2733 2743 618 583 600 43 208 125
16 3065 3170 3118 1465 1585 1525 550 500 525
35 1670 1565 1618 250 265 258 270 290 280
37 1470 1465 1468 465 515 490 100 110 105
42 1540 1540 1540 230 500 365
44 1515 1465 1490 260 375 318 85 85 85
49 868 1278 1073 428 403 415 158 93 125
54 628 658 643 203 178 190 383 \ 383
58 1043 1003 1023 818 823 820 148 103 125
63 568 588 578 43 53 48 58 63 60
75 3023 2573 2798 518 1003 760 468 413 440
78 2338 1838 2088 2003 1888 1945 1723 1588 1655
82 2520 2520 2520 2065 1935 2000 1405 1490 1448
84
89 2293 2308 2300 1603 1578 1590 1113 1548 1330
91 2440 2600 2520 1725 1715 1720 990 1000 995
95 890 935 913 55 60 58 50 50
98 518 483 500 733 768 750 723 808 765

103 2015 1900 1958 1185 1180 1183 1065 1055 1060
114 2428 2513 2470 1823 1818 1820 1488 1198 1343
118 575 580 578 945 820 883 480 470 475
120 2885 2320 2603 1575 1615 1595 335 355 345
125 2330 1970 2150 1980 1905 1943 1100 1100
128 1728 1668 1698 1683 1713 .1698 1188 1153 1170
138 2315 2310 2313 2090 1800 1945 1490 1540 1515
141 2770 3055 2913 2415 2440 2428 1700 1745 1723
145 1577.5 1502.5 1540 1312.5 1302.5 1307.5
148 2978 2868 2923 2123 2323 2223 1573 1568 1570
156 2660 2545 2603 2075 1535 1805 1005 965 985
168
175 1855 2095 1975 1240 1055 1148 715 740 728
200 1940 1700 1820 1110 1175 1143 230 315 273
216 2495 1370 1933 915 960 938 355 395 375
223 1450 1545 1498 975 975 975 430 455 443
230 488 558 523 458 428 443 338 363 350
235 1385 1245 1315 415 725 570 95 95 95
244 2165 2175 2170 1365 1375 1370 845 845 845
252 1870 1885 1878 1460 1475 1468 510 495 503
259
266 2255 2225 2240 1155 1170 1163 980 1010 995
273 2776 2763 2770 1737 1718 1728 1363 1363 1363
280 1034 970 1002 150 189 170 641 628 634
284 1783 1770 1776 892 892 892 . 563 563 563
295 1060 1054 1057 512 525 518
302
326 3550 3834 3692 3944 3789 3867 3467 3467
330 608 589 599 544 673 608 337 428 383
337
341 1889 1857 1873 767 754 760 521 192 357
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TABLE A5.7 : COD data for the baseline study with sucrose (Section 4.2.3).

Compartment

4 5 6

Elapsed Rep 1 Rep 2 Rep 1 Rep 2 Rep 1 Rep 2

Time COD COD Mean COD COD Mean COD COD Mean

(d) (mglL) (mg/L) (mglL) (mglL) (mgIL) (mgIL) (mglL) (mg/L) (mglL)

I 253 253 358 358 358 358
3 270 280 275 265 265 265 230 250 240

10 183 318 250 158 138 148
16 210 140 175 290 270 280 330 330 330
35 220 200 210 90 205 148 260 235 248
37 45 35 40 200 195 198 180 185 183
42 110 130 120 110 125 118 265 200 233
44 105 105 105 120 liS 118 155 155
49 163 83 123 78 133 105 68 143 105
54 133 133 133 68 43 55 98 93 95
58 58 93 75 178 83 130 53 88 70
63 13 13 68 33 50 53 53
75 388 498 443 328 333 330 388 393 390
78 998 1103 1050 278 278 773 833 803
82 1025 1130 1078 625 625 625 375 340 358
84
89 1133 878 1005 618 623 620 463 448 455
91 855 765 810 580 555 568 385 375 380
95 10 20 15 60 30 45 105 155 130
98 413 463 438 373 398 385 283 258 270

103 910 880 895 780 780 780 615 545 580
114 958 1083 1020 858 808 833 638 698 668
118 135 175 155 75 75 130 115 123
120 705 690 698 360 360 360 335 285 310
125 840 835 838 420 530 475 315 395 355
128 1058 973 1015 778 623 700 563 563
138 970 990 980 805 835 820 705 705
141 1110 1210 1160 905 930 918 680 715 698
145 812.5 882.5 847.5 522.5 612.5 567.5 342.5 387.5 365
148 818 868 843 328 308 318 178 253 215
156 620 1125 873 305 305 645 645
168
175 455 345 400 310 415 363 240 210 225
200 80 70 75 375 325 350 120 295 208
216 175 535 355 60 60 60 5 135 70
223 215 165 190 -5 40 18 lOO 65 83
230 238 208 223 248 113 180 68 53 60
235 745 350 548 545 500 523 135 165 ISO
244 765 770 768 960 965 963 580 570 575
252 415 405 410 410 420 415 475 505 490
259
266 415 405 410 855 880 868 360 340 350
273 1228 1221 1225 1112 1125 1118 634 647 641
280 383 376 379 757 731 744 602 596 599
284 537 537 537 479 473 476 402 415 408
295 150 '144 147 221 196 208 389 376 383
302
326 1441 1525 1483 305 396 350 344 370 357
330 1434 1537 1486 273 447 360 202 183 192
337
341 83 121 102 70 89 79 115 96 105
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TABLE A5.8 : COD data for the baseline study with sucrose (Section 4.2.3).

Compartment

7 8 Effluent

Elapsed Rep 1 Rep 2 Rep 1 Rep 2 Rep 1 Rep 2

Time COD COD Mean COD COD Mean COD COD Mean

(d) (mglL) (mglL) (mglL) (mglL) (mgIL) (mglL) (mgIL) (mglL) (mg/L)

1 388 388 318 318 3018 3048
3 150 165 158 165 210 188 145 175 160

10 98 98 98 143 158 150
16 350 205 278 220 255 238 190 195 193
35 175 70 123 180 135 158 160 200 180
37 130 145 138 110 60 85 290 135 213
42 300 85 193 115 90 103 85 100 93
44 315 115 215 200 120 160 75 85 80
49 38 123 80 43 43 43
54 68 133 100 43 63 53 263 133 198
58 63 108 85 88 78 83 88 58 73
63 68 33 50 28 43 35 58 58
75 373 358 365 418 288 353 328 333 330
78 368 393 380 98 133 115 273 483 378
82 110 130 120 90 105 98 125 90 108
84 58 63 60 138 103 120
89 183 258 220 418 273 345 183 113 148
91 120 155 138 110 125 118 120 185 153
95 180 100 140 165 200 183 95 470 283
98 218 208 213 218 183 200 123 153 138

103 735 445 590 375 360 368 630 535 583
114 583 593 588 658 468 563 458 448 453
118 190 220 205 210 180 195 230 200 215
120 375 375 320 310 315 330 380 355
125 370 370 400 400 300 360 330
128 553 518 535 473 463 468 458 573
138 770 835 803 830 905 868 960 950 955
141 745 730 738 720 685 703 835 735 785
145 257.5 277.5 267.5 382.5 352.5 367.5 302.5 267.5 285
148 158 118 138 108 98 103 123 108 115
156 335 190 263 190 130 160 185 135 160
168
175 325 240 283 305 225 265 200 200
200 330 205 268 235 270 253 130 40 85
216 165 480 323 -30 60 15 270 70 170
223 285 265 275 365 575 470 260 350 305
230 608 208 408 138 153 145 123 173 148
235 120 200 160 85 150 118 110 40 75
244 605 595 600 620 620 620 500 490 495
252 915 895 905 35 50 43 120 95 108
259 450
266 190 185 188 30 25 28 115 120 118
273 267 292 279 434 428 431 73 73 420
280 531 557 544 486 460 473 376 363 299
284 241 260 250 196 189 192 499 492 315
295 963 944 954 189 157 173 776 802 300
302
326 2 8 5 67 8 37 8 125 250
330 750 273 512 144 28 86 -11 200
337 185
341 225 199 212 186 128 157 689 115 155
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TABLE A5.9 : Compartment 1 biogas data for the baseline study with sucrose (Section 4.2.5).

Compartment 1

Methane CO2 N2

Elapsed Gas Cumu!.
Time prodn gas (area) (%) moles (mg) mgCOD (area) (%) (area)

(d) (mL) (mL)
I 0.0 0.0 34.50 49.90

3 0.0 0.0
10 340.0 340.0
16 0.0 340.0
35 41.0 381.0
37 105.0 486.0
42 65.0 551.0
44 115.0 666.0
49 150.0 816.0
54 14.0 830.0
58 0.0 830.0
63 0.0 830.0 \

75 0.0 830.0
78 0.0 830.0

103 0 830.0 21184 31.46 3.0183E-06 0.048294 0.17 41533 61.68 4621

114 1040 1870.0 30886 23.86 3.9064E-06 0.062503 0.22 75369 58.23 23181

118 0 1870.0 7348 22.90 1.3686E-06 0.021899 0.08 12985 40.46 11758

120 0 1870.0 28577 33.18 3.7076E-06 0.059322 0.21 42772 49.66 14773

125 1080 2950.0 53393 37.25 5.5758E-06 0.089213 0.32 86964 60.67 2994

128 0 2950.0 39856 30.15 4.6223E-06 0.073958 0.26 80799 61.11 11558
138 0 2950.0 28012 23.63 3.6579E-06 0.058527 0.21 75331 63.56 15177

141 0 2950.0 35602 26.48 4.2930E-06 0.068688 0.24 86395 64.27 12429

145 0 2950.0 18161 24.41 2.7075E-06 0.043321 0.15 35246 47.37 20999
148 0 2950.0 29392 20.09 3.7785E-06 0.060457 0.21 103349 70.64 13554
156 0 2950.0 28001 20.49 3.6569E-06 0.058511 0.21 87085 63.74." 21542
168 950 3900.0 17748 19.80 2.6634E-06 0.042616 0.15 44182 49.30 27684
175 3900.0 9757 16.33 1.7090E-06 0.027345 0.10 19035 31.87 30944
200 3900.0 79237 7.1234E-06 0.113975 0.40 309 0.30 22465
216 3900.0 47994 31.89 5.2106E-06 0.083371 0.30 90485 60.12 12017
223 3900.0 71666 44.62 6.6986E-06 0.107178 0.38 78408 48.82 10524
230 3900.0 28568 19.16 3.7068E-06 0.059309 0.21 17525 11.75 103002
235 3900.0 12268 12.64 2.0333E-06 0.032534 0.12 11382 11.72 73435
244 3900.0 45741 36.29 5.0527E-06 0.080844 0.29 20585 16.33 59734
252 3900.0 39363 35.37 4.5850E-06 0.073361 0.26 67240 60.41 4697
266 3900.0 7278 21.79 1.3582E-06 0.021732 0.08 16497 49.38 9630
280 3900.0 30619 32.75 3.8837E-06 0.062141 0.22 58404 62.46 4479
295 3900.0 80087 52.74 7. I699E-06 0.114718 0.41 68700 45.24 3071
326 3900.0 10369 48.04 1.7906E-06 0.02865 0.10 11217 51.96 102954
330 3900.0 19180 2.8145E-06 0.045033 0.16 7576 28.32
337 3900.0 56720 42.12 5.7923E-06 0.092677 0.33 73040 54.24 4901
341 3900.0 67907 44.68 6.4798E-06 0.103677 0.37 79295 52.17 4778
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TABLE A5.10 : Compartment 2 biogas data for the baseline study with sucrose (Section 4.2.5).

Compartment 2

Methane CO2 Nz

Elapsed Gas Cumul.
Time prod" gas (area) (%) moles (mg) mgCOD (area) (%) (area)

(d) (mL) (mL)
1 0.0 0.0 38.80 50.40

3 1.5 1.5
10 125.0 126.5
16 0.0 126.5
35 0.0 126.5
37 0.0 126.5
42 0.0 126.5
44 20.5 147.0
49 0.0 147.0
54 0.0 147.0
58 0.0 147.0
63 0.0 147.0 '.

75 0.0 147.0
78 0.0 147.0

103 147.0 13946 13.19 2.24E-06 0.03578 0.13 26862 25.40 64950

114 4170.00 4317.0 58568 37.96 5.91E-06 0.09456 0.34 93806 60.80 1918

118 2310.00 6627.0 36436 50.10 4.36E-06 0.069743 0.25 34679 47.69 1610

120 0.00 6627.0 38343 42.73 4.5IE-06 0.072114 0.26 47788 53.26 3597

125 2150.00 8777.0 73949 49.83 6.83E-06 0.109262 0.39 71652 48.28 2812

128 3180.00 11957.0 57677 45.98 5.85E-06 0.093656 0.33 67770 54.02 0

138 7420.00 19377.0 60819 53.11 6.05E-06 0.096816 0.34 53201 46.45 505
141 2060.00 21437.0 49717 39.15 5.33E-06 0.085267 0.30 68781 54.16 8498

145 2150.00 23587.0 19466 29.69 2.84E-06 0.045507 0.16 24978 38.10 21121
148 2030.00 25617.0 70549 49.31 6.63E-06 0.106147 0.38 70498 49.27 2027
156 1970.00 27587.0 58035 42.04 5.88E-06 0.09402 0.33 74881 54.24 5143
168 4110.00 31697.0 19186 28.42 2.82E-06 0.045043 0.16 24871 36.84 23453
175 31697.0 13365 29.27 2.17E-06 0.034674 0.12 12857 28.16 19439
200 31697.0 82874 50.67 7.32E-06 0.11713 0.42 76819 46.96 3876
216 31697.0 68494 43.70 6.51E-06 0.104229 0.37 83551 53.30 4703
223 31697.0 81429 53.02 7.24E-06 0.115884 0.41 68815 44.80 3347
230 31697.0 89863 67.60 7.69E-06 0.123013 0.44 35817 26.94 7256
235 31697.0 15591 22.43 2.43E-06 0.038819 0.14 7741 11.14 46166
244 31697.0 52721 39.52 5.53E-06 0.088501 0.31 21536 16.14 59161
252 31697.0 48567 44.62 5.25E-06 0.084005 0.30 58832 54.05 1442
266 31697.0 67863 41.87 6.48E-06 0.103635 0.37 58372 36.01 35849
280 31697.0 44842 45.09 4.99E-06 0.079819 0.28 53604 53.90 1009
295 31697.0 82479 56.88 7.3E-06 0.116791 0.41 60626 41.81 1910
326 31697.0 27575 41.09 3.62E-06 0.057907 0.21 39533 58.91
330 31697.0 52493 63.64 5.52E-06 0.088259 0.31 12965 15.72 17027
337 31697.0 67684 51.11 6.47E-06 0.103466 0.37 63312 47.81 1438
341 31697.0 74462 52.69 6.86E-06 0.109726 0.39 64782 45.84 2069
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TABLE A5.11 : Compartment 3 biogas data for the baseline study with sucrose (Section 4.2.5).

Compartment 3

Methane COz Nz

Elapsed Gas Cumul.
Time prodn gas (area) (%) moles (mg) mgCOD (area) (%) (area)

(d) (mL) (mL)
1 0.0 0.0 39.50 48.80 0.0

3 0.0 0.0 0.0

10 95.0 95.0 95.0

16 0.0 95.0 0.0

35 0.0 95.0 0.0

37 0.0 95.0 0.0

42 0.0 95.0 0.0

44 0.0 95.0 0.0

49 0.0 95.0 0.0

54 0.0 95.0 0.0

58 0.0 95.0 0.0

63 0.0 95.0 , 0.0

75 0.0 95.0 0.0

78 0.0 95.0 0.0

103 95.0 54598 44.90 5.65E-06 0.090479 0.32 64005 52.63

114 3450.00 3545.0 68678 44.38 6.53E-06 0.104402 0.37 83874 54.20 3450.00

118 0.00 3545.0 42928 61.32 4.85E-06 0.077606 0.28 25744 36.77 0.00

120 0.00 3545.0 48130 55.78 5.22E-06 0.083522 0.30 36540 42.35 0.00

125 1135.00 4680.0 93633 62.57 7.88E-06 0.126095 0.45 55466 37.06 1135.00
128 1500.00 6180.0 34548 51.17 4.21E-06 0.067339 0.24 28475 42.18 1500.00
138 2540.00 8720.0 73304 62.51 6.79E-06 0.108676 0.39 42200 35.98 2540.00
141 1500.00 10220.0 39737 48.07 4.61E-06 0.073814 0.26 37897 45.85 1500.00
145 1200.00 11420.0 20750 41.29 2.97E-06 0.047599 0.17 17910 . 35.64 1200.00
148 1470.00 12890.0 88797 67.88 7.63E-06 0.12213 0.43 42013 32.12 1470.00
156 2130.00 15020.0 118874 58.47 9.08E-06 0.145358 0.52 81072 39.88 2130.00
168 2260.00 17280.0 18940 36.42 2.79E-06 0.044633 0.16 19369 37.24 2260.00
175 17280.0 6877 40.55 1.3E-06 0.020768 0.07 3694 21.78
200 17280.0 84468 54.47 7.41E-06 0.118492 0.42 68076 43.90
216 17280.0 76586 51.89 6.98E-06 0.111632 0.40 69205 46.89
223 17280.0 90746 61.13 7.73E-06 0.12374 0.44 55815 37.60
230 17280.0 99061 71.10 8.15E-06 0.13043 0.46 37716 27.07
235 17280.0 48202 32.70 5.23E-06 0.083602 0.30 16462 11.17
244 17280.0 1463 41.75 3.37E-07 0.005397 0.02 376 10.73
252 17280.0 56096 49.32 5.75E-06 0.092035 0.33 56366 49.56
266 17280.0 76579 50.35 6.98E-06 0.111625 0.40 66770 43.90
280 17280.0 50467 33.98 5.38E-06 0.086083 0.31 47499 31.98
295 17280.0 88497 60.77 7.62E"06 0.121881 0.43 55682 38.24
326 17280.0 25490 32.34 3.43E-06 0.054888 0.19 53338 67.66
330 17280.0 53924 64.19 5.61 E-06 0.089773 0.32 11065 13.17
337 17280.0 79155 59.35 7.12E-06 0.113903 0.40 52609 39.45
341 17280.0 79540 55.70 7.l4E-06 0.11424 0.40 61615 43.15
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TABLE A5.12 : Compartment 4 biogas data for the baseline study with sucrose (Section 4.2.5).

Compartment 4

Methane COz Nz

Elapsed Gas Cumu!.
Time prodn gas (area) (%) moles (mg) mgCOD (area) (%) (area)

(d) (mL) (mL)
1 0.0 0.0 39.70 46.80

3 0.0 0.0
10 86.0 86.0
16 0.0 86.0
35 0.0 86.0
37 0.0 86.0
42 0.0 86.0
44 0.0 86.0
49 0.0 86.0
54 0.0 86.0
58 0.0 86.0
63 0.0 86.0
75 0.0 86.0
78 0.0 86.0

103 86.0 83974 53.53 7.38E-06 0.118071 0.42 67887 43.27 5021
114 1670.00 1756.0 56222 47.03 5.76E-06 0.092165 0.33 62089 51.94 1222
118 2350.00 4106.0 14510 41.13 2.3E-06 0.036837 0.13 18487 52.41 2280
120 0.00 4106.0 50116 58.31 5.36E-06 0.085702 0.30 34396 40.02 1438
125 1730.00 5836.0 93535 65.96 7.88E-06 0.126016 0.45 46201 32.58 2060
128 2250.00 8086.0 83386 62.16 7.35E-06 0.117569 0.42 50107 37.35 664
138 2215.00 10301.0 75172 70.62 6.9E-Q6 0.110366 0.39 31274 29.38 0
141 1110.00 11411.0 36248 49.89 4.34E-06 0.069506 0.25 33364 45.92 3045
145 0.00 11411.0 89713 59.15 7.68E-06 0.122889 0.44 59431 39.18 2536
148 0.00 11411.0 97199 71.56 8.06E-Q6 0.128956 0.46 37331 27.48 1305
156 0.00 11411.0 47601 58.02 5.18E-06 0.082934 0.29 32359 39.44 2078
168 0.00 11411.0 25414 40.84 3.42E-06 0.054775 0.19 21815 35.06 15001
175 11411.0 86964 68.13 7.54E-06 0.1206 0.43 38926 30.50 1750
200 11411.0 92508 56.79 7.82E-06 0.125182 0.44 68692 42.17 1708
216 11411.0 74671 51.89 6.87E-06 0.109915 0.39 59279 41.20 9948
223 11411.0 85821 62.82 7.48E-06 0.119638 0.42 49114 35.95 1689
230 11411.0 99609 70.11 8.18E-06 0.130862 0.46 37667 26.51 4798
235 11411.0 50866 38.68 5.41 E-06 0.086515 0.31 26648 20.26 53991
244 11411.0 0 0 0.00
252 11411.0 73287 52.23 6.79E-06 0.108661 0.39 64738 46.14 2289
266 11411.0 92555 52.88 7.83E-06 0.12522 0.44 66879 38.21 15601
280 11411.0 87119 55.58 7.55E-06 0.12073 0.43 66953 42.71 2679
295 11411.0 91602 63.36 7.78E-06 0.124442 0.44 51563 35.66 1420
326 11411.0 24467 32.38 3.34E-06 0.053367 0.19 51103 67.62
330 11411.0 50938 65.29 5.41E-06 0.086592 0.31 11019 14.12 16057
337 11411.0 79719 58.97 7.15E-06 0.114397 0.41 54332 40.19 1132
341 11411.0 79278 56.98 7. 13E-06 0.114011 0.40 58069 41.74 1785
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TABLE A5.I3 : Compartment 5 biogas data for the baseline study with sucrose (Section 4.2.5).

Compartment 5

Methane COz Nz

Elapsed Gas Cumu!.
Time prodn gas (area) (%) moles (mg) mgCOD (area) (%) (area)

(d) (mL) (mL)
1 0.0 0.0 37.90 47.80

3 0.0 0.0
10 84.0 84.0
16 0.0 84.0
35 0.0 84.0
37 0.0 84.0
42 0.0 84.0
44 0.0 84.0
49 0.0 84.0
54 0.0 84.0
58 0.0 84.0
63 0.0 84.0 \

75 0.0 84.0
78 0.0 84.0

103 84.0 13973 27.62 2.24E-06 0.035831 0.13 7031 13.90 29592
114 225.00 309.0 62675 48.32 6.17E-06 0.098648 0.35 63941 49.29 3103
118 0.00 309.0 46041 84.56 5.07E-06 0.081183 0.29 7420 13.63 984
120 0.00 309.0 54829 58.80 5.67E-Q6 0.09072 0.32 36577 39.22 1847
125 1460.00 1769.0 99045 67.76 8.15E-Q6 0.130418 0.46 45145 30.89 1980
128 820.00 2589.0 87069 63.12 7.54E-06 0.120688 0.43 49294 35.74 1572
138 0.00 2589.0 74732 73.52 6.87E-06 0.10997 0.39 26064 25.64 857
141 275.00 2864.0 24696 53.81 3.36E-06 0.05371 0.19 18225 39.71 2970
145 2030.00 4894.0 90885 62.83 7.74E-06 0.123854 0.44 52742 36.46 1035
148 490.00 5384.0 101972 72.09 8.29E-06 0.132708 0.47 37928 26.81 1555
156 1945.00 7329.0 70314 69.67 6.62E-Q6 0.105929 0.38 28716 28.45 . 1891
168 3040.00 10369.0 21128 42.72 3.01E-06 0.048205 0.17 12147 24.56 16178
175 10369.0 47203 65.47 5.16E-Q6 0.08249 0.29 21008 29.14 3888
200 10369.0 91173 56.97 7.76E-Q6 0.124091 0.44 66795 41.74 2067
216 10369.0 71947 52.91 6.71E-06 0.107436 0.38 55383 40.73 8661
223 10369.0 90222 64.23 7.71E-06 0.123309 0.44 47098 33.53 3157
230 10369.0 96415 68.82 8.02E-06 0.128332 0.45 37515 26.78 6173
235 10369.0 50352 42.42 5.37E-06 0.085958 0.30 20920 17.63 47417
244 10369.0 27997 50.67 3.66E-06 0.058505 0.21 6306 11.41 20947
252 10369.0 68726 53.09 6.53E-06 0.104447 0.37 58518 45.20 2211
266 10369.0 0 0 0.00
280 10369.0 . 87535 57.41 7.57E-Q6 0.121078 0.43 63524 41.66 1415
295 10369.0 92120 60.69 7.8E-Q6 0.124865 0.44 58636 38.63 1033
326 10369.0 32072 35.91 4.01E-06 0.064096 0.23 57247 64.09
330 10369.0 50779 65.12 5.4E-06 0.086421 0.31 16203 20.78 11000
337 10369.0 65231 58.02 6.32E-06 0.101128 0.36 45003 40.03 2191
341 10369.0 78452 59.19 7.08E-06 0.113285 0.40 52903 39.91 1196
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TABLE A5.14 : Compartment 6 biogas data for the baseline study with sucrose (Section 4.2.5).

Compartment 6

Methane COz Nz

Elapsed Gas Cumul.
Time prodn gas (area) (%) moles (mg) mgCOD (area) (%) (area)

(d) (mL) (mL)
1 0.0 0.0 37.70 46.10

3 0.0 0.0
10 140.0 140.0
16 0.0 140.0
35 0.0 140.0
37 0.0 140.0
42 0.0 140.0
44 0.0 140.0
49 0.0 140.0
54 0.0 140.0
58 0.0 140.0
63 0.0 140.0
75 0.0 140.0
78 0.0 140.0

103 140.0 103724 58.46 8.38E-06 0.134064 0.48 39088 22.03 34605
114 945.00 1085.0 76009 49.96 6.94E-06 0.111116 0.39 73837 48.53 2298
118 1790.00 2875.0 14988 19.65 2.36E-06 0.03772 0.13 7499 9.83 53787
120 0.00 2875.0 54529 62.91 5.65E-06 0.090407 0.32 30212 34.86 1937
125 0.00 2875.0 98820 66.27 8.14E-06 0.13024 0.46 49417 33.14 884
128 1105.00 3980.0 90964 65.25 7.74E-06 0.123919 0.44 46412 33.29 2039
138 1220.00 5200.0 72716 76.26 6.76E-06 0.10814 0.38 22488 23.58 146
141 0.00 5200.0 12530 61.22 2.07E~6 0.033051 0.12 6768 33.07 1170
145 0.00 5200.0 95810 64.51 7.99E-06 0.127848 0.45 52367 35.26 336
148 0.00 5200.0 104487 73.50 8.42E-06 0.134651 0.48 35997. 25.32 1684
156 '0.00 5200.0 19300 70.88 2.83E~6 0.045232 0.16 6153 22.60 1776
168 0.00 5200.0 34553 38.50 4.21E-06 0.067346 0.24 17236 19.21 37955
175 5200.0 67998 67.89 6.49E-06 0.103763 0.37 30390 30.34 1769
200 5200.0 86761 55.56 7.53E-06 0.12043 0.43 66609 42.66 2778
216 5200.0 68050 50.76 6.49E-06 0.103812 0.37 46970 35.03 19052
223 5200.0 79899 56.26 7.16E~6 0.114554 0.41 52980 37.30 9144
230 5200.0 107641 69.13 8.57E-06 0.137056 0.49 45175 29.01 2882
235 5200.0 71993 46.57 6.72E-06 0.107478 0.38 68317 44.20 14268
244 5200.0 7424 62.63 1.38E~6 0.022079 0.08 2243 18.92 2186
252 5200.0 75892 56.94 6.94E-06 0.111012 0.39 56751 42.58 639
266 5200.0 61813 40.57 6.1IE-06 0.0978 0.35 45532 29.89 45007
280 5200.0 88782 59.33 7.63E-06 0.122117 0.43 59634 39.85 1224
295 5200.0 96007 63.22 8E-06 0.128006 0.45 54280 35.75 1566
326 5200.0 86831 61.08 7.53E~6 0.120488 0.43 55323 38.92
330 5200.0 65425 77.41 6.33E-06 0.101315 0.36 17016 20.13 2075
337 5200.0 70587 58.57 6.64E-06 0.106182 0.38 48987 40.64 951
341 5200.0 94255 57.09 7.91E-06 0.126598 0.45 67338 40.78 3512
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TABLE AS.IS : Compartment 7 biogas data for the baseline study with sucrose (Section 4.2.5).

Compartment 7

Methane COz Nz

Elapsed Gas Cumul.
mgCOD (area) (%) (area)Time prodn gas (area) (%) moles (mg)

(d) (mL) (mL)
1 0.0 0.0 33.30 38.60

3 0.0 0.0
10 80.0 80.0
16 0.0 80.0
35 0.0 80.0
37 0.0 80.0
42 0.0 80.0
44 0.0 80.0
49 0.0 80.0
54 0.0 80.0
58 0.0 80.0
63 0.0 80.0
75 0.0 80.0
78 0.0 80.0

103 80.0 100677 66.21 8.23E-06 0.131699 0.47 36704 24.14 14679
114 2145.00 2225.0 78078 51.53 7.06E-06 0.112955 0.40 71705 47.32 1737
118 2835.00 5060.0 44189 68.57 4.94E-06 0.079069 0.28 18401 28.55 1852
120 480.00 5540.0 33801 37.71 4.15E-06 0.066372 0.24 18350 20.47 37486
125 880.00 . 6420.0 78187 67.83 7.07E-06 0.113051 0.40 36080 31.30 999
128 1160.00 7580.0 94110 70.15 7.9IE-Q6 0.126481 0.45 39205 29.22 847
138 990.00 8570.0 55186 73.13 5.69E-06 0.091092 0.32 20026 26.54 254
141 0.00 8570.0 74400 57.10 6.85E-06 0.10967 0.39 51591 39.59 4306
145 0.00 8570.0 96535 64.74 8.03E-06 0.128427 0.46 51142 34.30 1427
148 0.00 8570.0 98501 75.42 8.12E-06 0.129988 0.46 30087 23.04 2012
156 0.00 8570.0 13818 60.33 2.22E-Q6 0.035538 0.13 4159 18.16 4926
168 0.00 8570.0 17514 44.53 2.64E-Q6 0.042213 0.15 5987 15.22 15834
175 8570.0 30260 69.56 3.85E-06 0.061651 0.22 13243 30.44 0
200 8570.0 83365 56.87 7.35E-Q6 0.117551 0.42 6lJ08 41.69 2114
216 8570.0 38869 46.50 4.55E-06 0.072759 0.26 26105 31.23 18621
223 8570.0 89757 61.48 7.68E-Q6 0.122925 0.44 54070 37.04 2169
230 8570.0 95532 61.45 7.98E-06 0.127625 0.45 42779 27.52 17152
235 8570.0 57170 48.29 5.82E-Q6 0.093138 0.33 49520 41.83 11702
244 8570.0 46081 56.58 5.08E-Q6 0.081229 0.29 13257 16.28 22111
252 8570.0 74464 55.62 6.86E-06 0.109728 0.39 55932 41.78 3489
266 8570.0 67594 35.24 6.46E-06 0.103381 0.37 55124 28.74 69088
280 8570.0 94800 59.55 7.94E-06 0.127037 0.45 63286 39.76 1103
295 8570.0 87506 62.13 7.57E-06 0.121054 0.43 51503 36.57 1834
326 8570.0 41423 54.07 4.74E-06 0.075835 0.27 35192 45.93
330 8570.0 4359 49.68 8.91E-07 0.014259 0.05 4415 50.32
337 8570.0 79339 61.70 7.13E-06 0.114064 0.40 47348 36.82 1906
341 8570.0 85863 58.69 7.48E-Q6 0.119674 0.42 58278 39.83 2158
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TABLE A5.16 : Compartment 8 biogas data for the baseline study with sucrose (Section 4.2.5).

Compartment 8

Methane COz Nz

Elapsed Gas Cumul. mg
Time prodn gas (area) (%) moles (mg)

COD
(area) (%) (area)

(d) (mL) (mL)
I 0.0 0.0 27.10 32.50

3 0.0 0.0
10 61.0 61.0
16 0.0 61.0
35 0.0 61.0
37 0.0 61.0
42 0.0 61.0
44 0.0 61.0
49 0.0 61.0
54 0.0 61.0
58 0.0 61.0
63 0.0 61.0 \

75 0.0 61.0
78 0.0 61.0

103 61.0
114 2230.00 2291.0 64908 51.97 6.30108E-06 0.100817 0.36 58143 46.55 1844

118 2025.00 4316.0 21389 35.88 3.03875E-06 0.04862 0.17 7900 13.25 30316
120 1610.00 5926.0 34359 43.44 4. I9346E-Q6 0.067095 0.24 16344 20.66 28388

125 670.00 6596.0 81787 69.88 7.26213E-06 0.116194 0.41 33438 28.57 1822
128 540.00 7136.0 93873 71.87 7.89308E-06 0.126289 0.45 35280 27.01 1454
138 1000.00 8136.0 66453 69.51 6.39363E-06 0.102298 0.36 28430 29.74 719
141 0.00 8136.0 41348 57.17 4.73409E-06 0.075745 0.27 29153 40.31 1828
145 0.00 8136.0 100941 64.41 8.24407E-Q6 0.131905 0.47 49659 31.68 6128
148 960.00 9096.0 104257 76.00 8.40466E-06 0.134475 0.48 31391 22.88 1533
156 1390.00 10486.0 104108 72.75 8.3975E-06 0.13436 0.48 31723 22.17 7275
168 320.00 10806.0 22852 42.07 3.18189E-Q6 0.05091 0.18 8430 15.52 23034
175 10806.0 25780 69.48 3.4571IE-Q6 0.055314 0.20 11323 30.52 0
200 10806.0 86587 57.61 7.51 772E-06 0.120284 0.43 60964 40.56 2739
216 10806.0 5844 47.34 1.13751 E-06 0.0182 0.06 4758 38.54 1744
223 10806.0 71429 55.83 6.68499E-06 0.10696 0.38 49891 39.00 6621
230 10806.0 93817 66.58 7.89025E-06 0.126244 0.45 39199 27.82 7886
235 10806.0 63417 47.21 6.21079E-06 0.099373 0.35 47950 35.69 22969
244 10806.0 6258 8.70 1.20281 E-Q6 0.019245 0.Q7 1764 2.45 63883
252 10806.0 72412 51.75 6.7414E-06 0.107862 0.38 65831 47.05 1679
266 10806.0 59411 66.31 5.9631E-06 0.09541 0.34 26347 29.40 3843
280 10806.0 90881 60.02 7.74069E-06 0.123851 0.44 59341 39.19 1200
295 10806.0 91214 62.21 7.75777E-06 0.124124 0.44 53803 36.70 1601
326 10806.0 84154 65.40 7.38904E-06 0.1 18225 0.42 44531 34.60
330 10806.0 6865 69.59 1.29621E-06 0.020739 0.Q7 3000 30.41
337 10806.0 77535 63.57 7.02967E-06 0.112475 0.40 43326 35.52 1101
341 10806.0 85031 60.23 7.43562E-06 0.11897 0.42 54579 38.66 1570
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The following data correspond to the results presented in Chapter 5.
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TABLE A5.17: pH data for the Cl Reactive Red 141 investigation (Section 5.4.5).

compartment
Elapsed

Time
(d) In 1 2 3 4 5 6 7 8 Out

9 6.82 6.65 6.29 6.61 7.06 7.27 7.31 7.32 7.3 7.39
16 6.8 6.49 6.53 7.14 7.14 7.1 7.11 7.1 7.06 7.21
23 7.3 6.2 6.63 7.04 7.16 7.14 7.19 7.11 7.11
30 6.42 6.8 7.33 7.39 7.35 7.4 7.37 7.36 7.38 7.51
37 8.29 6.67 7.04 7.33 7.35 7.32 7.36 7.29 7.31 7.23
44 8.26 6.58 7.05 7.16 7.34 7.29 7.27 7.34 7.36 7.8
50 9.05 6.38 6.85 7.32 7.4 7.44 7.37 7.28 7.28 7.25
64 8.54 6.46 6.22 6.62 6.8 6.87 6.95 6.95 7.07 7.66
71 9.11 6.4 7.36 7.43 7.54 7.42 7.42 7.4 7.41 8.01
78 9.06 6.14 6.24 6.32 6.51 6.72 6.8 7 7.11 7.61
84 7.96 7.52 7.42 7.32 7.26 7.15 7.09 7.08 7.81
91 8.35 6.21 6.34 6.71 6.75 6.98 7.00 7.11 7.22 7.68
98 8.41 6.37 6.95 7.23 7.44 7.40 7.41 7.41 7.49 7.67

105 9.00 6.24 7.22 ·7.34 7.38 7.39 7.45 7.45 7.47 7.40
119 9.09 6.25 7.23 7.51 7.54 7.52 7.52 7.49 7.49 7.82
126 8.64 6.33 7.08 7.37 7.28 7.18 7.08 7.12 7.30 7.33
13 I 7.67 6.20 6.81 7.32 7.58 7.57 7.50 7.44 7.48 7.77
138 6.80 6.05 7.06 6.97 7.34 7.39 7.26 7.38 7.52 7.50
149 8.53 6.21 6.56 7.30 7.25 7.37 7.31 7.33 7.39 7.33
155 6.01 6.90 7.36 7.30 7.42 7.52 7.46 7.66 7.66
156 8.01 6.30 6.76 7.30 7.43 7.54 7.39 7.49 7.49 7.58
159 8.86 6.18 6.47 6.95 7.13 0.44 7.42 7.48 7.48 7.63
162 8.34 6.05 6.69 7.15 7.38 7.50 7.51 7.61 7.55 7.75
167 7.35 6.37 7.01 7.39 7.36 7.40 7.43 7.50 7.56 7.65
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TABLE A5.I8 : Total solids data for the Cl Reactive Red 141 investigation (Section 5.4.6).

Elapsed (d) Compartment 1 Effluent
Dish (g) Wt after (g) TS (glL) Dish (g) Wt after (g) TS (g/L)

9 35.30 35.34 4.00 55.79 55.82 3.00

\6 37.78 37.87 9.00 57.17 57.2\ 4.00

23 35.29 35.41 12.00 55.79 55.82 3.00

37 73.82 74.00 18.00 39.58 39.61 3.00

50 53.14 54.22 108.00 55.78 55.80 2.00

64 42.74 42.91 \7.00
71 39.55 39.60 5.00 37.78 37.8\ 3.00

9\ 53.81 54.03 22.00 57.\7 57.19 2.00

98 54.14 54.29 15.00 41.62 4\.65 3.00

\\9 55.93 56.\7 24.00 55.96 56.00 4.00

\26 43.90 44.09 19.00 55.78 55.80 2.00

131 42.46 42.66 20.00
138 55.93 56.06 13.00 55.78 55.83 , 5.00

\49 55.96 55.97 1.00

\55 55.78 55.80 2.00

156 53.8\ 53.84 3.00

159 57.\7 57.23 6.00

167 57.14 57.17 3.00

\69 57.\8 57.40 22.00 41.27 41.30 3.00

TABLE A5.I9 : Volatile solids data for the Cl Reactive Red 141 investigation (Section 5.4.6).

Elapsed (d) Compartment 1 Effluent
Dish (g) Wt after (g) TS (glL) Dish (g) Wt after (g) TS (glL)

9 35.34 35.32 2.00 55.82 55.80 2.00
\6 37.87 37.82 5.00 57.21 57.19 2.00
23 35.4\ 35.34 7.00 55.82 55.8\ 1.00
37 74.00 73.85 15.00 39.61 39.60 1.00
50 54.22 54.16 6.00 55.80 55.79 1.00
64 42.9\ 42.77 14.00
7\ 39.60 39.58 2.00 37.81 37.80 1.00
91 54.03 53.84 19.00 57.19 57.19 0.00
98 54.29 54.16 13.00 41.65 41.64 1.00

1\9 56.17 55.97 20.00 56.00 55.99 1.00
126 44.09 43.95 14.00 55.80 55.79 1.00
131 42.66 42.51 15.00
138 56.06 55.95 11.00 55.83 55.8\ 2.00
149 55.97 55.93 4.00
155 55.10 55.08 2.00
156 53.84 53.84 0.00
159 57.23 57.2\ 2.00
167 57.17 57.16 1.00
169 57.40 57.22 18.00 41.30 41.30 0.00
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TABLE A5.20 : COD data for the Cl Reactive Red 141 investigation (Section 5.4.7).

Compartment

1 2 3

Elapsed Rep 1 Rep 2 Rep 1 Rep 2 Rep 1 Rep 2
Time COD COD Mean COD COD Mean COD COD Mean

(d) (mglL) (mgIL) (mgIL) (mgIL) (mglL) (mgIL) (mglL) (mgIL) (mglL)

9 2605 2450 2528 2460 2400 2430 1965 2025 1995
16 2415 2420 2418 2580 2450 2515 1355 1335 1345
23 2785 2625 2705 2675 2670 2673 1910 1995 1953
30 2435 2450 2443 1110 1115 1113 540 455 498
37 2530 2270 2400 1425 1400 1413 480 535 508
44 2785 2680 2733 1280 1325 1303 640 850 745
50 2448 2218 2333 1388 1353 1370 673 633 653
71 2425 2490 2458 995 855 925 565 920 743
78 3380 2470 2925 935 935 935 340 235 288
84 2805 2785 2795 585 485 535 215 215 215
91 1225 1525 1375 485 850 668 255 150 203
98 1708 1868 1788 598 743 670 273 438 355

105 2855 2815 2835 1035 1020 1028 260 390 325
119 2100 2295 2198 1165 1245 1205 630 685 658
126 2913 2963 2938 1418 1533 1475 1348 598 973
131 1735 1680 1708 1570 990 1280 640 1025 833
138 1483 1273 1378 313 448 380 373 358 365
149 3098 2923 3010 2388 2263 2325 628 613 620
155 2150 2105 2128 1415 1285 1350 705 630 668
156 2845 2820 2833 2085 2035 2060 775 760 768
159 2920 2735 2828 2435 2475 2455 1685 1770 1728
162 2765 2630 2698 515 455 485 2040 2025 2033
167 2918 2933 2925 1428 1368 1398 828 753 790

Compartment

4 5 6
Elapsed Rep 1 Rep 2 Rep 1 Rep 2 Rep 1 Rep 2

Time COD COD Mean COD COD Mean COD COD Mean
(d) (mg/L) (mgIL) (mglL) (mgIL) (mgIL) (mgIL) (mg/L) (mglL) (mglL)

9 1185 1365 1275 855 1130 993 610 705 658
16 935 1045 990 755 1240 998 225 275 250
23 1025 970 998 315 310 313 345 315 330
30 160 250 205 250 365 308 125 190 158
37 400 195 298 340 175 258 360 100 230
44 175 245 210 120 120 120 75 75
50 323 303 313 228 243 235 208 203 205
71 370 270 320 315 335 325 400 440 420
78 65 250 158 140 205 173 50 105 78
84 195 160 178 130 160 145 25 170 98
91 210 155 183 110 385 248 110 200 155
98 273 278 275 208 333 270 263 228 245

105 275 285 280 335 190 263 190 200 195
119 490 640 565 345 460 403 435 495 465
126 438 353 395 88 143 115 123 7 65
131 500 575 538 635 490 563 525 645 585
138 733 558 645 343 498 420 463 1108 785
149 888 778 833 398 428 413 368 518 443
155 480 470 475 605 595 600 450 380 415
156 855 1015 935 1525 640 1083 815 570 693
159 1645 1840 1743 1345 1320 1333 1420 1455 1438
162 1255 1120 1188 605 595 600 225 220 223
167 783 553 668 383 423 403 313 288 300



Analytical Results

A5-21

TABLE A5.21: COD data for the Cl Reactive Red 141 investigation (Section 5.4.7).

Compartment

7 8 Effluent
Elapsed Rep 1 Rep 2 Rep 1 Rep 2 Rep 1 Rep 2

Time COD COD Mean COD COD Mean COD COD Mean
(d) (mg/L) (mgIL) (mg/L) (mg/L) (mg/L) (mgIL) (mglL) (mgIL) (mgIL)

9 605 490 548 440 350 395 255 285 270
16 155 230 193 195 115 155 270 280 275
23 100 85 93 415 405 410 75 170 123
30 80 100 90 135 130 133 75 90 83
37 100 95 98 195 100 148 315 230 273
44 50 60 55 335 100 218 290 75 183
50 308 323 315 178 158 168 123 108 115
71 370 320 345 350 390 370 320 285 303
78 55 40 48 55 155 105 75 65 70
84 90 90 170 170 110 185 148
91 335 120 228 135 145 140 145 \ 120 133
98 273 263 268 198 183 190 283 238 260

105 210 285 248 340 315 328 375 375
119 375 365 370 430 330 380 520 320 420
126 148 13 80 258 153 205 133 318 225
131 400 605 503 455 460 458 410 370 390
138 398 543 470 443 378 410 293 358 325
149 268 353 310 268 258 263 348 288 318
155 445 430 438 410 520 465 350 400 375
156 425 445 435 510 445 478 550 700 625
159 1715 1560 1638 2135 3040 2588 2065 2110 2088
162 150 3220 1685 175 140 158 160 235 198
167 273 383 328 323 268 295 223 238 230



Analytical Results A5-22

TABLE A5.22 : Compartment 1 biogas data for tbe Cl Reactive Red 141 investigation (Section 5.4.10).

Compartment 1

Methane COz Nz

Elapsed
VolumeTime Gas prod" Cumul. gas (area) (%) moles

(L)
gCOD (area) (moles) (moles)

(d) (mL) (mL)
9 0.00 0.00 57860 31.50 5.865E-06 0.0000 0.0000 77706 4.9 IE-06 3.63E-06

16 e 0.00 0.00 6286 4.65 1.207E-06 0.0000 0.0000 30470 2.68E-06 5.67E-06
23 0.00 0.00 39676 25.48 4.609E-06 0.0000 0.0000 110925 6.IE-06 6.9E-07
30 0.00 0.00 8880 6.91 1.589E-06 0.0000 0.0000 30462 2.68E-06 5.35E-06
37 0.00 0.00 15171 10.62 2.378E-06 0.0000 0.0000 44303 3.44E-06 5.13E-06
44 95.40 95.40 16664 12.88 2.546E-06 0.0237 0.0599 28050 2.53E-06 5. I8E-06
50 15868.20 15963.60 47567 34.07 5.18IE-06 7.1561 18.1167 81344 5.05E-06 1.26E-06
64 62487.00 78450.60 103326 60.98 8.36E-06 37.5062 94.9523 44268 3.44E-06 2.13E-06
71 524.70 78975.30 45506 25.55 5.036E-06 0.2101 0.5318 124464 6.53E-06 1.01E-06
78 15.90 78991.20 42582 28.22 4.825E-06 0.0061 0.0153 55997 4E-06 3.83E-06
84 31.80 79023.00 52621 37.68 5.525E-06 0.0143 0.0362 36583 3.03E-06 3.74E-06
91 0.00 79023.00 12618 8.32 2.077E-06 0.0000 0.0000 12306 1.4E-06 6.6E-06
98 47.70 79070.70 60048 36.97 6.003E-06 0.0218 0.0551 80422 5.02E-06 2.14E-06

105 0.00 79070.70 51364 29.15 5.44IE-06 0.0000 0.0000 115250 6.24E-06 1.16E-06
119 174.90 79245.60 55685 40.73 5.726E-06 0.0857 0.2171 68653 4.55E-06 1.41E-06
126 31.80 79277.40 40521 20.80 4.672E-06 0.0121 0.0306 152582 7.36E-06 2.62E-07
131 31.80 79309.20 85142 61.36 7.442E-06 0.0200 0.0507 47864 3.62E-06 7.63E-07
138 15.90 79325.10 55807 37.61 5.733E-06 0.0073 0.0185 71648 4.67E-06 2.07E-06
149 31.80 79356.90 53184 35.92 5.562E-06 0.0156 0.0395 93061 5.48E-06 2.79E-07
155 15.90 79372.80 75556 55.72 6.9 I9E-06 0.0095 0.0242 55460 3.98E-06 6.32E-07
156 0.00 79372.80 49046 33.76 5.283E-06 0.0000 0.0000 92638 5.47E-06 5.1IE-07
159 0.00 79372.80 39149 25.66 4.569E-06 0.0000 0.0000 108799 6.03E-06 6.33E-07
162 15.90 79388.70 30495 18.29 3.873E-06 0.0054 0.0136 128551 6.66E-06 9.72E-07
167 31.80 79420.50 43005 36.25 4.856E-06 0.0155 0.0391 72768 4.72E-06 4.17E-07



Analytical Results A5-23

TABLE A5.23 : Compartment 2 biogas data for the Cl Reactive Red 141 investigation (Section 5.4.10).

Compartment 2

Methane CO2 N2

Elapsed
VolumeTime Gas prodn Cumu!. gas (area) (%) moles gCOD (area) (moles) (moles)

(d) (L) (L)
(L)

9 0.00 0.00 81322 45.06 7.24E-06 0.0000 0.0000 87497 5.28E-06 1.34E-06
16 ," 0.00 0.00 7822 6.28 I.44E-06 0.0000 0.0000 35759 2.99E-06 5.04E-06
23 0.00 0.00 52654 32.67 5.53E-06 0.0000 0.0000 105851 5.93E-06 3.9E-07
30 0.00 0.00 11798 10.02 1.97E-06 0.0000 0.0000 24689 2.32E-06 5.05E-06
37 41.40 41.40 26696 19.94 3.54E-06 12.9800 32.8608 45332 3.49E-06 4.26E-06
44 0.02 41.42 23764 18.88 3.27E-06 0.0049 0.0123 33950 2.88E-06 4.53E-06
50 0.00 41.42 60011 42.17 6E-06 0.0000 0.0000 64842 4.39E-06 1.81E-06
64 56.11 97.53 109717 74.64 8.66E-06 39.1841 99.2002 24716 2.32E-06 1.42E-06
71 74.35 171.88 81339 43.24 7.24E-06 39.9333 101.0969 104351 5.88E-06 3.6E-07
78 0.00 171.88 59245 40.76 5.95E-06 0.0000 0.0000 45324 3.49E-06 3.26E-06
84 0.00 171.88 51412 36.99 5.44E-06 0.0000 0.0000 34363 2.91E-06 3.87E-06
91 0.06 171.94 11123 7.75 1.89E-06 0.0126 0.0318 10005 1.l9E-06 6.47E-06
98 0.05 171.99 86942 51.41 7.54E-06 0.0270 0.0684 74224 4.77E-06 9.93E-07

105 0.00 171.99 68788 42.19 6.53E-06 0.0000 0.0000 87529 5.28E-06 8.68E-07
119 0.19 172.18 62592 46.58 6.16E-06 0.1014 0.2567 62190 4.27E-06 1.16E-06
126 0.02 172.20 57521 43.96 5.84E-06 0.0087 0.0221 72620 4.71E-06 1.l4E-07
131 0.02 172.21 77526 64.65 7.03E-06 0.0105 0.0266 39466 3.19E-06 4.27E-07
138 0.02 172.23 73043 62.94 6.78E-06 0.0102 0.0258 37720 3.09E-06 7.12E-07
149 0.05 172.28 60666 41.38 6.04E-06 0.0253 0.0641 84926 5.19E-06 1.6E-07
155 0.02 172.29 89684 58.06 7.68E-06 0.0098 0.0249 61162 4.23E-06 5.15E-07
156 0.02 172.31 60209 40.62 6.0IE-06 . 0.0083 0.0211 86608 5.25E-06 2.16E-07
159 0.00 172.31 51052 34.36 5.42E-06 0.0000 0.0000 95068 5.56E-06 3.67E-07
162 0.02 172.32 52206 33.65 5.5E-06 0.0076 0.0191 100797 5.76E-06 3.22E-07
167 0.02 172.34 71158 43.93 6.67E-06 0.0086 0.0218 88637 5.32E-06 3.28E-07



Analytical Results A5-24

TABLE A5.24 : Compartment 3 biogas data for the Cl Reactive Red 141 investigation (Section 5.4.10).

Compartment 3

Methane CO2 N2

Elapsed
VolumeTime Gas prodn Cumul. gas (area) (%) moles

(L)
gCOD (area) (moles) (moles)

(d) (rnL) (rnL)
9 0.00 0.00 78940 45.57 7.1 IE-06 0.0000 0.0000 83073 5.12E-06 I.3E-06

16 .- 0.00 0.00 28203 24.13 3.67E-06 0.0000 0.0000 39106 3.17E-06 3.7E-06
23 0.00 0.00 68793 39.77 6.53E-06 0.0000 0.0000 100800 5.76E-06 4.88E-07
30 0.00 0.00 16589 14.68 2.54E-06 0.0000 0.0000 22450 2.17E-06 4.76E-06
37 906.30 906.30 36725 20040 4.38E-06 0.2942 0.7447 100058 5.73E-06 3.39E-06
44 0.00 906.30 29349 23.17 3.77E-06 0.0000 0.0000 36465 3.03E-06 4.22E-06
50 0.00 906.30 36725 72.31 4.38E-06 0.0000 0.0000 13181 I.47E-06 I.4IE-07
64 15.90 922.20 102305 79.96 8.3IE-06 0.0121 0.0306 22350 2.16E-06 4.74E-07
71 2082.90 3005.10 87441 48.19 7.56E-06 I.l873 3.0058 92449 5A6E-06 2A2E-07
78 47.70 3052.80 59694 42.20 5.98E-06 0.0229 0.0580 30696 2.69E-06 3.77E-06
84 0.00 3052.80 57866 37.17 5.87E-06 0.0000 0.0000 38351 3.13E-06 4.16E-06
91 0.00 3052.80 10893 7042 1.86E-06 0.0000 0.0000 10194 I.2IE-06 6.57E-06
98 31.80 3084.60 87281 58.60 7.55E-06 0.0195 0.0494 55991 4E-06 7.56E-07

105 0.00 3084.60 37753 50.92 4A6E-06 0.0000 0.0000 34591 2.92E-06 2.74E-07
119 15.90 3100.50 83957 58.73 7.38E-06 0.0099 0.0250 55444 3.97E-06 5.07E-07
126 0.00 3100.50 85112 49.95 7.44E-06 0.0000 0.0000 83708 5.14E-06 2AIE-07
I31 0.00 3100.50 106585 68.97 8.52E-06 0.0000 0.0000 45602 3.5IE-06 3.52E-07
138 0.00 3100.50 73590 62.66 6.8 IE-06 0.0000 0.0000 32278 2.79E-06 1.33E-06
149 0.00 3100.50 63632 46.63 6.22E-06 0.0000 0.0000 71366 4.66E-06 2.27E-07
155 0.00 3100.50 80572 58.65 7.2E-06 0.0000 0.0000 52614 3.84E-06 5.84E-07
156 0.00 3100.50 61383 46.35 6.09E-06 0.0000 0.0000 69893 4.6E-06 I.81E-07
159 0.00 3100.50 63461 4I.l5 6.2 IE-06 0.0000 0.0000 89205 5.34E-06 2AIE-07
162 0.00 3100.50 76885 48.75 6.99E-06 0.0000 0.0000 78467 4.94E-06 3.54E-07
167 , 0.00 3100.50 73161 50.67 6.78E-06 0.0000 0.0000 69513 4.58E-06 2.6IE-07



Analytical Results A5-25

TABLE A5.25 : Compartment 4 biogas data for the Cl Reactive Red 141 investigation (Section 5.4.10).

Compartment 4

Methane CO2 N2

Elapsed
Volume

Time Gas prodn Cumul. gas (area) (%) moles
(L)

gCOD (area) (moles) (moles)
(d) (L) (L)

9 0 0 92817 53.30 7.84E-06 0.0000 0.0000 73524 4.75E-06 9.8IE-07
16 ~ 0 0 36868 25.80 4.39E-06 0.0000 0.0000 50037 3.72E-06 4E-06
23 0 0 78105 45.91 7.06E-06 0.0000 0.0000 87560 5.28E-06 6.17E-07
30 0 0 16082 13.42 2.48E-06 0.0000 0.0000 25080 2.35E-06 4.95E-06
37 41.4036 41.4036 38596 32.21 4.53E-06 17.0093 43.0614 44034 3.43E-06 3.07E-06
44 0.0159 41.4195 31080 25.21 3.92E-06 0.0057 0.0144 38352 3. 13E-06 3.9E-06
50 0 41.4195 89231 67.00 7.66E-06 0.0000 0.0000 33027 2.83E-06 1.28E-06
64 56.1111 97.5306 121467 75.55 9.2E-06 40.9229 103.6023 36803 3.04E-06 3.7 IE-07
71 74.3484 171.879 83586 48.89 7.36E-06 42.7342 108.1879 85991 5.23E-06 2. 17E-07

78 0 171.879 59830 43.08 5.99E-06 0.0000 0.0000 29796 2.64E-06 3.69E-06
84 0 171.879 44792 33.70 4.99E-06 0.0000 0.0000 32170 2.78E-06 4E-06
91 0.0636 171.9426 10893 7.34 1.86E-06 0.0121 0.0307 11187 1.3E-06 6.59E-06

98 0.0477 171.9903 95255 68.33 7.96E-06 0.0332 0.0840 43715 3.41E-06 7.21E-08
105 0 171.9903 100966 66.46 8.25E-06 0.0000 0.0000 49258 3.68E-06 2.61E-07
119 0.1908 172.1811 94252 71.27 7.9IE-06 0.1363 0.3451 37524 3.08E-06 7.73E-08
126 0.0159 172.197 64765 52.13 6.29E-06 0.0095 0.0240 58661 4. 12E-06 1.3IE-07
131 0.0159 172.2129 103557 71.24 8.37E-06 0.0112 0.0284 40186 3.23E-06 2.5E-07
138 0.0159 172.2288 44949 51.95 5E-06 0.0087 0.0221 18895 1.92E-06 2.19E-06
149 0.0477 172.2765 66567 49.02 6.4E-06 0.0276 0.0699 68465 4.54E-06 1.2IE-07
155 0.0159 172.2924 88781 59.12 7.63E-06 0.0099 0.0250 56915 4.04E-06 6.2E-07
156 0.0159 172.3083 62434 51.39 6.15E-06 0.0094 0.0239 58367 4. 11 E-06 !.lIE-07
159 0 172.3083 64312 44.16 6.27E-06 0.0000 0.0000 79984 5E-06 2.11E-07
162 0.0159 172.3242 98738 70.11 8. 14E-06 0.0112 0.0284 41460 3.29E-06 1.03E-07
167 0.0159 172.3401 94209 69.20 7.9IE-06 0.0111 0.0282 41194 3.28E-06 !.l8E-07



Analytical Results A5-26

TABLE A5.26 : Compartment 5 biogas data for the Cl Reactive Red 141 investigation (Section 5.4.10).

Compartment 5

Methane CO2 N2

Elapsed
VolumeTime Gas prodn .Cumul. gas (area) (%) moles

(L)
gCOD (area) (moles) (moles)

(d) (mL) (mL)
9 0.00 0.00 103158 61.55 8.35E-06 0.0000 0.0000 59412 4.15E-06 6.82E-07

16 - 0.00 0.00 43292 32.39 4.88E-06 0.0000 0.0000 49520 3.7E-06 3.26E-06
23 0.00 0.00 96092 57.67 8E-06 0.0000 0.0000 66986 4.48E-06 5.05E-07
30 0.00 0.00 13697 8.61 2.21E-06 0.0000 0.0000 35610 2.98E-06 6.06E-06
37 14564.40 14564.40 42724 34.12 4.84E-06 6.2127 15.7283 51795 3.81E-06 2.69E-06
44 0.00 14564.40 32577 27.67 4.05E-06 0.0000 0.0000 37445 3.08E-06 3.6IE-06
50 0.00 14564.40 57727 40.89 5.86E-06 0.0000 0.0000 28328 2.55E-06 3.96E-06
64 1144.80 15709.20 90817 57.79 7.74E-06 0.6602 1.6714 33732 2.87E-06 2.8IE-06
71 15.90 15725.10 90095 49.21 7.7E-06 0.0092 0.0232 91692 5.44E-06 2.05E-07
78 15.90 15741.00 61611 44.77 6.IE-06 0.0079 0.0201 25252 2.36E-06 3.76E-06
84 15.90 15756.90 48465 31.23 5.24E-06 0.0065 0.0164 37341 3.07E-06 4.58E-06
91 15.90 15772.80 12487 7.62 2.06E-06 0.0031 0.0078 16329 1.73E-06 6.85E-06
98 47.70 15820.50 111259 67.56 8.74E-06 0.0322 0.0815 49994 3.72E-06 4.92E-07

105 15.90 15836.40 104753 70.03 8.43E-06 0.0112 0.0284 44353 3.44E-06 7.88E-08
119 190.80 16027.20 102244 69.74 8.31E-06 0.1344 0.3402 43953 3.42E-06 6.68E-08
126 15.90 16043.10 70103 52.61 6.61E-06 0.0095 0.0242 62470 4.29E-06 1.09E-07
131 15.90 16059.00 95650 71.41 7.98E-06 0.0112 0.0284 36362 3.02E-06 2.93E-07
138 31.80 16090.80 114249 67.88 8.87E-06 0.0216 0.0546 51148 3.77E-06 4.25E-07
149 31.80 16122.60 71244 49.86 6.67E-06 0.0185 0.0469 70684 4.63E-06 1.5E-07
155 15.90 16138.50 68191 59.58 6.5E-06 0.0100 0.0253 43211 3.38E-06 4.44E-07
156 0.00 16138.50 70973 51.90 6.66E-06 0.0000 0.0000 64798 4.39E-06 1.57E-07
159 0.00 16138.50 70082 47.76 6.6IE-06 0.0000 0.0000 75555 4.83E-06 1.75E-07
162 15.90 16154.40 104217 72.13 8.4E-06 0.0114 0.0288 39309 3. I8E-06 1.51 E-07
167 0.00 16154.40 82209 61.25 7.28E-06 0.0000 0.0000 34044 2.89E-06 1.85E-06



Analytical Results A5-27

TABLE A5.27 : Compartment 6 biogas data for the Cl Reactive Red 141 investigation (Section 5.4.10).

Compartment 6

Methane COz Nz

Elapsed
Volume

Time Gas prodn Cumul. gas (area) (%) moles
(L)

gCOD (area) (moles) (moles)
(d) (mL) (mL)

9 0.00 0.00 109650 61.47 8.66E-06 0.0000 0.0000 61912 4.26E-06 8.8E-07
16 0.00 0.00 46473 34.35 5.IE-06 0.0000 0.0000 51020 3.77E-06 3.1E-06

23 0.00 0.00 66410 54.88 6.39E-06 0.0000 0.0000 49132 3.68E-06 7.32E-07
30 0.00 0.00 11670 7.36 1.96E-06 0.0000 0.0000 37041 3.06E-06 6.06E-06
37 47.70 47.70 49626 42.34 5.32E-06 0.0233 0.0589 47913 3.62E-06 1.98E-06
44 0.00 47.70 38797 29.26 4.54E-06 0.0000 0.0000 42322 3.34E-06 3.79E-06
50 0.00 47.70 60088 42.93 6.0IE-06 0.0000 0.0000 29592 2.63E-06 3.73E-06
64 0.00 47.70 103190 65.67 8.35E-06 0.0000 0.0000 39839 3.2IE-06 1.55E-06
71 31.80 79.50 87948 51.74 7.59E-06 0.0189 0.0477 80979 5.04E-06 1.69E-07
78 0.00 79.50 94120 69.56 7.9IE-06 0.0000 0.0000 23696 2.25E-06 1.82E-06
84 15.90 95.40 36762 32.20 4.38E-06 0.0066 0.0166 27767 2.52E-06 3.7E-06
91 0.00 95.40 80346 52.36 7.18E-06 0.0000 0.0000 32786 2.82E-06 3.23E-06
98 15.90 111.30 99609 64.34 8. I8E-06 0.0102 0.0259 48434 3.64E-06 8.74E-07

105 31.80 143.10 92177 70.76 7.8 1E-06 0.0227 0.0575 38084 3.IIE-06 0
119 31.80 174.90 94420 67.99 7.92E-06 0.0220 0.0557 43813 3.4IE-06 1.03E-07
126 15.90 190.80 68356 53.25 6.5IE-06 0.0096 0.0243 59392 4.15E-06 9.84E-08
131 0.00 190.80 96905 71.21 8.05E-06 0.0000 0.0000 36961 3.05E-06 3.32E-07
138 15.90 206.70 37384 31.14 4.43E-06 0.0065 0.0164 27186 2.48E-06 3.98E-06
149 0.00 206.70 53335 38.19 5.57E-06 0.0000 0.0000 24832 2.33E-06 4.24E-06
155 0.00 206.70 98328 70.01 8.12E-06 0.0000 0.0000 33065 2.83E-06 I.lE-06
156 0.00 206.70 49424 38.28 5.3 1E-06 0.0000 0.0000 28801 2.58E-06 3.76E-06
159 0.00 206.70 100254 73.92 8.2IE-06 0.0000 0.0000 35371 2.96E-06 0
162 15.90 222.60 110853 74.53 8.72E-06 0.0116 0.0294 36624 3.03E-06 1.97E-07
167 0.00 222.60 99962 71.63 8.2E-06 0.0000 0.0000 34576 2.92E-06 6.8E-07



Analytical Results A5-28

TABLE A5.28 : Compartment 7 biogas data for the Cl Reactive Red 141 investigation (Section 5.4.10).

Compartment 7

Methane CO2 N2

Elapsed
Volume

Time Gas prodn Cumu!. gas (area) (%) moles
(L)

gCOD (area) (moles) (moles)
(d) (mL) (mL)

9 0.00 0.00 88488 60.65 7.62E-06 0.0000 0.0000 49768 3.71E-06 9.64E-07
16 .- 0.00 0.00 47368 37.03 5.17E-06 0.0000 0.0000 50463 3.74E-06 2.66E-06

23 0.00 0.00 47928 52.28 5.21E-06 0.0000 0.0000 39669 3.2E-06 5.71E-07

30 0.00 0.00 9583 6.78 1.69E-06 0.0000 0.0000 33428 2.85E-06 5.67E-06

37 286.20 286.20 36478 29.77 4.36E-06 0.1126 0.2851 36357 3.02E-06 3.71E-06

44 15.90 302.10 3644 2.82 7.65E-07 0.0014 0.0034 30255 2.67E-06 556E-06
50 0.00 302.10 3535 2.33 7.45E-07 0.0000 0.0000 13322 1.49E-06 6.85E-06
64 0.00 302.10 8250 5.69 1.5E-06 0.0000 0.0000 29740 2.64E-06 5.97E-06

71 0.00 302.10 71240 43.03 6.67E-06 0.0000 0.0000 60083 4.18E-06 2.9E-06

78 0.00 302.10 17711 11.33 2.66E-06 0.0000 0.0000 27222 2.48E-06 6.11E-06
84 0.00 302.10 40775 26.81 4.69E-06 0.0000 0.0000 47351 3.59E-06 4.35E-06

91 15.90 318.00 0 0.00 0 0.0000 0.0000 23010 2.21E-06 7E-06

98 63.60 381.60 17634 10.92 2.65E-06 0.0143 0.0363 41969 3.32E-06 5.79E-06
105 15.90 397.50 29438 18.46 3.78E-06 0.0049 0.0123 39935 3.21E-06 5.38E-06

119 15.90 413.40 75158 54.42 6.9E-06 0.0089 0.0227 43490 3.4E-06 1.96E-06
126 0.00 413.40 16219 10.58 2.5E-06 0.0000 0.0000 28691 2.57E-06 6.01E-06
131 0.00 413.40 33977 20.99 4. 16E-06 0.0000 0.0000 41751 3.31E-06 5.23E-06

138 0.00 413.40 27148 20.68 3.58E-06 0.0000 0.0000 29513 2.62E-06 4.79E-06

149 15.90 429.30 40785 30.01 4.69E-06 0.0064 0.0162 26776 2.45E-06 4.53E-06

155 0.00 429.30 60171 44.69 6.01E-06 0.0000 0.0000 27456 2.5E-06 3.57E-06
156 15.90 445.20 15882 11.76 2.46E-06 0.0038 0.0096 25818 2.39E-06 5.49E-06

159 0.00 445.20 98369 69.28 8. 12E-06 0.0000 0.0000 33108 2.84E-06 1.24E-06

162 15.90 461.10 46309 30.99 5.09E-06 0.0064 0.0163 34841 2.94E-06 4.53E-06
167 0.00 461.10 69232 47.41 6.56E-06 0.0000 0.0000 31351 2.73E-06 3.5E-06



Analytical Results A5-29

TABLE A5.29 : Compartment 8 biogas data for the Cl Reactive Red 141 investigation (Section 5.4.10).

Compartment 8

Methane CO2 N2

Elapsed
VolumeTime Gas prod" Cumul. gas (area) (%) moles

(L)
gCOD (area) (moles) (moles)

(d) (mL) (mL)
9 0.00 0.00 104404 61.08 8.41E-06 0.0000 0.0000 57653 4.07E-06 1.09E-06

16 ~ 0.00 0.00 44482 35.41 4.96E-06 0.0000 0.0000 48684 3.66E-06 2.8E-06

23 0.00 0.00 83117 52.08 7.33E-06 0.0000 0.0000 69538 4.58E-06 8.92E-07
30 0.00 0.00 9144 7.03 1.63E-06 0.0000 0.0000 30489 2.68E-06 5.39E-06
37 1685.40 1685.40 41788 28.14 4.77E-06 0.6436 1.6295 43300 3.39E-06 4.33E-06
44 0.00 1685.40 8779 5.81 1.57E-06 0.0000 0.0000 33188 2. 84E-06 6.04E-06
50 0.00 1685.40 457 0.76 1.1IE-07 0.0000 0.0000 8481 1.05E-06 3.77E-06
64 0.00 1685.40 17568 9.95 2.64E-06 0.0000 0.0000 40773 3.26E-06 6.33E-06
71 0.00 1685.40 71455 41.33 6.69E-06 0.0000 0.0000 61310 4.24E-06 3.22E-06
78 0.00 1685.40 21447 16.36 3.04E-06 0.0000 0.0000 28635 2.57E-06 5.04E-06
84 0.00 1685.40 19493 15.47 2.85E-06 0.0000 0.0000 29970 2.65E-06 4.87E-06
91 0.00 1685.40 0 0.00 0 0.0000 0.0000 32634 2.81E-06 6.85E-06
98 0.00 1685.40 23569 13.70 3.25E-06 0.0000 0.0000 45559 3.5E-06 5.83E-06

105 0.00 1685.40 90010 59.00 7.7E-06 0.0000 0.0000 44062 3.43E-06 1.89E-06
119 0.00 1685.40 88508 60.92 7.62E-06 0.0000 0.0000 49461 3.69E-06 9.31E-07
126 0.00 1685.40 27827 25.55 3.64E-06 0.0000 0.0000 3399 4.87E-07 4.9IE-06
131 0.00 1685.40 71778 55.92 6.71E-06 0.0000 0.0000 47672 3.61E-06 1.09E-06
138 0.00 1685.40 13504 42.16 2.18E-06 0.0000 0.0000 9292 1.13E-06 1.12E-06
149 0.00 1685.40 20398 13.82 2.94E-06 0.0000 0.0000 32092 2.78E-06 5.56E-06

155 0.00 1685.40 58508 35.89 5.91E-06 0.0000 0.0000 31999 2.77E-06 4.71E-06
156 0.00 1685.40 14877 10.27 2.34E-06 0.0000 0.0000 26825 2.46E-06 5.84E-06
159 0.00 1685.40 54816 40.81 5.67E-06 0.0000 0.0000 32537 2.8E-06 3.57E-06

162 0.00 1685.40 42455 29.20 4.82E-06 0.0000 0.0000 32630 2.81E-06 4.62E-06
167 0.00 1685.40 68919 47.10 6.54E-06 0.0000 0.0000 30782 2.7E-06 3.56E-06
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