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ABSTRACT

A novel prototype instrument was developed to measure biomass catalase activity of 

suspended cultures. The technology was applied to develop a batch method of 

measuring activity in other media (e.g. soils) and a method of measuring hydrogen 

peroxide concentration. The biomass catalase activity of different microbial populations 

was measured successfully semi-continuously on-line (activated sludge, nitrifying 

culture) and off-line (soils). Garden soil, soil undergoing bioremediation and a 

characterised soil demonstrated catalase activities between 78 and 696 catalase units g" 1 

dry weight of soil. Catalase activity was linearly correlated with different weights of 

each soil and was an indicator of bioremediation efficiency. Nitrifying cultures 

(enrichment nitrifying culture and pure cultures of Nitrosomonas) were shown to have a 

specific activity between 79,012 and 265,965 catalase units g" 1 MLVSS. Nitrification 

ability of the cultures was inhibited by ATU and 3,5-DCP while catalase activity 

remained stable for more than one hour following inhibitor addition in continuous 

studies. Activated sludges taken from Cynon Sewage Treatment Works then maintained 

in the laboratory were shown to have a specific activity between 8,392 and 107,136 

catalase units g^MLVSS. Using a 100 litre activated sludge plant operating at varying 

OLR (between 0.5 and 2.0 kg COD m"3 reactor day" 1 , corresponding to changes in F/M 

of between 0.12 and 0.65 kg COD/kg MLVSS day" 1 ) in 8 experiments lasting up to 15 

days, an increase in organic loading rate was reflected by an increase in catalase activity 

and increased utilisation of dissolved oxygen. Starvation caused by a decrease in OLR 

also increased catalase activity by up to seven times within 36 hours. The catalase 

activity monitor provides additional knowledge of the effects of environmental changes 

on biological processes occurring within a wastewater treatment plant that may not be 

reflected by current standard methods alone.



AIMS

• Evaluation of the use of the catalase activity monitor to detect short term the 

effect of toxic influent on a nitrifying culture.

• Application of the basic concept of the catalase activity monitor in soil 

bioremediation technology.

• Assessment of the usefulness of biomass catalase activity as an operational 

parameter in wastewater treatment systems.

• Development of a prototype biomass catalase activity monitor to a standard such 

that it may be used semi-continuously on—line on an activated sludge plant for an 

extended period.



1 ON-LINE MEASUREMENT OF ACTIVE BIOMASS - 

INTRODUCTION

1.1 Biomass measurement in activated sludge and soils

1.1.1 Determination of the biomass content and activity of activated sludge 

The activated sludge process is a common method of sewage treatment in the UK. It is 

dependent on a microbial culture associated as discrete floes that settle well so that a 

portion may be retained within the reactor in order to treat incoming waste. The 

remaining culture can then settle gravitationally in the final stages to provide a clean 

effluent that contains less than 30 mg I" 1 of suspended solids. Knowledge of the amount 

of bacterial mass in the aerobic reactor is very important in order to regulate the 

proportion of sludge from the settler returned to the reactor (return activated sludge, 

RAS) and wasted (waste activated sludge, WAS), and hence manipulate the sludge age. 

The food to microorganism (F:M) ratio is also manipulated in this way. By decreasing 

the RAS, the F:M ratio is increased, and vice versa, which allows manipulation of the 

biological properties of the activated sludge including settleability and substrate 

removal rate. The microbial mass of the aeration tank is traditionally taken as the mixed 

liquor suspended solids (MLSS), and is usually between 2 and 6g I" 1 in activated sludge 

plants (CIWEM, 1997). The MLSS determination does not differentiate between 

organic and non-organic matter, so a further measurement of mixed liquor volatile 

suspended solids (MLVSS) is used to determine organic content. The MLSS and 

MLVSS determinations are described in section 2.4.1. The MLVSS measurement does 

not differentiate between active and inactive microorganisms, or microbial cells and 

inert organic matter; MLVSS and MLSS remain, however, the most common biomass 

determinations for their ease of execution and universal use. Values of MLSS can be 

determined on-line using turbidimeters although these also do not differentiate between 

viable and non-viable cells.

Measurements of viable cell biomass can be sub-divided into direct and indirect 

methods. Direct methods include microscopic analysis, plate count and most probable 

number techniques (Herbert, 1990). Microscopic counting methods were common in the 

1960's and 1970's, and normally produced higher counts than other techniques such as 

culturing methods (Pike, 1975). Other methods, utilising photoacoustic spectroscopy



(Schmidt and Beckmann 1998), capacitance technology or other electrochemical 

methods (Sakato et al. 1981) have been used to measure cell numbers in fermentations, 

but the heterogeneous nature of activated sludge makes many of these methods 

inapplicable.

Indirect methods involve measuring a function or property of the bacterial cells rather 

than the cells themselves. Methods include measurements of DNA, extractable 

lipopolysaccharide and muramic acid (Herbert, 1990). ATP has also been used 

successfully to measure viable biomass in activated sludge (Nelson and Lawrence 

1980). Indirect measurements of substrate and product formation have been used 

successfully to estimate biomass concentration in lactic acid fermentations (Acuna et al. 

1994), although it must be noted that fermentation systems are maintained under tightly 

controlled conditions and do not represent the constantly changing variables of a natural 

system.

The approach of Liebeskind and Dohmann (1994) of measuring biomass concentration 

using DNA in activated sludge systems was criticised by Palmgren and Nielsen (1996). 

Liebeskind and Dohmann (1994) assume that the DNA from dead cells and extracellular 

DNA is utilised as a rich C source by living organisms within a short period. Palmgren 

and Nielsen (1996), however, showed that DNA was accumulated extracellularly within 

the floe matrix, especially in well-flocculating activated sludge, leading to 

overestimations of biomass concentration. There have been attempts to identify 

different bacterial populations within activated sludge, for example, using respiratory 

quinone profiles (Hiraishi, 1988), or specialised Biolog™ Miroplates that are used to 

measure metabolic profiles (Kaiser et al. 1998).

Biomass activity measurements can be separated from living or viable cell 

measurements, as they may take account of metabolic inhibition of microorganisms by 

pollutants. Biomass activity may be considered the most important measurement for 

monitoring activated sludge processes on-line and for measurement of short-term effects 

in the system. The activity of an aerobic biomass is governed by organism type and 

concentration of respiring cells, influent strength and biodegradability, toxic 

components, temperature and availability of sufficient dissolved oxygen (DO). Activity 

measurements may either be taken as their pollutant degrading capability by monitoring 

effluent quality, or by measuring an intracellular component that is related to a

5



metabolic reaction within the cell, such as ATP or certain enzyme activities (Hosetti and 

Patil 1998 and 1992, Nybroe et al 1992, Le Bihan and Lessard 1998).

The most common determination of the activity of activated sludge is oxygen uptake 

rate (OUR) (Huang and Cheng 1984, Wentzel et al. 1998, Carlsson 1993). The 

respirometric measurement consists of aerating a stirred sample of sludge to a 

predetermined set point, then measuring the decrease in residual dissolved oxygen over 

time on cessation of aeration until it reaches a (lower) predetermined set point. The 

OUR is computed as the decay in DO divided by the time lapse between the upper and 

lower set points. When combined with solids analysis, the OUR for a given mass of 

bacteria can be determined and is given as the SOUR (specific oxygen uptake rate) or 

respiration rate. Sludges with a high biological activity will have a high respiration rate, 

and those with a low biological activity are identifiable by a low respiration rate. There 

are numerous and varied respirometers available on the market, including on-line and 

off-line models and those which can detect incoming toxicity to a wastewater treatment 

plant. In order for respirometric measurement to be a successful measurement of 

biomass activity consideration must be given to the sample size, location of the 

instrument at the treatment works, configuration of the treatment plant, variations in the 

treatment process and, most importantly, reliability of the various sensors utilised in the 

measurement, particularly DO electrodes. DO electrodes are prone to fouling caused by 

biofilm growth over the surface of the electrode, most notably in continuous on-line 

systems.

Aside from respirometric measurements, there are a number of methods that measure 

intracellular constituents that may be indicative of the concentration or activity of the 

biological population in activated sludge. Measurements of bacterial growth have been 

investigated by Pollard and Greenfield (1997) who measured the increase in cell 

numbers in activated sludge using radioactive thymidine incorporation (this is nucleic 

acid), hence growth rate, and correlated their method with direct counts. Some cells 

however are unable to take up thymidine, or are unable to incorporate it (Moriarty 

1986).

Sludge activity has been characterised by the measurement of uptake of 14C-labelled 

glucose, a highly complex method. An alternative method developed by Olah and 

Princz (1986) relies on a glucose-selective membrane electrode. Long-term continuous
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usage may result in biofilm growth over the membrane, which is common amongst 

these types of probes when they are in direct contact with activated sludge mixed liquor.

The ratio of DNA to RNA has been used to measure metabolic activities of selected 

bacteria isolated from a sequencing batch reactor (SBR) (Muttray and Mohn 1998) but, 

as with thymidine uptake, the activity of the selected strains may not reflect the activity 

of the overall heterogeneous population. Phosphatase activity in activated sludge floes 

has been measured using a fluorescence technique (Van Ommen Kloeke et al. 1999 and 

Van Ommen Kloeke and Geesey 1999). However, not all cells display phosphatase 

activity, so the method must be considered inappropriate for overall activity of the 

activated sludge system.

1.1.2 Determination of the biomass content and activity of soils 

Soil microbial biomass is an important parameter in studies of ecology and fertility in 

soils and the quantity and activity of the micro-organisms in the soil are useful factors 

for assessing soil quality. Classical methods of soil microbial biomass estimation 

involve isolation and enumeration of soil bacteria, for example by plate counts 

(Frankenberger and Dick 1983 and Riis et al. 1998). Viable counts are an inadequate 

method of cell enumeration, due to significant difficulties in fully representing the 

bacterial population in the soil (Olsen and Bakken 1987).

The fumigation incubation technique is a measure of soil microbial biomass carbon 

(Jenkinson and Powlson 1976), and involves fumigating the soil with chloroform gas 

and measuring the "flush" of CC>2 production brought about by decomposition of the 

microbes killed by the fumigation. After fumigation the chloroform is removed, and the 

soil is incubated. The carbon dioxide evolved during incubation of a fumigated soil and 

an unfumigated control is measured using a titrimetric technique. The biomass is then 

calculated from the difference in carbon dioxide evolution between the two soils. An 

adaptation of the fumigation incubation method, which has been adopted as standard 

practice, is the fumigation extraction method (Vance et al. 1987), where the organic 

carbon that can be directly extracted from the soils is measured following fumigation as 

a measure of soil microbial biomass carbon. This method overcomes certain difficulties 

encountered with the fumigation incubation technique, for example not being a reliable 

measure of biomass carbon of very acidic soils.



Methods for measuring the microbial biomass activity in soils include bacterial 

respiration, ATP content (Hersman and Temple 1979), microcalorimetry (Sparling 

1981) and carbon dioxide evolution (Nannipieri et al. 1979). The methods for 

measuring biomass or biomass activity have drawbacks either due to complexity of the 

experiment, long analysis time, use of hazardous chemicals or large margins of 

experimental error.

Klein et al., (1985) described the use of soil enzymes as a fast response indicator of 

changes in soils, specifically in reclamation processes. The most commonly used 

methods for estimating microbial biomass content of soils using enzyme activity are the 

activities of dehydrogenase (Sparling et al. 1981 and Casida 1977), urease (Klose and 

Tabatabai, 1999) and phosphatase (Nannipieri et al. 1979). These methods remain 

laborious, often requiring extraction of the enzymes before their quantification. Catalase 

is another enzyme used to measure biomass activity in soils and in activated sludge and 

is commonly determined via measurement of O2 production from H2O2 or residual H2O2 

(De et al. 1980, Johnson and Temple 1964, Trasar-Cepeda et al. 1999).

1.2 Catalase structure and function

During the reduction of oxygen to water in aerobic cells via the tricarboxylic acid 

(TCA) cycle and oxidative phosphorylation, highly reactive intermediates are formed. 

These are superoxide (O2~), hydrogen peroxide (H2O2) and hydroxyl radical (OH') 

(luchi and Weiner 1996, Turrens 1997), which are toxic to aerobic cells. It is therefore 

advantageous to have within the cell a system to protect against such intermediates. A 

number of antioxidant enzymes including superoxide dismutase (SOD), peroxidase and 

catalase are employed for this purpose.

SOD converts the highly reactive superoxide anion produced during respiration into 

hydrogen peroxide as shown in equation (1.1) (Hassan 1989).

02" + 02 - +2H+ [=£ H2O2 +O2 (7.7) 
O
SOD



Peroxidases are monomeric enzymes that reduce H2O2 to water and oxidise a variety of 

organic substrates e.g. phenols and alanines (Welinder 1992). The peroxidative reaction 

is shown in equation (7.2).

i=>2H20 + R
O

Peroxidase

Catalase (E.G. 1.11.1.6.) is an enzyme present in all aerobic and most aerotolerant 

microorganisms which catalyses the decomposition of hydrogen peroxide into oxygen 

and water by the overall reaction shown in equation (1. 3) below.

2H202 "=> 2H20+02 (1.3)

Catalase

There is a considerable amount of variation in catalase structure which may be 

classified into three groups (Loewen, 1997) consisting of the monofunctional catalases, 

catalase-peroxidases and the non-heme catalases.

The major group is made up of the monofunctional catalases. These catalases share a 

similar core sequence spanning about 350 residues, which suggests that they are of 

similar ancestry. The structures of heme-containing catalases from bovine liver, 

Penicillium vitale, Saccharomyces cerevisiae, Micrococcus lysodeikticus, Proteus 

mirablis and Escherichia coli have been elucidated as tetramers (Bravo et al. 1999). 

There is a strong similarity between these catalases, which exhibit a conformation that 

is exclusive to heme catalases and is termed the "catalase fold" (Bravo et al. 1997).

The monofunctional catalase group is subdivided into typical and atypical catalases. 

Typical catalases are so-called as they are more similar to the catalases found in 

eukaryotic cells in that they consist of four 60kD subunits, each of which contains one 

heme b (Loewen and Switala 1987). They have been identified in a number of bacteria 

(Loewen 1997), including Campylobacter coli (Grant and Park 1995), Klebsiella 

pneumoniae (Goldberg and Hochman 1989) and Pseudomonas syringae (Klotz and 

Hutchinson, 1992). Atypical catalases have larger subunits of 80-84kD, with each



subunit containing heme-d. They have been identified in a number of bacteria including 

Xanthomonas spp. (Chamnogpol et al. 1995). Atypical catalases appear to be more 

stable over wider temperature (up to 70°C) and pH ranges (between pH 3 and 11 

(Loewen 1997)). Goldberg and Hochman (1989) noted that that catalase from Klebsiella 

pneumoniae shows a pH plateau between pH 5 and 10.

Heme-containing catalase-peroxidases are homotetramers that display peroxidative 

activity, such as the catalase HPI of Escherichia coli (Mukhopadhyay and Schellhorn, 

1994), and Isozyme I of Bacillus firmus (Hicks 1995). These are bifunctional enzymes, 

able to catalyse both reactions 1.2 and 1.3. The non-heme catalases are often referred to 

as pseudo catalase as they are insensitive to some of the common catalase inhibitors 

such as cyanide. They do not contain a heme; rather they have the Mn ion as their co- 

factor. Pseudo catalases are found in the lactic acid bacteria.

Catalase catalyses the decomposition of hydrogen peroxide into oxygen and water by 

the overall reaction shown in equation (1.3) below.

2H202 c=> 2H20+02 (1.3)
O

Catalase

In monofunctional heme catalases, following the reaction with one molecule of H2O2 

the enzyme forms compound 1 (Ghadermarzi et al. 1999 and Lardinois et al. 1996), in 

which the heme is two oxidation states above its resting state (Fe5+). Compound 1 then 

reacts with another molecule of H2O2, which results in the production of oxygen and 

water, and the enzyme returns to its resting Fe + state, often referred to as ferricatalase 

(Ghadermarzi et al. 1999 and Lardinois et al. 1996). The turnover rate for catalase is 

one of the fastest known, typically 109 molecules per active site per second (at 1M 

H2O2), close to the diffusion controlled limit (Farr and Kogoma 1991). Additionally as 

the reaction is an exothermic disproportionation that does not require ATP, catalase can 

protect against H2O2 damage even in energy depleted cells. It is interesting to note that 

some aerotolerant bacteria, such as some lactic acid bacteria, appear to be catalase 

negative although some can synthesise catalase if haem is provided.
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1.3 Regulation of catalase activity in bacteria

Different catalases may be found within a single bacterial cell and in different locations 

within the cell. Escherichia coli has long been known to contain two electrophoretically 

distinct catalases (Hassan and Fridovich 1978), while Bacillus firmus OF4 contains 

three (Hicks 1995). Aspergillus niger has been shown to contain multiple catalases, 

some of which are cell wall bound, and others which are intracellular (Witteveen et al. , 

1993). The synthesis of many enzymes in bacterial cells is regulated. The enzyme may 

be synthesised (induced) only when required. Induction may involve activating 

synthesis of mRNA by RNA polymerase at the enzyme's gene(s), that is the 

transcription process. The rate of transcription of the gene may be regulated by proteins 

that interact with a nucleotide sequence at the start of the gene, the promoter sequence. 

RNA polymerase recognises and binds to this region and initiates the transcription 

process. Although catalase is present in the cell in order to prevent the accumulation of 

hydrogen peroxide, it appears that not all catalases are induced by the presence or 

addition of hydrogen peroxide.

For example, the two catalases of E. coli are termed hydroperoxidase I (HPI) and 

hydroperoxidase II (HPII) and are independently regulated (Mukopadhay and 

Schellhom, 1994). The induction of catalase HPI and HPII of E. coli have been closely 

studied. HPI is regulated by OxyR, a transcriptional activator protein. HPII is regulated
c

by o (may also be referred to as RpoS or KatF), an RNA polymerase sigma factor 

encoded by the rpoS gene (Loewen 1997).

1.3.1 Mechanisms of regulation of OxyR

OxyR is a transcriptional activator protein encoded by the oxyR gene. OxyR molecules 

are present at all times in the presence or absence of an inducer, bound to the promoters 

of oxy/?-regulated genes, such as katG, the gene that encodes the catalase HPI of E. coli. 

OxyR is activated directly by oxidation by hydrogen peroxide, allowing a rapid defence 

against oxidative stress, and negatively regulates its own expression under reducing 

conditions (Storz et al. 1990). More than 9 proteins are regulated in E. coli by OxyR 

and include the antioxidants alkyl hydroperoxide reductase and glutathione reductase 

(luchi and Weiner 1996). OxyR homologues have been identified in other bacteria, 

although the gene arrangement around oxyR may differ between organisms (Storz and 

Imlay 1999). Under certain growth conditions, HPI may also be regulated by as .
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1.3.2 Mechanisms of regulation of os

A sigma factor is a subunit of RNA polymerase that decreases the affinity of the RNA 

polymerase for general regions of DNA, which contributes to specific initiation and aids 

in promoter recognition (Demple 1991). as is responsible for induction of several genes 

associated with cellular stress, for example CTS is required as a positive regulatory factor 

for katE which is the structural gene for HPII (Schellhorn 1994).

1.4 Regulation in response to growth conditions

1.4.1 Oxidative stress

The primary site of superoxide and hydrogen peroxide formation in the aerobic 

respiratory chain of Escherichia coli has been identified as NADH dehydrogenase II 

(Messner and Imlay 1999). Damage to biological systems is caused when H2O2 reacts 

with reduced redox materials for example Fe2+ to produce highly reactive hydroxyl 

radicals (Van Dyke et al. 1996). Hydroxyl radicals (OH") are the most highly oxidising 

species available with an oxidation potential of 2.80 V compared to that of 2.07 V for 

ozone (Carey 1992). The hydroxyl radicals can react with and damage intracellular 

compounds such as proteins, DNA and lipids (Lledias et al. 1998). Peroxidases and 

catalases are employed to prevent formation of hydroxyl radicals by catalysing the 

breakdown of H2O2 to harmless by-products. Hydrogen peroxide freely permeates the 

cell membrane, and as such, addition of hydrogen peroxide to the growth medium is 

commonly used to measure the response of catalase to hydrogen peroxide. On addition 

of hydrogen peroxide to a culture of E. coli K12, catalase levels increase rapidly in 

order to protect the cell against damage, with an increase of 50% within 10 minutes 

following exposure reported by Piertersen et al. (1996). Catalase is not sufficient to 

defend individual cells against high levels of extracellular hydrogen peroxide, but high 

density colonies may withstand high levels of hydrogen peroxide addition, and may 

even confer protection to catalase negative mutants within the colony (Ma and Eaton 

1992). In the presence of excessively high levels of hydrogen peroxide, catalase may be 

irreversibly inactivated, sometimes called suicide inactivation (Lardonis et al. 1996, 

Moosavi Movahedi et al. 1999)

1.4.2 Stationary phase/starvation

Mulvey et al. (1990) measured the expression of katE during entry of a culture of E. 

coli into stationary phase and recorded that the increase in expression was associated 

with depleted carbon levels in the growth medium at this time. They suggested,
12



however that carbon depletion alone was not sufficient to induce expression. 

Significant work by Schellhorn and Stones (1992), and Mukhopadhey and Schellhorn 

(1994) expands on the effects of growth phase on catalase induction such that 

concentration changes of certain weak acids in the culture medium increased expression 

of both HPI and HPII in stationary phase cultures of E. coli K12.

E. coli cells produce more than 30 proteins, including osmotic and heat stress proteins 

when they are starved in stationary phase (Fair and Kogoma 1991). N-starvation 

resulting in induction of cytosolic catalase in S. cerevisiae is reported by Marchler et al. 

(1993). The expression of a number of protective proteins is also regulated by rf* when 

E. coli is subjected to carbon starvation (Schellhorn and Stones 1982, Schellhorn, 

1994).

1.4.3 Dissolved oxygen concentration

Hassan and Fridovich (1977) showed that specific catalase activity increased in 

increasingly aerobic conditions and that when E. coli grown anaerobically was 

transferred to an aerobic growth medium, the total amount of catalase doubled within 3 

hours. They noted that inhibitors of protein synthesis completely prevented the 

induction in response to increase in response to aeration, suggesting that there is de 

novo induction of catalase rather than simply activation of pre-existing catalase. They 

later amended their theory of induction of catalase (Hassan and Fridovich 1978) by 

suggesting that it was not the concentration of oxygen per se that resulted in the 

induction of catalase, but that the synthesis of catalase was linked with synthesis of 

components of the electron transport chain. This leaves the theory open to the 

suggestion that any event that causes components of the electron transport chain to be 

synthesised may lead to increased synthesis of catalase. Witteveen et al. (1993) also 

reported the effect of increased oxygen concentration on catalase activity. Specific 

catalase activities of four strains of Aspergillus niger were consistently higher when 

grown under high oxygen conditions (above 30% saturation), when compared with 

cultures grown in media that were less than 10% saturated with oxygen.

1.5 Interaction between regulatory systems

The literature indicates that there is a significant crossover in the response to numerous 

stresses in the cell. Exposure of E. coli to ozone has resulted in the de novo induction of 

catalase, with exposure to ozone resulting in increase in the specific activity of cajalase

up to 1160% (Whiteside and Hassan 1987). Osmotic stress results in increased
13



thermotolerance and H^C^ resistance in E. coli, which is CTS dependent (Fair and 
Kogoma 1991). Hengge-Aronis (1996) suggested that os mediated a general stress 
response that is accompanied by a response specific to the stress conditions that is as 
independent. The fact that a stress that results in sub-optimal growth conditions 
interferes with the ability of the cell to respond to other additional stresses suggests that 
as is regulated by many different environmental signals.

Hence, catalases are ubiquitous enzymes in aerobic and aerotolerant microorganisms 
and their concentration in the cell can vary according to growth phase, respiratory 
activity and various environmental stresses.

1.6 Use of catalase activity to determine hydrogen peroxide 

concentrations

Hydrogen peroxide has diverse industrial applications. It is a powerful oxidant and has 
non-polluting decomposition products. Sulphide corrosion of waste pipes may be 
controlled by addition of hydrogen peroxide to waste water (Cadena and Peters 1988). 
Hydrogen peroxide can also be used as an additional oxygen source for overloaded 
activated sludge plants (Houtmeyers et al., 1977) and controlling filamentous bulking 
(Saayman et al., 1996 and 1998). Peroxide is used in paper manufacture (Prat et al., 

1988) and during de-inking in waste paper recycling (Grayson and Eckroth 1981).

Peroxide is used in the removal of colour and it is applied extensively as a bleaching 
agent in the textiles industry. Ince (1999) showed how efficient use of peroxide could 
improve the cost-effectiveness of photochemical dye degradation. A major application 
of peroxide is in advanced oxidation processes (AOP), removing recalcitrant organic 
contaminants such as herbicides and PCBs (Karpel vel Leitner and Dore 1997, Lin and 
Gurol 1996, Pignatello 1992, Pignatello and Chapa 1994).

Pardieck et al., (1992) have reviewed the use of hydrogen peroxide to increase oxidant 
capacity for in situ bioremediation of contaminated soils and aquifers. Hydrogen 
peroxide was reported to be the oxygen source most widely used in the biological 
treatment of subsurface contamination in soils (Spain et al, 1989).

Several workers have developed amperometric methods of peroxide measurement using 
a membrane containing catalase or peroxidase, based on oxygen electrode principles or
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other transducers. A sensor consisting of catalase embedded on a collagen membrane 

was developed by Aizawa et al. (1974). The oxygen released provided a measurable 

indicator of the hydrogen peroxide concentration. This instrument had a linear response 

up to 50 mgl' 1 H2O2 .

Sensor performance has been improved by immobilising the enzyme onto different 

substrates. Joo and Yoo (1991) used a poly(vinyl alcohol)/poly(tetra fluoro ethylene) 

bilayer to trap catalase, and measured oxygen evolved using an oxygen electrode. The 

peroxide measurement was linear up to 4.7 gl" 1 . Increased stability of the immobilised 

enzymes was achieved to a certain extent by Joo et al., (1996) by immobilisation of the 

catalase in polyethylene glycol, the increased stability being due to the hydrogen 

bonding between the gel and the catalase.

A more indirect utilisation of catalase in hydrogen peroxide probes has been described 

by Racek and Petr (1990). Here, measurement is based on oxygen evolved due to the 

catalase activity of human erythrocytes retained on a membrane. The disadvantages of 

such biosensors measuring peroxide are reviewed by Luong et al., (1993) most notably 

problems associated with stability and short lifetime.

Acoustic emission has also been utilised to measure hydrogen peroxide in solutions. 

This process (reviewed by Wade et al., 1991) measures the bubbling caused by the 

catalase - hydrogen peroxide reaction at a piezo-electric transducer and has been used to 

measure peroxide in the range 2-125 mM (0.03-2.2g 1" ).

Disadvantages of the above methods include fouling in wastewater streams, high cost of 

ownership, or requirement for skilled or frequent maintenance. There is still a need for a 

robust method to monitor hydrogen peroxide over a wide range of concentrations in 

"dirty" environments such as soil and effluents without fouling. Such a method based 

on the use of a low-flow gas meter (Guwy et al. 1995) to measure the gas evolved from 

H2O2 decomposition described in a patent (International Publication No. WO 96/18896) 

has been used to measure hydrogen peroxide concentration on-line (Guwy et al 2000) 

and this work is reported here.
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1.7 Catalase as a measure of biomass activity in activated sludge and 

soils

1.7.1 Catalase activity measurement

Catalase is particularly suitable for activity measurements as it is highly active over a 

wide pH range (pH 3-9), and requires no cofactors (Weetall et al, 1965), although as 

the author did not highlight any specific catalase, it is assumed that the wide pH range is 

due to multiple catalases within a single cell, as different catalases may exhibit different 

pH ranges and this is discussed later. Biomass activity measurements using catalase 

have been performed on both activated sludges and soils. Catalase is commonly 

measured as disappearance of HiCb by titration with potassium permanganate (KMnO/O 

(Gaddad et al. 1982). In the more recent work covering catalase induction in E.coli, 

catalase activity has been determined by the disappearance of HiOi measured 

spectrophotometrically (Witteveen et al. 1993, Meir and Yagil 1984, Schellhorn and 

Stones 1992, Lardinois et al. 1996). Use of pure cultures with controlled conditions 

limits the likelihood of interference by IrkOi degradation abiotically, by for example 

free Fe + .

Many novel methods have been developed to measure catalase activity, most of which 

are based on its reaction with tbC^. Methods include the gasometric measurements of 

oxygen evolution by Weetall et al. (1965) and Kruglov and Paromenskaya (1966). A 

more dubious disc-flotation method is described by Gagnon et al. (1959) who measured 

time taken for discs soaked in catalase solution to float to the surface of a solution of 

hydrogen peroxide.

1.7.2 Catalase activity measurements applied to activated sludge 

The interest in using enzyme activities to learn more about the activated sludge became 

popular in the 1960's before which reports of the extraction and purification of enzymes 

from sludge are virtually non-existent. The measurements of catalase in activated sludge 

of Sridhar and Pillai (1965) provided a great deal of knowledge, including that catalase 

activity could be used as an indication of the purifying capabilities of a sludge i.e. that 

sludge with a higher catalase activity resulted in a higher quality effluent in terms of 

COD and turbidity. Their method however, required the extraction of the enzyme, by all 

accounts a time consuming and laborious procedure not suited to any sort of real-time

measurements of activated sludge.
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The positive relationship between catalase activity and viable cell count in wastewaters 

was reviewed by Kadke and Raman (1978), and confirmed experimentally using 

cultures isolated from sewage by Gaddad et al. (1982) who suggested it may be used as 

an index to viable cell numbers in wastewater. In the investigations of Gaddad et al. 

(1982), catalase was determined by a time consuming extraction involving hand 

grinding the culture with sand and then measurement of disappearance of H2O2 by 

titration with KMnO4 . Viable cell counts were determined by the spread plate 

technique. Although suitable for the isolated strains used, the spread plate technique 

may not be practicable for an activated sludge as there is not a growth medium that 

would support all of the bacterial strains found in activated sludge to an equal extent 

leading to an erroneous viable cell count. The extraction method was improved by 

Gabbita and Huang (1984) who used sonication to extract the catalase from activated 

sludge, before titration with KMnC>4. They concluded that there was a relationship 

between catalase activity and MLVSS, although not with MLSS in dilutions of an 

activated sludge sample. They also confirmed reports by Sridhar and Pillai (1965) that 

catalase activity decreased with increasing temperature above 20°C, and reached zero at 

90°C. Later work by Ghadermarzi and Moosavi-Mavahedi (1997), however, 

demonstrated a marked increase in catalase activity on increasing the temperature from 

20°C to 33°C. Gabbita and Huang (1984) demonstrated that activity was maintained 

over a wide pH range, and remained uniformly high between pH 6 and 9. They also 

noted that the amount of catalase produced by the bacteria increased by almost fourfold 

in 8 days under starvation conditions. This increase could be due to the stress response, 

which results in the induction of a suite of proteins, including catalase when the cells 

are subject to stresses such as starvation. An increase in specific catalase activity (per g 

dry weight of biomass) was seen during a period of starvation in experiments using 

activated sludge by Sarangova and Somova (1997).

The use of catalase activity as a measure of microbial content was investigated by 

Hosetti and Frost (1997) who correlated catalase activity with BOD in effluent of 

anaerobic waste stabilisation ponds. Catalase activity has also been correlated with 

BOD in the effluent of several activated sludge plants (Hosetti and Frost, 1998). 

The relationship between purification capability and catalase activity was established by 

reports from Hosetti and Patil (1988) in relation to polluted rivers. It must be noted 

however that little reference is made in many of earlier reports regarding measurements
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of specific activity, as without knowledge of the bacterial mass one cannot distinguish 

between increase in biomass and increase in catalase synthesis.

A method for continuous measurement of catalase activity in activated sludge has been 

described (Guwy et al. 1998 and Guwy et al. 1999). In activated sludge samples it was 

found that catalase activity correlated with respirometric measurements, and as expected 

not with total or volatile solids measurements which include inert organic matter. It was 

concluded that catalase activity in a heterogeneous population might reflect the active 

aerobic microbial community, and it is this principle that is further investigated here.

1.7.3 Catalase activity measurement applied to soil biomass

Measurements of catalase by monitoring residual HiC^ include titration with potassium 

permanganate (De et al. 1980, Johnson and Temple 1964) and colorimetric 
determination (Trasar-Cepeda et al. 1999). A method for measurement of catalase 

activity in soils was described by Weetall et al. (1965) which relies on the manometric 

measurement of oxygen liberated during the reaction of catalase with HiC^. Oxygen 

liberated as a result of this reaction has also been measured using gas chromatography, 

with the assumption that all evolved oxygen would be in the gas phase of a sealed 
reaction vessel (Trevors 1984). A method dependent on the use of a low-flow gas meter 

(Guwy et al. 1995) to measure the gas evolved from HaCh decomposition described in a 

patent (International Publication No. WO 96/18896) has been used to measure catalase 

activity in soils (Guwy et al. 1999, Martin et al. 2000) and is reported on here.

1.8 The activated sludge process

The laboratory experiments conducted by Dr. E. Arden and Mr. W. T. Lockett in the 

1900's on aeration of sewage were to form the backbone of the aerobic treatment 

process as it is known today. Following work in Manchester on a full-scale treatment 

works, the first full-scale activated sludge plant was constructed in Worcester in 1916 

(CIWEM 1997). By the 1950's, the activated sludge process was the established 

process in most large wastewater treatment facilities across Northern England (Arundel 

1995).

1.8.1 Mechanism

The flocculant microbial mass that is produced when sewage is continuously aerated is 

termed activated sludge (IWPC, 1987). The microbes form floes which settle well, and
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can be retained easily in the reactor. Wastewater treatment plants are designed to select 
for the floe forming micro-organisms in order to produce a high quality effluent. 
Bacterial cells that are dispersed in the liquid do not settle in the settler (final clarifier), 
and are lost from the system in the effluent. The process is shown diagrammatically in 
figure 1.1.

Screening Primary
Settling

i r i

*
Aeration
basin

i

r

Waste Waste

i r

k A
\ / ^ Final

/ ^ Ettluent
yTinal

L

RAS ,

clarifier

^ —— r-> WAS

O2 in
k

Incineration/Landfill

Figure 1.1 Schematic representation of an activated sludge plant.

The raw sewage is screened as it comes into the treatment plant, removing large items 
such as rags and paper. The screened influent is passed into a series of primary 
sedimentation tanks where the solids settle out, are removed, and undergo further 
treatment as sludge. The liquor passes to the secondary treatment system. In an 
activated sludge process, this consists of an aerated basin, where the liquor is mixed 
with the microbial population, and where the majority of the biological oxidation takes 
place. The mixed liquor then passes into the final clarifier tanks (or settlers) where the 
microbial mass settles out. A portion of the settled activated sludge is pumped back into 
the aeration basin as return activated sludge (RAS) in order to maintain the level of 
micro-organisms for optimum operation, and the rest is disposed of as waste activated 
sludge (WAS). The amount of sludge that is wasted determined the cell residence time 

in the reactor, also referred to as the sludge age.

There are many variations on this basic theme, the most common being the addition of 
anoxic zones within the aeration ditches. The aerobic/anoxic process allows full 
removal of nitrogenous compounds via aerobic nitrification and anaerobic 

denitrification.
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1.8.2 Nitrification

Stringent effluent criteria have resulted in extensive work on biological nitrogen 

removal, which is currently considered the most effective way of removing nitrogen 

compounds from wastewaters (Geraney et al. 1998). Nitrification is the first in the 2- 

stage process of nitrogen removal from wastewaters. Ammonia is oxidised to nitrite and 

nitrate during the nitrification process then is converted to dinitrogen gas during the 

anoxic process of denitrification. The process of nitrification is carried several genera of 

autotrophic bacteria, although in this investigation only two of these are investigated, 

namely Nitrosomonas and Nitrobacter. Ammonia is first oxidised by Nitrosomonas to 

the intermediate nitrite by which is in turn converted to nitrate by Nitrobacter 

(Equations 1.4 and 1.5).

2NH4+ + 3O2 £==> 2NO2" + 2H2O + 4H+ + new cells (1 4)
O

Nitrosomonas

2NO2 " + O2 c=> 2NO3 " + new cells (7.5)

Nitrobacter

The conversion of ammonia to nitrite is the rate-limiting step in this process and is a 2- 

stage process within Nitrosomonas. In Nitrosomonas europaea the ammonia is oxidised 

by ammonia monooxygenase (AMO) to hydroxylamine, which is in turn oxidised to 

nitrite via a reaction catalysed by hydroxylamine oxidoreductase (HAO) (equations 1.6 

and 1. T) (lizumi et al. 1998).

NH3 + O2 +2H+ +2e- >=> NH2OH + H2O (1.6)
O

AMO

NH2OH + H2O i=> NO2' + 5H+ + 4e" (1.7) 
O

HAO

Nitrifiers have long doubling times and low growth yields. This means that when the 

system is shocked, for example by acute toxicity, it takes a long time for the nitrifiers to 

recover and re-establish themselves. The growth yield coefficient of nitrifiers in 

continuous flow stirred tank reactors operated on high strength nitrogenous wastewater 

was determined as 0.15 (mass of cells (g)/substrate utilisation (g Total Kjeldal
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Nitrogen), as opposed to that of heterotrophs in the same system which had a growth 

yield coefficient of 0.5 (mass of cells (g)/substrate utilisation (g Chemical Oxygen 

Demand, COD) (Gupta and Sharma 1996). Nitrifying organisms are sensitive to their 

environment, requiring DO levels of at least 3mg I" 1 and pH of between 7.2 and 8.5 

(Sharma and Ahlert 1977). They are sensitive to a large number of toxic compounds to 

varying degrees, many summarised in a handbook by Richardson (1985). This 

sensitivity has led to extensive research into the activity of nitrifiers and their response 

to toxicants and changes in their environment.

Contemporary methods for the measurement of activity of nitrifiers revolve around 

measurement of their product formation or oxygen uptake rate (OUR) (Geraney et al 

1998). The most significant factor in determining activity of nitrifiers, particularly when 

using respirometric methods, is to be able to differentiate between the respiratory 

activity of heterotrophic and nitrifying bacteria. The most commonly used method is to 

inhibit the activity of the nitrifying population by using a specific inhibitor. As 

Nitrosomonas activity is the rate-limiting step of nitrification, its inhibition results in the 

total inhibition of nitrification. Allyl thiourea (ATU) is a well-documented inhibitor of 

Nitrosomonas. It specifically inhibits AMO by binding to the copper in the active centre 

of the enzyme (lizumi et al. 1998). Surmacz-Gorska et al. (1995) used ATP to 

differentiate between activity of heterotrophs and nitrifiers with respect to OUR. The 

difference in activity between the OUR with and without ATU addition represented the 

activity of the nitrifying population. The level of ATU documented as being inhibitory 

is 5 mg r 1 (Surmacz-Gorska et al. 1995, Geraney et al. 1997).

Geraney et al. (1997) used ATU as a selective nitrification inhibitor when determining 

toxicity of a number of compounds, including 3,5-Dichlorophenol (3,5-DCP) to an 

enrichment nitrifying culture. They found that greater than 50% nitrification inhibition 

could be achieved by addition of O.Smg I" 1 of 3,5-DCP which is a non specific 

uncoupling agent, i.e. it dissipates the proton motive force across the membrane, 

essentially causing a "short circuit" that prevents the formation of ATP.

Product formation is a direct measure of nitrifying activity, and involves measuring 

accumulation of nitrate (Copp and Murphy, 1995). Alternatively, the disappearance of 

substrate (NH4+) may be measured. Srinath et al. (1976) used the Kjeldahl nitrogen 

determination to calculate the nitrifying activities of pure cultures of nitrifying
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organisms, but do acknowledge the difficulty of applying this method to mixed cultures, 

as there is no way of differentiating between heterotrophic and autotrophic N sources. 

Although accurate, the method is laborious and time consuming. Arvin et al. (1994) 

developed a method to screen for toxicity to nitrifiers based on substrate transformation, 

where by measuring transformation of ammonia, it was possible to monitor the 

inhibition of Nitrosomonas. Alternatively, for studies of Nitrobacter, measurement of 

nitrite transformation could be used.

lizumi et al. (1998) used recombinant technology to measure nitrification inhibition 

using luminescence. The recombinant bacteria displayed luminescence, which 

diminished with addition into the media of nitrification inhibitors. This was a laborious 

procedure, and although it may be useful for assessing toxicity of a wastewater it is not 

suitable for assessing nitrifying activity of an activated sludge.

1.8.3 Activated sludge ecology

Activated sludge is a dynamic biological system with a diverse competing microbial 

population that changes with controlled and uncontrolled changes in the environmental 

conditions (Eikelboom 1991). Nitrosomonas and Nitrobacter are only 2 genera of many 

bacteria that make up the majority of the activated sludge population, the others 

comprise Acinetobacter, Achromobacter, Alcaligenes, Arthrobacter, Bacillus, 

Cytophaga, Flavobacterium, Pseudomonas and Zooglea. The remaining 5% is made up 

of higher organisms such as fungi and protozoa. The floe is the ecological unit of 

activated sludge. It consists of a backbone of filamentous organisms with attached 

microbes and integrated colloidal particles within a polysaccharide matrix. Free 

swimming and ciliated protozoa are associated with the floe. There is strong 

competition between members of the floe for the available substrate in the treatment 

plant. The dominance of one or another type of bacteria may be detrimental to the floe 

structure in terms of producing a high quality effluent. A strong floe, with a good 

balance of microbes will settle well, producing a clear effluent with a low BOD. Lack of 

filamentous organisms results in small weak (pin point) floes that, although settle 

quickly, will produce a turbid effluent with a high BOD. An excess of filamentous 

organisms causes the phenomenon known as filamentous sludge bulking.
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1.8.4 Filamentous sludge bulking

Filamentous bulking occurs when the population of filamentous bacteria within 

activated sludge proliferates to such an extent that the sludge has poor settling and 

compaction characteristics. Filamentous bacteria provide a backbone to the floe, but 

excessive growth results in a diffuse structure that takes up a greater volume. Filaments 

may also extend between floes, resulting in sludge with poor compaction ability. The 

extent of sludge bulking is measured using the Sludge Volume Index (SVI), which 
describes the amount of volume occupied by 1 g of MLSS. A well settling sludge will 

have a SVI of less than 120 cm3 g" 1 , while sludges with a SVI of 150 cm3 g" 1 or greater 

are classed as bulking. In mild cases, the effluent quality may not be affected if the 

level of the bulking sludge in the settler is well below the weir, as free cells and floes 
are held in the filamentous matrix. In cases of severe bulking, the level of the sludge in 
the settler may be such that overflow of sludge occurs, resulting in loss of solids from 
the reactor and a poor quality effluent with a high BOD. Other problems associated with 
bulking sludge include a low concentration of solids in the RAS and difficulty in 

dewatering the excess sludge. Figures 1.2 and 1.3 demonstrate the difference between 
the compact floe structure of a well settling sludge and excessive filamentous growth of 
bulking sludge. The photomicrographs in Figures 1.2 and 1.3 were taken by the author 
of samples obtained during experiments conducted as part of this work.

The causes and control of sludge bulking have been well investigated yet remain 
ambiguous. That low Food: Microorganism (F:M) ratios (less than 0.15 kg BOD/kg 

MLSS d" 1 ) in a conventional process (CIWEM 1997) cause activated sludge bulking is 

well established. In a review of causes and control of bulking sludge, Eikelboom (1991) 

brought together evidence that bulking was caused by growth limiting conditions in the 
system, such as deficiencies of N, Oi or P, with a combination of deficiencies appearing 

to be cumulative.
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Figure 1.2 A photomicrograph of well settling sludge, showing the presence of 

stalked ciliates. (xlOO magnification)

Figure 1.3 A photomicrograph of bulking sludge, showing the presence of 

excessive filamentous bacteria. (xlOO magnification)
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Recent investigations concentrate on the conditions that stimulate bulking of certain 

filamentous bacteria. Knoop and Kunst (1998) used a 3-stage process (anaerobic- 

anoxic-aerobic) to demonstrate the increase in the filamentous organism Micothrix 

parvicella when loading rate of the reactor was decreased, and in separate experiments, 

at low temperatures. The changes in M. parvicella concentration are indisputable, 

however little attention is paid to the changes in total filament category which indicate 

that other filamentous bacteria dominate when temperatures are elevated (20°C), or 

loading rate is increased. This highlights the fact that conditions for the proliferation of 

filamentous organisms vary depending on the species present. It was noted by Chao and 

Keinath (1979) that filamentous bulking occurred at very low sludge ages, and zoogleal 

microorganisms were responsible for bulking at sludge ages of between 2 and 5 days. 

Donkin (1997) also considered that the presence of zoogleal organisms is indicative of 

a high loading rate. Chao and Keinath (1979) showed that in a completely mixed 

activated sludge reactor, increased loading intensity had a detrimental effect on SVI, 
although it must be noted that during the process loading intensity experiments, 9 out of 

the 11 different loading intensities produced bulking sludge. A F:M of approximately 

1.4gCOD gMLSS" 1 per day did not produce bulking sludge, but a F:M less or greater 

than this did. They also show decreasing effluent quality with increasing loading 

intensity. Barbusinski and Miksh (1997) also showed that increasing the loading rate 

between 0.4 and 0.8 kgCOD kg MLSS" 1 day" 1 resulted in a dramatic increase in SVI. By 

different accounts, then, sludge bulking conditions may be stimulated by either 
increasing or decreasing the organic loading rate. Loading rates in activated sludge 

plants in the UK commonly range between 0.25 - 0.5 BOD/kg MLSS day" 1 (CIWEM 

1997).

The aeration regime in a wastewater treatment plant should be designed to give a 

residual DO of no less than 2 mg I" 1 (Metcalf and Eddy, 1991). The effect of DO 

concentrations above and below this level have been investigated as triggers of bulking 

sludge. Scruggs and Randall (1998) associated the growth of the filamentous organism 

Nostocoida limicola with DO concentrations of less than 0.1 mg I" 1 but this has little 

relevance to full scale application, as DO rarely falls this low. The authors also point 

out, however that DO of greater than 1 mg I" 1 appears to stimulate the growth of another 

species of filamentous organism, Nocardia spp. The consensus seems to be that if there 

is limitation in DO, by either intermittent DO application (Gabb et al. 1996) or

25



insufficient aeration (Palm et al. 1980), the proliferation of filamentous organisms may 

be stimulated and hence contribute to sludge bulking conditions.

Seasonal variation in SVI in a full-scale wastewater treatment plant was reported in 

1998 by Eikelboom and Grovenstein, with maximum values of SVI occurring in the 

summer months so increases in temperature promote bulking conditions. However 

Mamais et al. (1998) contradict the observation of Eikelboom and Grovenstein with 

their experiments showing M. parvicella growth is curbed by increasing temperature. 

Knoop and Kunst (1998) demonstrated that the SVI decreased by a third in 14 days after 

raising reactor temperature to 20°C. The bulking observed in the full-scale plant in the 

summer may have been caused by a different filamentous bacterium, as both of the 

latter studies concentrate on the growth ofM. parvicella.

Investigations of the causes and control of filamentous bulking at laboratory scale are 

sometimes carried out on completely mixed aerated systems, such as the investigations 

of Palm et al. (1980). However, it is documented that completely mixed systems in 

themselves generate bulking sludges. Chudoba et al. (1973) found that the more mixed 

an activated sludge system, the greater was the incidence of bulking. Equally, they 

found that by lessening the axial mixing in an activated sludge system, they could curb 

the proliferation of filamentous organisms and retain a low SVI. This was one of the 

first instances of specific control of filamentous organisms by altering the 

environmental conditions. Similarly, it was later found by Mamais et al. (1998), that 

plug flow systems reduced the probability of producing a bulking sludge, specifically 

that caused by M. parvicella.

Clauss et al. (1998) showed that talc which was recirculated with the sludge promoted 

the growth of biofilm on the surface of the talc particles and improved floe structure. 

Eikelboom and Grovenstein (1998) used talc addition to the aerobic reactor as an 

effective bulking control strategy. The talc was incorporated into the floes, increasing 

their weight and thus forcing them to settle. They did not notice any decrease in the 

number of filaments, however, and hence talc addition was a treatment of the symptoms 

of bulking rather than the cause. While talc addition may be sufficient to treat transient 

bulking problems, control of long term bulking requires effective treatment of the cause 

of the bulking. One way to do this is to incorporate a selector into the wastewater 

treatment system (Eikelboom 1991, Chudoba et al. 1973, Prendl and KroiB 1998).
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Filamentous bacteria have higher growth rates than floe formers at low substrate 

concentrations (Chudoba et al. 1973), a situation prevalent in many activated sludge 

reactors. Within the selector, the RAS is mixed with the influent, which provides a high 

substrate concentration for a short period prior to the activated sludge reactor. This 

simulates a plug flow environment that selects against the filamentous microorganisms 

in favour of the floe formers (Mamais et al. 1998). An aerobic selector was 

successfully used by Prendl and KroiB (1998) to reduce the number of filamentous 

bacteria in a full scale activated sludge plant. A selector was used in some of the 

laboratory scale studies on an activated sludge plant reported here.

M. Parvicella, Norcardia and Nostocodia limicola are not the sole perpetrators of 

activated sludge bulking. Other species known to cause sludge bulking include 

Thiothrix, Type 020 IN, Type 0041 and 5. natans (Prendl and Kroipl998) which are not 

discussed here.

1.9 Scope of work

The experimental work reported here depends on the presence of catalase, either as a 

free enzyme in the case of peroxide measurement (Guwy et al. 2000), or in microbial 

cells as in the activity measurements of soil (Guwy et al. 1999, Martin et al. 2000), 

nitrifiers or activated sludge. Catalase activity in each case is monitored as the release of 

O2 from H2C<2 using a low flow gas meter. This technique was used to measure levels of 

H2C>2, to attempt to detect short-term effects of toxic influent on nitrification, and to 

follow the course of bioremediation of a contaminated soil. A prototype catalase activity 

meter previously developed under Biological Treatment of Soil and Water 

BBSRC/LINK funding (BSW05376) was modified for on-line use with a laboratory 

scale activated sludge plant. It was concluded that catalase activity in a heterogeneous 

population might reflect the active aerobic community. Catalase specific activity may 

vary according to growth phase, dissolved oxygen concentration, respiratory activity 

and various environmental stresses such as starvation and osmotic stress, and it is that 

principle that is investigated here. Experiments in which the organic loading rate was 

altered, using a synthetic sewage, were performed to assess the usefulness of the 

biomass catalase activity as an operational parameter. The work reported here has to 

date resulted in several co-authored papers in refereed journals (Martin et al. 2000, 

Guwy et al. 2000, Guwy et al. 1999).
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2 MATERIALS AND METHODS

2.1 Measurement of hydrogen peroxide concentration using catalase 

activity

The hydrogen peroxide monitor consisted of a Perspex chamber of working liquid 

volume 17cm3 contained within a temperature-controlled cabinet (Fisher Scientific Ltd., 

Loughborough, UK). The gas exit tube was sealed into the lid using a compression 

fitting. The hydrogen peroxide solution to be measured was pumped into the chamber 

using a Watson Marlow 505U pump fitted with a multi channel pump head at a rate of 

2.2cm3 minute"1 at concentrations of 0.25% (w/v), 0.38% (w/v), 0.50% (w/v), 0.75% 

(w/v) and 1.50% (w/v). The catazyme solution (15.24uM) (Biocatalysts Ltd, Trefforest, 

UK) was introduced using a similar pump at a rate of 0.075cm3 minute" 1 . The 

suspension was continuously mixed using a magnetic stirrer and follower bar. The gas 

evolved was measured using a LFM100 gas meter (GH Zeal Ltd, London). Data from 

the gas meter were logged on a PC with an interface card (DAQ 700) using 

Lab VIEW™. The output from the monitor was sampled at 1-minute intervals and 

download to Microsoft Excel™ for off-line processing. Duplicate assays were 

performed for each hydrogen peroxide solution at 3 different temperatures (25, 30 and 

45°C). The oxygen production rate for each was calculated as the average of at least 25 

minutes of steady state gas production.

2.2 Standard analyses: soil samples

2.2.1 Determination of Total solids

Total solids were measured using standard methods (HMSO 1984). The wet sample was 

added to a pre-weighed (Wl) Pyrex beaker (Fisher Scientific Ltd., Loughborough UK), 

and the beaker and contents weighed (WJ). The beaker and sample were dried in a Hot 

Box oven (Grant Instruments, Cambridge, UK) to constant weight (W3). The wet 

weight (WW) of the sample was determined as W2-W1. The dry weight (DW) of the 

sample was determined as W3-W1.

2.3 Biomass catalase activity measurement of soil samples

2.3.1 Biomass monitor configuration

The reaction chamber was a 260 cm3 total volume plastic bottle with an O-ring sealed

gas-tight lid, used inside a temperature-controlled cabinet (Fisher Scientific Ltd.,
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Loughborough, UK) set at 25°C. Gas exit and reagent entry tubes were sealed into the 

lid by using compression fittings. The sample to be analysed including any buffer or 

wash water was added to the chamber, and the chamber sealed. The chamber contents 

were stirred using a magnetic stirrer and follower bar (Fisher Scientific Ltd., 

Loughborough, UK). A 3% w/v solution of hydrogen peroxide (Fisher Scientific Ltd., 

Loughborough, UK) was added at a rate of 2.2 cm3 min" 1 using a Watson Marlow pump 

(Poole UK) fitted with a 304MC/A pumphead. The cumulative gas production was 

measured over 15 minutes using a LFM300 low flow gas meter. The volume of air 

displaced by the entry of F^Oa solution was taken as the amount of air measured by the 

gas meter when a F^Ch solution was pumped into the empty chamber in a separate run. 

The cumulative gas production (with allowance for the volume of F^C^ solution 
introduced) was calculated.

2.3.2 Measurement of biomass catalase activity in garden soils

Catalase activity was measured and related to dry weight in garden soil (Guwy et al. 

1999). Soil samples tested were obtained from the top 6 cm of garden soil at the 

University of Glamorgan. Samples were stored refrigerated and used within 5 days of 

sampling. Soil samples of 1-5 g wet weight were placed into the reaction chamber with 

50 cm3 of 0.1 M sodium dihydrogen orthophosphate buffer solution pH 7.0. The control 

samples of 1-5 g wet weight were autoclaved at 15 psi at 121 °C for 30 minutes using a 

pressure cooker (Prestige, UK). The biomass catalase activity was taken as the 

difference in cumulative oxygen evolution between the test and autoclaved samples.

2.3.3 Measurement of biomass catalase activity throughout a bioremediation 

treatment of soil contaminated with shale tar

2.3.3. 1 Sampling procedure

CELTIC Technologies Ltd (Cardiff, UK) undertook bioremediation of ground 

contaminated with waste tars, as part of the reclamation of a former shale oil refinery 

site in Scotland. The treatment program was designed to bioremediate a total of 

approximately 10,000 tonnes (7000 m3) of waste tars over an 18 month period 

commencing in August 1997.

The waste tars, comprised viscous sludge, with high concentrations of diesel range 

hydrocarbons (DRO) and elevated poly aromatic hydrocarbons (PAH). Further 

contaminants included volatile organic compounds (BTEX) and phenols.
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The remediated soils were to be used within the site development as a golf course. The 

bioremediation goals were thus set in agreement with the Scottish Environment 

Protection Agency (SEPA) with this taken into consideration. Preparation for 

remediation consisted of combining the tar sludge with a soil-conditioning agent, 

nutrients and other conditioning agents within soil beds (approximately 0.5 m deep, 60 

m long and 15m wide). This preparation process lasted between 3-4 weeks, and was 

designed to optimise conditions for aerobic microbial activity and hence biodegradation 

of the tars. The remediation process involved agitation of the beds using conventional 

agricultural equipment, along with nutrient supplementation for 8 to 14 weeks.

Preliminary tests for catalase activity were carried out on a sample T, taken from freshly 

remediated soil. The sample was taken from the centre of a 2 m high stockpile, 

measuring approximately 50 m in diameter. The full experiment measuring catalase 

activity and pollutant levels followed the time course of remediation with samples taken 

from each of two treatment soil beds, numbers 2 and 4 (Martin et al. 2000). Six 
composite samples were taken from each bed in weeks 3 (when bed construction was 

completed), 6, 9, and 14 of treatment (dates 27th August, 14th September, 6th October 

and 10l November 1998 respectively). Samples were not taken during week 12 of the 

treatment due to a two-week period of heavy rainfall. Due to these adverse weather 

conditions, the beds had not been mixed or aerated and were considered to be anaerobic. 

Samples taken in week 14 were still very wet.

To collect the six composite samples the bed was segregated into 6 sectors (designated 

1-6), approximately 10 m in length, and manually retrieved 0.5 m cores were collected 

from at least three separate locations within each sector and were homogenised 

manually to give a 1 kg composite sample (performed by CELTIC Technologies Ltd.). 

Samples were sent in a cool box via overnight delivery and catalase activity analysis 

carried out within three days of sampling. Analysis of pollutant concentrations during 

the course of the treatment was supplied by CELTIC Technologies Ltd.

2.3.3.2 Method for assaying soil catalase activity

Between 1-5 g of soil sample was buffered to pH 7 with 50 cm3 of 0.1 M sodium 

dihydrogen orthophosphate buffer and assayed according to the protocol described in 

section 2.3.1
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The sample T (taken from the treated stockpile) was air dried overnight and 

subsequently sieved through a 2 mm sieve. Aliquots assayed (1-5 g) were weighed from 

the sieved sample. The total volume was then made up to 10 cm3 with water in a 

measuring cylinder and emptied into the reaction chamber. The measuring cylinder was 

washed out with a further 5 cm3 of water into the reaction chamber. For every soil 

sample assayed, control samples were autoclaved at 15 psi for 30 minutes using a 

pressure cooker (Prestige, UK). This allows measurement of degradation of H2O2 by 

means other than biomass catalase activity, assuming autoclaving destroyed this The 

dry weight of the samples was determined. A calibration plot was constructed in order 
to establish the relationship between soil dry weight and activity.

Samples from treatment beds 2 and 4 were air dried to a workable consistency, and 

sieved through a 4 mm sieve. Four aliquots were taken from each sieved sample for 

catalase measurement, allowing for two to three tests and one autoclaved control. Three 

5 g aliquots were also taken from the sieved sample for dry weight determination. 
Analyses were carried out within 36 hours of being sieved, as described above.

2.4 Standard analyses: suspended biomass

2.4. 1 Determination of mixed liquor suspended solids

Mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids 

(MLVSS) were determined using standard methods (HMSO 1984). A volume (V) of 

mixed liquor was filtered through a pre-weighed (WJ) Whatman 1.2um retention glass 

fibre filter paper (Fisher Scientific Ltd., Loughborough UK), using a Whatman filter 

unit (Fisher Scientific Ltd., Loughborough UK) with suction provided by a Capex 71 

min" 1 pump (Fisher Scientific Ltd., Loughborough, UK). The papers were then dried in 

a Hot Box oven (Grant Instruments, Cambridge, UK) to constant weight (W2). The 

MLSS content was then calculated with equation (2. 7), below:

i W1—W1 
MLSS g I' 1 - * 1 000 (2. 7)

The dried paper plus residue was then placed in a Eurotherm electric furnace (Carbolite 

Ltd. Sheffield, UK) at 550°C until constant weight was reached (W3). The MLVSS was 

then calculated using equation (2.2), below:
— W\

MLVSS 8 r'= "^MOOO (2.2)
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The analysis was carried out in triplicate for each sample.

2.4.2 Determination of sludge volume index

The sludge volume index (SVI) was determined using a 11 Imhoff cone (Fisher 

Scientific Ltd., Loughborough, UK). The sludge volume (SV) was taken to be the 

volume of settled sludge in the cone following a 30 minute settling period at room 

temperature. The SVI was determined using the equation (2.3) below:

(2.3)^ }MLSS 
where SVI = cm3 g' 1

SV = cm3 sludge (1 mixed liquor)" 1 
MLSS = g I' 1

2.4.3 Microscopic examination of sludge

Wet mounts were prepared by applying two drops of mixed liquor to a microscope slide 

using a Pasteur pipette and covered with a slip. The wet mount was then examined 

using light microscopy at a magnification of X100 (Olympus C830 series, Philip Harris, 

Cardiff)

2.4.4 Determination of dissolved oxygen concentration

DO was measured electrolytically using a 4645 DO analyzer with a 8012-170 Sensor 

Capsule (ABB Kent-Taylor Ltd. Stonehouse, UK). The probe was calibrated to zero 

using a 5% sodium sulphite solution (Fisher Scientific, Loughborough, UK) and ranged 

in air.

2.4.5 Determination of pH

pH was measured using an Ingold xerolyte pH electrode (Mettler-toledo, Beaumont 

Leys, UK) and a pH meter (ABB Kent- Taylor Ltd. Stonehouse, UK). Two point 

calibration of the probe was carried out using solutions of pre weighed Potassium 

hydrogen phthalate and sodium tetraborate (Fisher Scientific, Loughborough, UK) to 

give buffer solutions of pH 4 and 9.2 respectively.

2.4.6 Determination of chemical oxygen demand (COD)

The COD was determined using the sealed tube method as described in standard 

methods (HMSO, 1984). The analysis provides a measure of the oxygen demand of a 

sample when oxidised by a strong chemical oxidant. According to the standard method,

the chemical oxidant consists of a mix of sulphuric acid, potassium dichromate and
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silver sulphate. In this case, a commercially available COD reagent was used (Ficodox 

Plus, Fisher Scientific Ltd. Loughborough, UK).

A 5cm3 aliquot of Ficodox Plus was added to a PTFE lined screw top tube (Fisher 

Scientific Ltd., Loughborough, UK), along with 2.5 cm3 of appropriately diluted 

sample. For maximum accuracy, the wastewater sample needs to have a COD of 

200mg I" 1 , so strong wastewaters need to be diluted accordingly. The tube was inverted 

3 times to ensure complete mixing of the sample and oxidant. A control tube using 

2.5cm of ultra pure deionised water was used as a control. The tubes were subsequently 

heated at 150±5°C for 2 hours in a DriBlock heating block (Techne Ltd. Cambridge, 

UK) within a fume cupboard. When the tubes had cooled, residual dichromate was 

measured by titration.

Three drops of indicator solution (1,10-phenanthroline-ferrous solution, Fisher 

Scientific Ltd. Loughborough, UK) were added to a conical flask, and the contents of a 

tube added. The tube was rinsed 3 times with ultra pure deionised water and the wash 

water was added to the conical flask. This solution was titrated with ferrous ammonium 

sulphate (FAS) solution to an orange endpoint. The titration volume was then 

substituted into equation (2.4) to calculate the COD value.

CODmgO2r1 = ( A - B 1 x M x 8000 x dilution factor (2.4)

sample size

where :A = cm3 FAS used for blank

B = cm3 FAS used for sample

M = molarity of FAS

The molarity of the FAS was determined by titration against a 0.0417M K2Cr2O7 

solution to an orange end point. The titration volume was substituted into equation (2. 5) 

to calculate the molarity of the FAS.

x* i •+, fcAc volume of foCnO?(cm 3 ) .. 
Molarity of FAS =—————i—————-——— (2.5)

cm 3 FAS used

The analysis was carried out as settled COD in triplicate for each sample.
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2.5 Biomass catalase activity measurement of suspended biomass

2.5.1 Biomass catalase activity monitor configuration

The monitor consisted of a Perspex reaction chamber with a liquid working volume of 

60cm3 used inside a temperature-controlled cabinet (Fisher Scientific Ltd, 

Loughborough, UK) set at 34°C. The sample to be analysed and a 3% H2O2 solution 

(Fisher Scientific Ltd, Loughborough, UK) buffered with 7.8g I" 1 sodium dihydrogen 

orthophosphate (Fisher Scientific Ltd, Loughborough, UK) and adjusted to pH 7 using 4 

M sodium hydroxide (Fisher Scientific Ltd, Loughborough, UK) were each pumped 

into the reaction chamber at a rate of 10cm3 minute" 1 using a Watson Marlow (Falmouth 

UK) peristaltic pump with an 8-roller multi-channel pump head. The suspension was 

continuously mixed using a magnetic stirrer and follower bar. The oxygen evolved from 

the reaction of HiC^ with catalase was measured using a LFM300 low flow gas meter 

(GH Zeal, Merton, London, UK) operating on the principle described by Guwy et al, 
(1995). The gas meter was calibrated by pumping air into the meter at a known rate for 

15 minutes using a Watson Marlow peristaltic pump. Data from the gas meter were 

logged on a PC with an interface card (DAQ 700) using LabVIEW™, both supplied by 

National Instruments (Newbury, UK). The output from the monitor was sampled at 1- 

minute intervals and downloaded to Microsoft Excel™ for off-line processing. The 

method of measuring biomass catalase activity by using a low flow gas meter to 

measure oxygen evolved from the reaction of HfeC^ with catalase has been patented 

(International Publication No. WO96/18896).

2.5.2 Measurement of the effect of temperature changes on assay of activated

sludge catalase activity

Biomass catalase activity in a sample of activated sludge collected from Coslech STW 

was measured on line for one hour at each of the four temperatures 11°C, 17°C, 25°C 

and 35°C. The hydrogen peroxide buffer solution and activated sludge were maintained 

at required temperatures within a cooled incubator (Sanyo Gallankamp, Leicester, UK). 

The activated sludge, obtained from Coslech Sewage Treatment Works, was stirred 

continuously using a magnetic stirrer and follower bar (Fisher Scientific Ltd., 

Loughborough, UK) in a 5 litre plastic beaker. The biomass monitor was also contained 

in the incubator. The temperature of the waste was taken using a thermometer (Fisher 

Scientific Ltd, Loughborough) and this was used as the reaction temperature.
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2.5.3 Measurement of the effect of anaerobic conditions on activated sludge 

catalase activity

Activated sludge was collected from Coslech Sewage Treatment Works and 1.51 was 

aerated using an aquarium air stone connected to a Capex 7 1 min" 1 pump (Fisher 

Scientific Ltd, Loughborough, UK) in a 2 litre conical flask. The biomass catalase 

activity of the aerated sludge was determined using the biomass monitor over a 30 

minute period. Following a steady reading, the aeration was terminated and the mouth 

of the flask plugged with cotton wool and kept at room temperature. The biomass 

catalase activity was then measured on consecutive days for thirty minutes, with a 

measurement being taken every minute. The sludge in the conical flask was mixed for 

the duration of the activity measurement by pumping nitrogen gas into the sludge 

through an air stone. Approximately 200 cm3 of sample was used for each assay.

2.5.4 Discontinuous on-line measurement of biomass catalase activity in a 

nitrifying culture with allylthiourea inhibition

A nitrifying enrichment culture that had been grown long term on a mineral salts- 

ammonia medium was obtained from the Laboratory of Microbial Ecology, University 

of Gent. (Kuai and Verstraete, 1998). The culture was immobilised on calcium 

carbonate and therefore settled well. The culture was added to a 5 litre (working 

volume) glass reactor, and aerated using an aquarium air stone connected to a Capex 7 

litre min" 1 compressor (Fisher Scientific Ltd, Loughborough, UK).

The culture was batch fed 30% of its total volume with feed containing 7.5g I" 1 NH4C1, 

3g r 1 NaHCO3 , lg V 1 K2HPO4, 200mg I' 1 MgSO4.7H2O, lOmg I' 1 FeSO4.7H2O, 1cm3 r 1 

trace elements solution (Pfennig et al. 1981) over the period of one week until the 

desired volume was reached in the reactor (5 litres). Calcium carbonate was used as a 

growth support medium and lOmg I" 1 was added daily. The reactor was batch fed 

between 500cm3 and 1 litre of feed per day depending on ammonia utilisation following 

this.

Ammonia concentration was determined using Quantox test sticks range 5-400mgr' 

(Fisher Scientific Loughborough, UK) to assess the decrease in ammonia concentration 

before each feed. High ammonia utilisation was taken as being a reduction of more than 

50% of the ammonia concentration. The reactor was pH controlled to pH 7 using 1M
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NaOH and a pH controller (ABB Kent-Taylor Cambs, UK) and a Watson Marlow 
dosing pump.

When the desired volume was achieved, the reactor was fed using the fill and draw 
method for four days. When nitrification was known to be taking place, measurements 
of biomass catalase activity were taken on-line until a steady state reading was obtained 
(between 30 minutes and 1 hour) at which point measurement of biomass catalase 
activity was interrupted. Allylthiourea (ATU) (Fisher Scientific Ltd Loughborough, 
UK), an inhibitor of Nitrosomonas, was added to the reactor to give a final 
concentration of 3mg/l, and measurement of catalase activity recommenced within 1 
hour of ATU addition and continued for the following 5 hours.

VSS analysis was carried out at 450°C, in order to prevent combustion of the calcium 
carbonate support medium. Samples were removed throughout the experiment for 
ammonium ion, nitrite ion and nitrate ion determinations performed on a HPLC, 
(DIONEX Ltd, Camberley, UK) with an lonPAC AS4A-SC 4 mm column, 1.7 mM 
sodium bicarbonate/1.8 mM sodium carbonate eluent and conductivity detector.

2.5.5 Continuous on-line measurement of biomass catalase activity in a 

nitrifying culture during allylthiourea inhibition

The 5 litre reactor was inoculated with a nitrifying enrichment culture (University of 
Gent) and grown up as previously described. The culture was batch fed 30% of its 
volume 5 days per week, and grown for three weeks before ATU addition. The ATU 
experiment was carried out as previously described, except that the catalase activity 
measurements were made throughout and not halted during the addition of ATU. ATU 
was added twice, the second addition taking place approximately one and a half hours 
after the first addition giving final concentrations of ATU in the reactor of 5mg I" 1 and 
lOmg I" 1 respectively. Samples were removed throughout the experiment for 
ammonium, nitrite and nitrate determinations performed on a HPLC, (DIONEX Ltd, 
Camberley, UK) with an lonPAC AS4A-SC 4 mm column, 1.7 mM sodium 
bicarbonate/1.8 mM sodium carbonate eluent and conductivity detector.

2.5.6 Measurement of the effect of allylthiourea on catalase activity of a pure

culture of Nitrosomonas (experiment 1) 

Pure cultures of Nitrosomonas (Source: Biotox NO3 syringes from Interbio Ltd.,

Dublin), were grown aerobically for 48 hours at 25°C at 140 rpm in a shaking orbital
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incubator (SANYO Gallenkamp Pic. Leicester, UK). Pure culture was used as 

Nitrosomonas is the rate-limiting step in nitrification, thus providing an effective but 

simple experiment. One 5 cm3 syringe was used as inoculum for each of two flasks, 

each containing 500 cm3 of growth medium which had been autoclaved at 121°C at 

15psi for 30 minutes. The growth medium recipe was as follows: 22 g I" 1 of 

(NH4)2SO4, 28 g r 1 NaHCO3 , Ig T 1 K2HPO4, 200mg I' 1 MgSO4.7H2O 10 mg I" 1 

FeSO4.7H2O and 1cm3 I" 1 of trace elements solution, which is described fully on page 

46. Following growth, the contents of the flask were combined. The suspension was 

mixed using a magnetic stirrer and follower bar, and a continuous stream of sample was 

taken for biomass catalase activity measurements. Following a steady state reading of 

biomass catalase activity, allylthiourea was added to the culture to a final concentration 

of 5 mg I" 1 , and biomass catalase activity was measured continuously on-line for a 

further 50 minutes.

2.5.7 Measurement of the effect of allylthiourea on catalase activity of a pure 

culture of Nitrosomonas (experiment 2)

The growth medium (as used previously) was distributed into 41 litre conical flasks, so 

that each contained 250 cm3 of medium. A portion of the growth medium was retained 

for nitrite determinations. Two of the flasks were amended with ATU to a final 

concentration of 5 mg I" 1 . This provided a control to show that the culture was capable 

of nitrification and that the ATU was effective in inhibiting the nitrification process. All 

flasks were then inoculated with half of a syringe of Nitrosomonas culture and 

incubated aerobically for 48 hours at 25°C at 140 rpm in a shaking orbital incubator. 

Following incubation, the contents of the 2 flasks containing ATU were combined, as 

were the contents of the flasks that had not been amended with ATU. This gave 2 

suspensions of Nitrosomonas, each of 500 cm , one of which had been amended with 

ATU. In both cases the culture was retained in suspension by mixing with a magnetic 

stirrer and follower bar for the duration of the experiment. Samples were taken from 

each of the flasks for nitrite and solids analysis. Biomass catalase activity measurements 

were first carried out on the suspension that did not contain ATU, in order to avoid 

contamination of the apparatus. When a steady state reading was reached, ATU was 

added to the suspension, and the biomass catalase activity recorded continuously on line 

during and after addition of the ATU, until all of the suspension was gone. The biomass 

catalase activity of the suspension amended with ATU was recorded.
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2.5.8 Measurement of the effect of allylthiourea and 3,5-DCP on catalase

activity of a pure culture of Nitrosomonas

Nitrosomonas (Source: Biotox NOa syringes from Interbio) was grown aerobically in 

the dark for 48 hours at 30°C at 140 rpm in a shaking orbital incubator. One syringe was 

used for 500 cm3 of growth medium in each of six 1 litre flasks. The growth medium 

contained 22g I" 1 (NH4)2SO4 , 28g I" 1 of NaHCO3 and 1cm3 r'of trace elements solution. 

A sample of growth medium + inoculum was taken for nitrite analysis before 

incubation. Following incubation, the contents of the six flasks were combined to 

provide a uniform mixture and samples were taken for solids and nitrite analysis. The 
mixture was divided between three 1 litre flasks, where:

• Flask 1 = Control (No inhibitors added)

• Flask 2 = Following a steady reading of catalase activity, 3,5-Dichlorophenol 

(3,5-DCP) (Fisher Scientific, Loughborough, UK) was added to achieve a final 
concentration of 0.51 mg I" 1 (Geraney et al. 1997)

• Flask 3 = Following a steady reading of catalase activity, ATU was added to 
achieve a final concentration 5 mg I" 1

Catalase activity was monitored during addition of chemicals and for up to two hours 

after addition. Flask contents were kept mixed by stirring with a magnetic stirrer and 

bar.

2.6 Development of a prototype biomass catalase activity meter

Siemens Environmental Systems (UK) Ltd., under the BBSRC Biological Treatment of 

Soil and Water LINK grant scheme (BSW05376), designed and constructed a prototype 

biomass catalase activity monitor. Figure 2.1 shows this monitor in its initial 

configuration, as delivered to the University of Glamorgan, with Figure 2.2 detailing the 

working of the reaction chamber. The sample and 2% H2O2 solution were pumped into 

the 60 cm3 working volume reaction chamber using peristaltic pumps (Watson Marlow,
1 1 ^ I _Falmouth, UK), at rates of 7.5cm min" and 5cm min" respectively. The mixture was 

stirred within the chamber by fast recirculation using a centrifugal pump. The drain 

consisted of a piece of tubing attached to the side of the chamber using a compression 

fitting. The H2O2 solution was kept in a dark jerry can at room temperature. The 

temperatures of the reagents were raised to 35°C before entry to the reaction chamber 

via extended coils of tubing within the temperature controlled cabinet (this is not 

highlighted in Figure 2.2, but is clearly seen in Figure 2.1).
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Figure 2.1 The reaction chamber of the catalase activity monitor within the 
temperature-controlled cabinet as supplied by Siemens Environmental 
Systems Ltd (UK).
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Gas Flow Meter

Drain collection

Buffered

Figure 2.2 Configuration of the prototype catalase activity monitor reaction 

chamber as supplied by Siemens Environmental (UK) Ltd.

The monitor produced a clean signal when tested with a 2% solution of hydrogen 

peroxide and a 0.01% solution of catazyme (Biocatalysts Ltd, Trefforest, UK), but when 

activated sludge was used the signal from the gas meter was very noisy and intermittent. 

This was due to several cumulative factors, which resulted in modification to the 

biomass monitor.

Settling in the coiled tube used to increase the temperature of the sample was thought to 

be a major contributor to the noisy, intermittent signal. In order to alleviate this, the coil 

was bypassed, as it was judged that increasing the temperature of the H2O2 alone would 

be sufficient to raise the temperature of the reaction chamber contents.

The stirring mechanism, consisting of a centrifugal pump drawing the suspension from 

the base of the reaction chamber and re-injecting it through a pipe (see Figure 2.2), was 

causing severe foaming and floatation of the biomass within the reaction chamber.
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Restriction of the flow rate through the recirculation line was not possible as this caused 
cavitation within the centrifugal pump leading to its failure. Use of a peristaltic pump 
fitted with a 3 roller pump head to recirculate the reaction chamber contents was not 
successful as the pump did not provide a smooth enough flow, resulting in pulsing of 
the liquid in the reaction chamber, and hence in the gas flow. Following testing, the 
reaction chamber was modified to accommodate a magnetic stirrer and flea, as seen in 
Figure 2.3 below.

Gas Flow Meter

New base 
section

Drain collection

Buffered

Figure 2.3 Amendments to the stirring mechanism of the biomass monitor

Following these amendments, flotation of the biomass ceased, and foaming reduced. 
Foaming was eliminated by adding a couple of drops of Dehysan Z2111 antifoam 

compound (Henkel, Dusseldorf, Germany) to the H2O2. The gas flow remained erratic, 
however, and investigation showed that the exit port for drain collection was subject to 

blocking. Biomass could be seen building up within the waste tube, causing a back 
pressure which was released intermittently causing changes in the headspace pressure 

within the reaction chamber and hence gas flow. In addition, oxygen gas produced by

40



the reaction of F^Oi with catalase was escaping up through the exit port, causing a 

distorted gas flow and an underestimation of gas flow rate. The exit port was modified 

to alleviate these difficulties resulting in the instrument configuration seen in Figure 2.4 
and 2.5.

Flow Meter

Drain collection

Figure 2.4 Amendments to the exit port of the biomass monitor

In addition, the gas meter was modified in order to prevent false high readings at low 

gas flow rates. This modification was performed by Siemens Environmental Systems 

(UK) Ltd. The resulting configuration of the reaction chamber can be seen in figure 2.5.
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Figure 2.5 Final configuration of the biomass monitor reaction chamber

2.7 Use of the prototype biomass catalase activity meter on a laboratory 

scale activated sludge plant.

2. 7.1 Reactor configuration

As seen in figure 2.6, below, the reactor was a completely mixed activated sludge 

system with recycle. The activated sludge was contained in a 130 litre reactor, with a 
working volume of 100 litres. The activated sludge was aerated and fully mixed by 
application of air pumped via a ceramic fine pore diffuser by a Capex 7 1 min" 1 pump 

(Fisher Scientific Ltd, Loughborough, UK) The mixed liquor was pumped using a 
peristaltic pump (Watson Marlow, Falmouth, UK) to a 30 litre working volume settler 

(Dipec Plastics Ltd. Cardiff, UK). The contents of the settler were continuously stirred 

using a Perspex paddle powered by a pump (Watson Marlow, Falmouth, UK) at a speed 

of 4 rpm. RAS was returned continuously to the reactor at a rate of 30 cm3 min" 1 using a 

peristaltic pump (Watson Marlow, Falmouth, UK).
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Figure 2.6 Schematic representation of the laboratory-scale activated sludge plant.
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The mean hydraulic retention time for the reactor 9 is defined as

_ Vr
0 = ^ (2-6)

Where VT = Volume of reactor (1)
Q= Influent flow rate (1 day" 1 )

Using the equation (2.6), and the information given above, the retention time was 
calculated to be 1 day.

The pH of the activated sludge tank was measured and controlled on-line using the 
method described in section 2.4.5 utilising a peristaltic pump (Watson Marlow, 
Falmouth, UK) that dosed the reactor with 1M NaOH to maintain the pH above 6.8. 
Dissolved oxygen was measured as described in section 2.4.4. The on-line data 
acquisition system utilised a Viglen III 386SX PC, fitted with an analogue to digital 
conversion board (RTI 800/815 A/D board, Analog Devices) and interfaced to the 
monitoring hardware via an interface unit. The software consisted of a program written 
in Turbo C++ (Dr. R. Kingdom, University of Glamorgan) that wrote the values 
generated by the monitors to a text file, which was later imported into Microsoft Excel 
for data manipulation. The pH and DO probes were recalibrated on a daily basis.

A level-control system was utilised that consisted of float switches located in the 
activated sludge tank, the settler and the selector (if applicable), which were connected 
to the system pumps using the system illustrated in Figure 2.7. This system ensured that 
when liquid levels in the activated sludge tank or settler became too high, all inflow to 
the activated sludge tank was halted, along with the flow from the activated sludge tank 
to the settler. This system was designed to maintain the reactor in an aerated state with 
no substrate addition if for any reason changes occurred in the fluid dynamics of the 

system.
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Figure 2.7 Circuit for hydraulic flow safety system.

The reactor was maintained on modified "Syntho" synthetic sewage (Boeije et al. 
1999), detailed in Table 2.1, at a loading rate of O.SkgCODsettm^day" 1 . The modified 
synthetic sewage excluded the following ingredients present in the recipe of Boejie et 
al. (1999). Settled raw sewage was not included due to storage considerations. Addition 
of surfactants was initially tested but resulted in such dramatic foaming that it was 
excluded. Diet fibres were also omitted due to their accumulation in the activated sludge 

tank, and blockages of feed and recycle lines. The syntho was made up as a XI0 

concentrate and diluted with tap water using Watson Marlow pumps before its addition 
to the reactor. Dilution rates were amended according to influent strength required. In 

order to double influent COD, the dilution ratio was changed from 1 part milk: 9 parts 

water to 2 parts milk 8 parts water.
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Table 2.1 Ingredients of amended Syntho recipe.

Function Quantity Chemical

C source O.OlSgT 

0.072g r

1O.OlSgl 
0.05g I' 1 

0.040g I' 1

N source 0.075g I"1 

0.01 Igl' 1

P source 0.025g I" 1 

O.OlSgl' 1

o.oigr 1

Peptone (Merck)

Sodium acetate trihydrate (Fisher Scientific Ltd,

Loughborough, UK)

Meat extract powder (Merck)

Potato starch (Allied Colloids)

Glycerol (Fisher Scientific Ltd, Loughborough, UK)
Skim milk powder (Fluka)

Urea (Fisher Scientific Ltd, Loughborough, UK)

Ammonium chloride (Fisher Scientific Ltd, Loughborough,

UK)

Magnesium hydrogen phosphate trihydrate (Fluka)

Potassium hydrogen phosphate (Fisher Scientific Ltd,

Loughborough, UK)
Fullers earth (Fisher Scientific Ltd, Loughborough, UK)

O.lcm 1" Trace elements solution (Table 3.2)

Table 2.2 Trace elements recipe (Pfennig et al. 1981).

Quantity Chemical

HC1 (Fisher Scientific Ltd, Loughborough, UK)

FeCl2 -4H2O (Fisher Scientific Ltd, Loughborough, UK)

H3BO3 (BDH Ltd., Poole, UK)

MnCl2 -4H2O (BDH Ltd., Poole, UK)

CoCl2-6H2O (BDH Ltd., Poole, UK)

ZnCl2 (Fisher Scientific Ltd, Loughborough, UK)

NiCl2-6H2O (BDH Ltd., Poole, UK)

CuCl2-2H20 (BDH Ltd., Poole, UK)

Na2MoO4 -2H2 O (BDH Ltd., Poole, UK)

-i

-i

60mg 1" 

lOOmgr 1 

120mgl 

70mg 1 

25mg 1

ISmgl 

25mgl

-i

-i

-i
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The trace elements solution was kept in the dark at 4°C

2.7.2 Reactor operation at steady state using synthetic sewage.

The reactor was filled using well settling sewage collected from Cynon STW, and the 

day of start-up was designated day 0. The reactor was operated at an organic loading 

rate (OLR) of 0.5kg COD m'3 day" 1 , with a DO of around 4mg I" 1 . Activated sludge 

from Cynon STW was added to the reactor on days 78 and 83. The reactor was run 

continuously for 103 days, with a selector being added on day 37. The 2.51 working 

volume selector was aerated using a Capex 71 min" 1 pump (Fisher Scientific Ltd., 

Loughborough, UK) via an aquarium air stone. DO and pH were monitored using the 

methods described in sections 2.4.4 and 2.4.5. MLSS analysis was carried out daily, and 
solids analysis of the effluent carried out by the same method periodically. The 

configuration of the reactor following addition of the selector on day 37 may be seen 

pictorially in Figure 2.8 and schematically in Figure 2.9 (not to scale).
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Figure 2.8 Photograph of the laboratory scale activated sludge plant incorporating 
a selector
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Figure 2.9 Schematic representation of the laboratory scale activated sludge plant 

incorporating a selector

2.7.3 On-line measurement of biomass catalase activity in a laboratory scale

activated sludge system step loaded with simulated dairy waste 

Note: The experiments involving a milk supplement are defined by the prefix M before 
the experiment number. BOD values were calculated using the ratio of COD to BOD in
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the Syntho feed with and without amendment with milk experimentally determined by 

Lesley Parley, and are approximate figures only.

2.7.3. 1 Experiment M1

Return activated sludge (RAS) was collected from Cynon Sewage Treatment Works, 

and diluted to approximately 2 g I -1 MLSS in a 100 litre aeration tank. The reactor was 

maintained on modified "Syntho" synthetic sewage at a loading rate of approximately 

0.50 kg COD m"3 day" 1 (approx. 0.16 kg BOD/kg MLSS). Following steady state, the 

feed was supplemented with semi-skimmed milk to give a loading rate of approx. 1.5 kg 

COD m"3 day' 1 (approx. 0.56 kg BOD/kg MLSS) at time 1.6 days. Biomass catalase 

activity measurements were taken daily, along with volatile suspended solids (VSS) 

analysis, sludge volume index (SVI), and COD removal. The experiment was 
terminated after 11 days.

2.7.3.2 Experiment M2

RAS was collected from Cynon Sewage Treatment Works, and diluted to approximately 

3 g I" 1 in the 100 litre aeration tank. The reactor was maintained on modified "Syntho" 

synthetic sewage at a loading rate of approximately 0.5 kg COD m"3 day" 1 (approx.0.10 
kg BOD/kg MLSS) for 7 days. Following steady state, the feed was supplemented with 

semi-skimmed milk to give a loading rate of 1.9 kg COD m"3 day" 1 (approx. 0.35 kg 

BOD/kg MLSS) at time 2.7 days. Following steady state at increased load the milk 

supplement was removed (time 12.2 days), hence reduction of loading rate to its 

original level. The experiment was terminated after 13 days.

2.7.3.3 Experiment M3

RAS was collected from Cynon Sewage Treatment Works, and diluted to approximately 

3 g r 1 in the 100 litre aeration tank. The reactor was maintained on modified "Syntho" 

synthetic sewage at a loading rate of approximately 0.5 kg COD m"3 day" 1 (approx. 0.09 

kg BOD/kg MLSS) for 3.5 days. Following steady state, the feed was supplemented 

with semi-skimmed milk to give a loading rate of 1.5 kg COD m"3 day" 1 (approx. 0.40 

kg BOD/kg MLSS) at time 3.7 days. Following steady state at increased load the milk 

supplement was increased by 50% (time 6.71 days). At time 9.71 days, the milk 

supplement was removed, hence reduction of loading rate to its original level. The 

experiment was terminated after 12.5 days.
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2.7.3. 4 Experiment M4

Return activated sludge (RAS) was collected from Cynon Sewage Treatment Works, 

and diluted to 3 g P 1 MLSS in the 100 litre aeration tank. The reactor was fed on 

modified "Syntho" synthetic sewage supplemented with milk to give a loading rate of 

1.5 kg COD m'3 day' 1 (approx. 0.33 kg BOD/kg MLSS). Following steady state the 

milk supplement was removed to give a loading rate of 0.48 kg COD m"3 day" 1 (approx. 

0.12 kg BOD/kg MLSS) at time 2.7 days.

For the above experiments, biomass catalase activity measurements were recorded on 

line for Ihour 5 times daily, along with offline MLSS analysis, SVI and COD removal. 

Figure 2.10 summarises the experiments using Syntho and milk, and compares the OLR 

in terms of COD and BOD during the course of the experiment.
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Figure 2.10 a, b, c, and d Comparison of OLR for experiments M1-M4 respectively, 
showing change in OLR (kg COD m"3 day" 1 ) as a dashed line, and OLR 

(kg BOD m"3 day"1 ) as a solid line.

52



2.7.4 On-line measurement of biomass catalase activity in a laboratory scale 

activated sludge system step loaded with synthetic sewage

Note: The experiments involving a synthetic sewage supplement are defined by the 
prefix S before the experiment number. The concentration of syntho was increased by 
changing the ratio of concentrated feed to water by altering the pumpin rates of each.

2.7.4.1 Experiment S1

Return activated sludge (RAS) was collected from Cynon Sewage Treatment Works, 
and diluted to approximately 3.5g 1~' MLSS in the 100 litre aeration tank. The reactor 
was fed on modified "Syntho" synthetic sewage at a loading rate of 0.50kg COD m"3 
day" 1 (approx. 0.14 kg BOD/kg MLSS). Following steady state the concentration of 
Syntho was increased to give a loading rate of 1.0 kg COD m"3 day" 1 (approx. 0.28 kg 
BOD/kg MLSS) at time 3.4 days. On day 7.4, the loading rate was lowered to its 
original level of 0.50kg COD m"3 day' 1 (approx. 0.18 kg BOD/kg MLSS). The 
experiment was terminated after 14 days.

2.7.4.2 ExperimentS2

Return activated sludge (RAS) was collected from Cynon Sewage Treatment Works, 
and diluted to approximately 3.8g P 1 MLSS in the 100 litre aeration tank. The reactor 
was fed on modified "Syntho" synthetic sewage at a loading rate of 0.48kg COD m"3 
day" 1 (approx. 0.07 kg BOD/kg MLSS). Following steady state the concentration of 
Syntho was increased to give a loading rate of 0.96kg COD m"3 day" 1 (approx. 0.15 kg 
BOD/kg MLSS) at time 4.4 days. On day 8.5, the loading rate was lowered to its 
original level of 0.48kg COD m"3 day" 1 (approx. 0.07 kg BOD/kg MLSS). The 
experiment was terminated after 11 days.

2.7.4.3 Experiment S3

Return activated sludge (RAS) was collected from Cynon Sewage Treatment Works, 
and diluted to 4.5 g I" 1 MLSS in the 100 litre aeration tank. The reactor was fed on 
modified "Syntho" synthetic sewage to give a loading rate of 0.48 kg COD m"3 day" 1 
(approx. 0.06 kg BOD/kg MLSS). Following steady state the concentration of Syntho 
was increased to give a loading rate of 0.96 kg COD m"3 day" 1 (approx. 0.12 kg BOD/kg 
MLSS) at time 3.3 days. On day 7.4, the loading rate was lowered to its original level of 

0.6 kg COD m"3 day" 1 . The experiment was terminated after 8 days.
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2. 7.4.4 Experiment S4
Return activated sludge (RAS) was collected from Cynon Sewage Treatment Works, 

and diluted to 2.5 g I" 1 MLSS in the 100 litre aeration tank. The reactor was fed on 

modified "Syntho" synthetic sewage to give a loading rate of 0.48 kg COD m"3 day" 1 

(approx. 0.12 kg BOD/kg MLSS). Following steady state the concentration of Syntho 

was increased to give a loading rate of 0.96 kg COD m"3 day" 1 (approx. 0.25 kg BOD/kg 

MLSS) at time 4.4 days. On day 7.4, the loading rate was lowered to its original level of 

0.48 kg COD m"3 day" 1 (approx. 0.12 kg BOD/kg MLSS). The experiment was 

terminated after 10 days.

For the above experiments, biomass catalase activity measurements were recorded on 

line for Ihour 5 times daily, along with offline MLSS analysis, SVI and COD removal. 

Figure 2.11 summarises the experiments using Syntho, and compares the OLR in terms 

of COD and BOD during the course of the experiment.

The duration of the trials was based on the requirement to look at short term and 

immediate changes in loading rate; therefore, it was considered unnecessary to wait the 

ususal 3 sludge ages in order to reach a stable process.
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Figure 2.11 a, b, c, and d Comparison of OLR for experiments S1-S4 respectively, 

showing change in OLR (kg COD m"3 day" 1 ) as a dashed line, and OLR 

(kg BOD m"3 day" 1 ) as a solid line.
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3 RESULTS AND DISCUSSION

3.1 Use of catalase activity to measure hydrogen peroxide concentration

Figure 3.1 shows the response of the instrument to different concentrations of H2O2. As 

seen from the figure, the instrument was run continuously, even during change-over 

between different H2O2 concentrations. This provided a detailed log of the response 

time of the instrument to changes in peroxide concentration. The response time was 

very rapid, with the full response being demonstrated within about 5 minutes of the 

concentration changeover. For many industrial uses, there is a requirement to measure 

hydrogen peroxide at concentrations of less than 1%. At a H2O2 concentration of 0.25%, 

a standard deviation of 6.5% (over 20 minutes with a reading taken every minute) 

amounts to a change in gas volume of ±0.016cm3 O2 evolved min" 1 . A standard 

deviation of less than 6.5% for all concentrations of H2 O2 allows a difference of 0.13% 

in H2O2 concentration (i.e. between 0.25% and 0.38%) to be measured.

When plotted against each other, the relationship between H2O2 concentration and gas 

evolution was linear, with an R value of 0.997 indicating a good correlation. R-squared 

value. The R-squared value, also known as the coefficient of determination, is an 

indicator that ranges in value from 0 to 1 and reveals how closely the estimated values 

for the trendline correspond to your actual data. A trendline is most reliable when its R- 

squared value is at or near 1. The value is considered as the variation in y that is 

accociated with the variance of x and vice versa The relationship between H2O2 

concentration and gas evolution was also linear at 25°C and 45°C, with R2 values of 

0.998 and 0.992 respectively. Figure 3.2 shows the relationship of H2O2 concentration 

against oxygen evolution for the three different temperatures. The mean of the steady 

state oxygen production for each peroxide concentration at each temperature was 

plotted to produce a linear correlation, which showed less than 11% standard deviation 

from the mean at each temperature and concentration. Therefore, the reaction of catalase 

with hydrogen peroxide in the range 0.25% to 1.5%, using the on-line assay, was shown 

to be independent of temperature in the range 25°C to 45°C. Catalases are extremely 

efficient enzymes with reaction rates approaching the diffusion-controlled limit. They 

have very low energies of activation and consequently show only a slight dependence 

on temperature (Aebi, 1974). H2O2 has been measured at these concentrations off-line.
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and concentrations of as low as 25mg I" 1 have been monitored using an off-line system 

(Guwy et al. 2000).
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Figure 3.1 Oxygen produced from the reaction of catalase with hydrogen peroxide 

standards in the range (0.25% to 1.5%) at 30°C
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Figure 3.2 Correlation of oxygen evolution from the reaction of catalase with 

hydrogen peroxide at different concentrations, where * = 25°C, • = 

30°Cand A=45°C

This robust method is easier to automate than existing titrimetric and colourimetric 

methods and is not subject to fouling and interference from coloured or UV absorbing 

samples. The off-line technique may be sufficiently simple, portable and robust to be 

used in the field. This technique to monitor peroxide levels in industrial processes 

should allow optimisation of reaction conditions where these are affected by peroxide 

concentration. By monitoring dosage, the technique should allow more cost-effective 

operation of many large-scale processes using hydrogen peroxide for example paper 

pulp, textile and dye industries.

The peroxide monitor is currently being developed by Siid Chemie, Biocalalysts Ltd 

(Trefforest, UK) and Siemens Environmental Sytems (UK) Ltd (Poole, UK) for use in 

the paper and pulp industry and there has been a patent application. (Guwy et al. 2000b)

3.2 Biomass catalase activity measurement of soil samples

3.2.1 Measurement of biomass catalase activity in garden soils 

The amount of catalase activity detected increased as the weight of the sample 
increased, to produce a linear relationship between dry weight and soil biomass catalase 
activity, demonstrated in Figure 3.3. The autoclaved samples showed no peroxide
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breakdown. A visual test for bubbles after addition of a few drops of 30% hydrogen 

peroxide performed on the filtrate from a soil suspension of 1 g of soil in 5 cm3 water 

filtered through a lOum filter (Fisher Scientific Ltd, Loughborough, UK) established 

that catalase was not present in the soil outside of the bacterial cells. It was assumed that 
all of the gas production measured by the gas meter was due to catalase in actively 
respiring cells. Each point on the graph is a result of duplicate values. This was a robust 
and rapid analysis of soil biomass catalase activity that could be carried out in the field 
to provide an approximate determination of soil biomass activity, with samples for 
control analysed in the laboratory later. This method did not require any extensive pre- 
treatment such as enzyme extraction and purification. One unit of catalase activity 

corresponds to the breakdown of 1/^rnol of H2C>2 per minute at specified conditions, 

which would produce a gas flow of 11.2//1 of C>2 min" 1 at STP. From the equation of the 

line in Figure 3.3, it was calculated that the specific activity was approximately 78 
catalase units g" 1 . The detection limits of the calibration range for the gas meter used, in 
the discontinuous assay applied to soils was approximately 9 catalase units per Ig dry 
weight of sample.
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Figure 3.3 Measurements of biomass catalase activity in garden loam
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3.2.2 Measurement of biomass catalase activity throughout a bioremediation 

treatment of soil contaminated with shale tar

The biomass catalase activity monitor was successfully used to measure activity of 

"Sample T", a freshly remediated soil. Figure 3.4 shows that, in agreement with the 

results from the garden soil samples, the biomass catalase activity increases with soil 

dry weight to produce a linear relationship (R2 = 0.998) with an activity of 37.42cm3 O2 

evolved g" 1 dry weight in 15 minutes. The specific activity of biomass catalase was 223 

catalase units g"'dry weight. This was much higher than that seen in garden loam, 

indicating a larger or more active bacterial population. The abiotic activity obtained for 

a control autoclaved sample was always zero. These results showed that the biomass 
monitor could be used to measure biomass catalase activity in soils following 

bioremediation. The high catalase activity of the bioremediated soil suggested that the 

soil had been successfully treated, and that the soil was no longer highly contaminated. 

Further work was required to assess the use of the biomass catalase activity monitor to 

measure the activity of highly contaminated soils undergoing bioremediation.
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Figure 3.4 Relationship of biomass catalase activity to dry weight in sample T

The first soil samples contaminated with shale tar were analysed during week 3 of 

treatment, following bed construction. At this early stage, the samples were initially 

heterogeneous in appearance, as the beds were still relatively unmixed. As the treatment
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progressed, samples became visually more homogeneous, due to the mixing and 

aeration by tilling and ploughing carried out as part of the treatment process.

The biomass catalase activities for beds 2 and 4 are shown in Tables 3.1 and 3.2 

respectively. There was never any gas production from the catalase analysis of 

autoclaved soil samples. Each composite sample representing sectors 1-6 for each date 

was a mixture of cores sampled from 3 locations within each sector. Each sector was a 

10m length of the bed. When the mean values for biomass catalase activities shown in 

Tables 3.1 and 3.2 were averaged, the percentage standard deviation between the sectors 

was high being between 24-49% in bed 2, and 12-37% in bed 4 during the course of the 

treatment. The standard deviation between triplicate analyses on each composite sample 

was low, on average 8% for bed 2 and 6.5% for bed 4. In considering this, it is likely 

that the source of error comes not from the method for measuring biomass catalase 

activity, but from error caused by sampling. The problem with lack of heterogeneity 

between soil samples has been identified as a major disadvantage in the analysis and 

assessment of pollutants in soil (Dott et al. 1995). In order to reduce error for a large 

sampling area, more samples may need to be taken from the beds, although each sample 

would still be viewed as an independent sample. This variation may be overcome by 

taking a large composite sample for the entire bed from which sub samples may be 

taken for analysis, which reduces error caused by topographical variation, providing the 

samples could be thoroughly mixed. Taking a composite sample of each of six sectors 

in the bed as performed here provided more detail on the bioremediation process within 

individual beds.
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Table 3.1 Biomass catalase activity values for each sample in bed 2.

Date

24/8/98
Week 3

14/9/98 
Week 6

06/10/98 
Week 9

10/11/98
Week 14

Sector number
of composite

sample

1
2
3
4
5
6

1 
2
3
4
5
6

1 
2
3
4
5
6

1
2
3
4
5
6

n

3
3
3
3
3
3

3 
2
2
2
2
3

3 
3
3
3
3
2

3
3
3
3
3
3

Mean catalase activity
(cm3 62 evolved g" 1 dry
weight in 1 5 minutes)

20.81
49.47
44.56
31.38
42.21
54.02

56.72 
109.92
101.73
66.75
107.80
116.31

47.80 
36.28
37.60
32.82
27.57
88.02

46.55
41.94
72.76
61.32
71.21
45.46

SD

1.52
3.11
11.22
2.46
4.21
0.84

7.37 
7.11
3.13
4.11
14.98
3.30

9.56 
1.30
3.71
2.66
3.63
4.88

0.69
1.59
0.84
2.13
3.21
6.69

%SD

7.3
6.3

25.2
7.8
10.0
1.6

13.0 
6.5
3.1
6.2
13.9
2.8

20.0 
3.6
9.9
8.1
13.2
5.5

1.5
3.8
1.2
3.5
4.5
14.7

n=number of samples
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Table 3.2 Biomass catalase activity values for each sample in bed 4.

Date

24/8/98 
WeekS

14/9/98 
Week 6

06/10/98 
Week 9

10/11/98 

Week 14

Sector number

of composite
sample

1 
2
3
4
5
6

1 
2
3
4
5
6

1 
2
3
4
5

6

1

2

3
4

5

6

n

2 
2
2
2
2
2

3 
3
3
3
2
2

3 
3
3
3
3
3

3 
3
3

3

3

3

Mean catalase activity
(cm3 O2 evolved g" 1 dry

weight in 1 5 minutes )

62.56 
79.15
58.29
64.56
85.50
65.41

126.13 
109.07
138.36
95.08
122.01
116.93

63.32 
25.23
49.31
39.11
55.92
49.11

32.78 
49.32
80.70
98.64

88.30

58.27

SD

6.61 
4.68
0.37
2.78
2.13
3.90

5.63 
12.04
5.14
10.67
9.48
14.03

7.05 
2.37
4.44
1.56
1.86
2.97

2.04 
6.65
5.55
1.47

0.53

2.11

%SD

10.6 
5.9
0.6
4.3
2.5
6.0

4.5 
11.0
3.7
11.2
7.8
12.0

11.1 
9.4
9.0
4.0
3.3

6.0

6.2 
13.5
6.9
1.5

0.6

3.6

n=number of samples
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The same problem of heterogeneity affected the hydrocarbon and n-alkane 

determinations (carried out by CELTIC Technologies ltd.) shown in Table 3.3. The 

standard deviation of the hydrocarbon concentrations for the composite samples 

(representing the 6 sectors) in weeks 3, 6, 9 and 14 varied from 12 to 40% in bed 2 and 

18 to 50% in bed 4 and are shown as error bars in Figures 3.5 and 3.6. Similarly, the 
standard deviation of n-alkane concentration varied between 12 to 54% in bed 2 and 
between 31 to 51 % in bed 4.

Table 3.3 Hydrocarbon and n-alkane values for each sample in beds 2 and 4.

Date

24/8/98
week 3

14/9/98 
week 6

06/10/98 
week 9

10/11/98
week 14

Sector
number of
composite

sample
1
2
3
4
5
6

1 
2
3
4
5
6

1 
2
3
4
5
6

1
2
3
4
5
6

BED

Hydrocarbon
concentrations

g/kg

26.3
34.5
28.5
34.1
30.2
36.2

17.4 
19.8
25.1
25.9
26.9
34.4

9.2 
10.8
6.1
11.0
8.6
18.7

5.7
7.2
7.5
5.5
8.0
9.5

2

n-alkane
concentrations

g/kg

7.9
9.7
8.1
10.2
8.4
11.1

3.4 
3.8
5.2
6.8
6.2
5.7

1.6 
2.0
1.0
1.9
1.8
4.3

1.3
1.2
1.6
1.2
1.4
1.5

BED

Hydrocarbon
concentrations

g/kg

17.8
29.1
82.1
68.5
75.1
86.2

30.3 
16.0
15.1
11.7
19.9
15.0

13.6 
7.6
10.7
10.3
10.7
11.4

6.4
16.2
7.2
5.8
6.6
12.7

4

n-alkane
concentrations

g/kg

4.7
8.3

24.1
19.8
21.8
26.7

3.9
2.7
2.3
1.5
2.9
2.3

3.3 
1.4
1.7
1.4
1.4
1.7

1.5
2.6
1.2
1.1
1.1
2.3

n=number of samples
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Despite the variability due to sampling, certain trends are evident. The averages of the 

mean catalase activity for beds 2 and 4 are plotted against time in Figures 3.5 and 3.6 

respectively. Figures 3.5 and 3.6 also show the mean hydrocarbon and n-alkane 

concentrations for beds 2 and 4 plotted against time.

At the start of treatment, (week 3) mean biomass cataiase activity in bed 2 was 

40.41cm3 Oa evolved g" 1 dry weight in 15 minutes. This was lower than the activity in 

bed 4, which was 69.25cm3 O2, evolved g" 1 dry weight in 15 minutes. These activities 

correspond to specific activities of 240 and 412 catalase units g" 1 respectively. The 

specific activity was much higher than that of garden loam, and bed 2 had a mean 

specific activity very similar to that seen in the freshly remediated soil, sample T, used 

in the preliminary study. In week 3, the mean total hydrocarbon concentrations were 

31.6g kg" 1 and 59.8g kg" 1 in beds 2 and 4 respectively. N-alkane concentrations were 

also lower in bed 2 than in bed 4 at the commencement of treatment, being 9.2g kg" 1 and
-i17.6gkg" respectively.
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Figure 3.5 Mean catalase activity compared with mean pollutant concentrations in 
bed 2 over the treatment period (Mean catalase activity •; mean total 
hydrocarbon concentrations D; mean n-alkane concentrations A)
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Figure 3.6 Mean catalase activity compared with mean pollutant concentrations in 
bed 4 over the treatment period (Mean catalase activity •; mean total 
hydrocarbon concentrations D; mean n-alkane concentrations A)

Biomass catalase activity showed similar trends over time in both beds, seen clearly in 
Figures 3.5 and 3.6. Between weeks 3 and 6, Biomass catalase activity in both beds 
increased - by about 130% in bed 2 and about 70% in bed 4. This was the highest 
recorded point of biomass catalase activity throughout the treatment period, at 93.21cm3 
62 evolved g" 1 dry weight in 15 minutes in bed 2 and 117.93cm3 C>2 evolved g" 1 dry 
weight in 15 minutes in bed 4. This corresponds to specific activities of 554 and 696 
catalase units g" 1 respectively. Between weeks 6 and 9 the biomass catalase activity 
dropped in both beds - by 52% in bed 2 and 60% in bed 4. At this point, the biomass 
catalase activity in both beds was similar, 45.01cm3 Q^ evolved g" 1 dry weight in 15 
minutes in bed 2 and 47cm3 O2 evolved g" 1 dry weight in 15 minutes in bed 4. By week 
14, the catalase activities had increased in both beds, to 56.52cm3 O2 evolved g" 1 dry 
weight in 15 minutes in bed 2 and to 68cm3 O2 evolved g" 1 dry weight in 15 minutes in 
bed 4. An increase in microbial activity within 4 weeks of commencement of 
bioremediation measured by fluorescein diacetate hydrolysis and microbial numbers 
was reported by Song and Bartha (1990). A decline in activity seen in the later stages of 
the treatment period as seen here was observed. They reported a corresponding sharp 

decrease in pollutant (jet fuel) concentration in the first weeks of the treatment period.
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Mean n-alkane and hydrocarbon concentrations in week 3 were higher in bed 4 than in 

bed 2, as was catalase activity. Figures 3.5 and 3.6 show that the decrease in pollutant 

concentrations was greatest during the first weeks of treatment. In bed 2, mean n-alkane 

concentrations dropped by 44% and mean total hydrocarbon concentrations dropped by 

21%. In bed 4, n-alkane concentrations dropped by 85% and mean total hydrocarbon 

concentrations dropped 70%. Mean n-alkane and total hydrocarbon concentrations 

dropped more sharply in bed 4 than in bed 2 in between weeks 3 to 6. This may possibly 

have been related to the higher biomass catalase activity levels in bed 4 during this time, 

inferring a larger or more active bacterial population in bed 4.

The reduction in pollution was not constrained to n-alkane and hydrocarbons. A 

decrease was seen in VOC, phenol, and TOC concentrations, seen in Table 3.4.

Table 3.4 Mean chemical analysis of treatment beds during weeks 3 and 9. (Data 
supplied by CELTIC Technologies)

Determinand

PH

moisture %

VOC's

Phenols

TOC (g kg" 1 )

Nitrogen (g kg' 1 )

Phosphorus (g kg' 1 )

Potassium (g kg' 1 )

Total Concentration 

week 3

7.46
23.7

10-500

42.5

70.89

3.72

1.16

2.31

(mg kg' 1 dry weight) unless stated 

week 9

7.46

23.7
<5

2.1
57.03

2.19

1.47

1.60

In weeks 5 to 10 the temperature in the beds was higher than the ambient temperature 

(Table 3.5). After week 8 the temperature in the treatment beds dropped; Figures 3.5 

and 3.6 indicate that at this point, the catalase activity was past its peak and the organic 

pollution concentrations were much reduced. Possibly there was a reduction in the 

respiratory activity and hence less heat generation. The ambient temperature, however, 

was generally lower in weeks 9-12 than weeks 5-10. The moisture contents of all beds 

measured had risen to 25-30% by week 11 (Figure 3.7), caused by increased rainfall 

during this period. This may have reduced oxygen availability, resulting in decreased 

respiration and heat generation.
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Table 3.5. Temperature profiles of the treatment beds. (Data supplied by CELTIC 
Technologies)

Depth (m) 
Ambient Surface

WeekS

Week 6

Week?

WeekS

Week 9

Week 10

Week 1 1

Week 12

Week 13

Week 14

Figures are

11

14

16

9

9

9

4

4

14

6

mean

25.4

(28.6,17.1)

25.2

(27.8,21.3)
29.9

(32.4, 28.3)
20.2

(23, 19.9)

23.4

(24, 22.2)
22.8

(24.4,21.7)
12.9

(14.2,11.1)

16.4
(18.2, 15.1)

13.6
(22.2, 14.2)

6.8
(8, 6.2)

(high, low)

0.2

29.8

(39.9,18.2)

33

(36.3,29.9)

35.4
(39.1,30.6)
30

(36.5,21.2)

34.1

(37, 32.5)

35.4
(40,31.7)
24.4
(30.3, 20.8)

23.7
(29.1,20.2)

16.6
(18.8, 13.2)

11.1
(13.3,9.7)

0.4

28

(35.7, 19.3)

33.2

(36.3,30.1)
34

(37.2, 28.9)
32.3

(37.7, 24)

35.8
(39, 33)

38.2
(42.7, 33)
31

(37.1,27)
27.8

(34.4,23.7)
19.1
(25, 14.7)
14.5

(16.6, 12.3)

0.6

25.4

(30.5,

32.1

18.6)

(36,28.3)

33.2
(36.6,

31.7

(36.5,

31.4

28.5)

24.1)

(35, 30)

37.5
(42.3,

31.7
(37.7,

29.1
(35.6,

20.5
(15.8,

16.2

(19.3,

32.1)

26.6)

24.7)

12.3)

12.9)
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Figure 3.7 Moisture profiles of treatment beds over the treatment period (Bed no 

1 •; Bed no 5 •; Bed no 9 A; Bed no 13 D; Rainfall A; Cumulative 
rainfall O). (Data supplied by CELTIC Technologies)

It appears that after commencement of the remediation process microbial activity 

increased, presumably due to growth of the pollutant degrading bacteria. This suggests 

that biodegradation of pollutants was occurring and not merely loss of pollutants 

through volatilisation. Following the rapid decrease of substrate concentration, 

microbial activity dropped. Figures 3.5 and 3.6 showed that although pollutant 

concentrations kept on falling until week 14, when treatment stopped, catalase activity 

rose in week 14 by 14% compared to week 9 in bed 2, and by 45% in week 14 

compared to week 9 in bed 4. The final increase in activity may be caused by 

colonisation of the site by other bacteria when pollutant levels are no longer inhibitory 

for growth.

The experiment has shown that catalase activity may be measured in heavily 

contaminated soils undergoing remediation. This method may be useful in monitoring 

treatment effectiveness as an increase in catalase activity was coupled with a decrease in 

pollutant concentrations and the bioremediation system with higher biomass catalase 

activity removed n-alkanes and hydrocarbons more quickly. Reduced variation between 

samples could be achieved by increasing the number of samples per bed, or creating a 

composite sample for the entire bed for laboratory analysis. An instrument such as the
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one described would be able to confirm procedures that are reputed to stimulate 
microbial growth, so loss of pollutants could then be related to microbial activity rather 
than to physical removal (vaporisation/dispersal). Work on this subject has continued, 
resulting in a partnership between the University of Glamorgan and CELTIC 
Technologies Ltd., which has received ERDF Objective 2 funding to investigate 
"Development of an automatic off-line monitor to measure aerobic biomass in soils". 
As a result of the initial findings reported here and in Martin et al. (2000), a three-year 
collaborative research project at the University of Glamorgan with IACR Rothamsted 
has been undertaken. The aim of the project is to investigate the comparison of the 
novel catalase activity method with the standard method for biomass activity 
determined by chloroform fumigation extraction in a variety of heavy metal 
contaminated agricultural soils.
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3.3 Biomass catalase activity measurement of suspended nitrifying 
biomass

3.3.1 On-line measurement of biomass catalase activity in a nitrifying culture 

with allylthiourea inhibition

Neither the growth media nor autoclaved biomass showed any peroxide decomposing 

activity when assayed using the novel biomass catalase activity monitor. The average 

catalase activity before addition of ATU was 9.06 cm3 O2 evolved min" 1 , with a 

standard deviation of 15%. The VSS at the time of analysis was 0.45 gl" 1 . It was 

calculated that the nitrifying sludge had a specific activity of 179,631 catalase units g" 1 

VSS, which compares with values of 106,670 catalase units g"'VSS measured by Guwy 

et al. (1998) in activated sludge samples. There are no comparable measures of catalase 

activity of nitrifiers in the literature.

Catalase activity was not measured while ATU was added to the reactor, and did not 

recommence for a further 90 minutes. Within 120 minutes of adding the ATU the 

average activity of biomass catalase had fallen more than 50% to 4.1 cm3 Oi evolved 

min" 1 (81,423 catalase units g"'VSS), and remained at this level for three days. Thus, it 

appeared from this one experiment that ATU had a rapid affect on the catalase activity 

of nitrifiers. This result indicates that an application of the monitor to measure 

nitrification in activated sludges could be developed by using ATU to differentiate 

between the heterotrophic bacteria and the nitrifiers. The biomass monitor would be an 

ideal instrument to measure activity of nitrifiers if these results are verified, as no 

sample pre-treatment would be required and there would be no need for a clean sample 

stream as is the case with many nitrite and nitrate analysers (Geraney et al. 1998). The 

biomass monitor could be a simple alternative to the on-line nitrification toxicity 

monitors recently developed (Geraney et al. 1997, Surmacz-Gorska et al. 1995) and 

commercially available instruments, such as Amtox (Waterfront Technology Ltd, 

Banbury, UK, Hayes and Upton 1999).

Samples were removed daily before feeding for ammonium, nitrite and nitrate 

determinations in order to understand better the processes occurring within the reactor. 

Analysis of ammonium was subject to interference from a strong sodium ion peak 

caused by the addition of sodium hydroxide used to control the pH in the reactor, so
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nitrite and nitrate concentrations were taken as indicative of nitrifying activity. 

Throughout the experiment, nitrite levels remained between 2.2 and 2.9 g I" 1 and nitrate 

concentrations were less (below 0.36 g I" 1 ). These results suggest that although 

Nitrosomonas converted ammonium to nitrite, there was little conversion of nitrite to 

nitrate by Nitrobacter. The experiment was repeated, without stopping catalase activity 

monitoring at the time of ATU addition.

3.3.2 Continuous on-line measurement of biomass catalase activity in a 

nitrifying culture during allylthiourea inhibition

Nitrite concentrations were zero in every sample taken after reaching steady state 

conditions and nitrate concentrations increased to 7 g I" 1 immediately after feeding and 

rose to 8 gl" 1 within 24 hours demonstrating that the culture was nitrifying. At the time 

of addition of ATU, the VSS in the reactor was 0.74 gl' 1 , and the catalase activity was 

6.6 cm3 62 evolved min" 1 . This was calculated as a specific activity of 79,012 catalase 

units g'VsS, compared to the initial value of 179,631 catalase units g" l VSS in the 

previous experiment. The specific catalase activity remained unchanged for a period of 

3 hours after two additions of ATU to a concentration of 5 and lOmg I" 1 .

Hooper and Terry (1973) suggested that the structure of ATU might be structurally 

similar enough to the catalase inhibitor 3-aminotriazole to inhibit catalase activity. ATU 

does not appear to be inhibitory to catalase activity of nitrifiers at the concentrations 

used here. There was no accumulation of nitrate during the period of catalase activity 

measurement after ATU addition, indicating that no nitrification was taking place, and 

thus Nitrosomonas was being inhibited. It can be concluded that in this experiment, the 

catalase activity of nitrifiers as measured using the biomass monitor was not affected by 

the addition of ATU. This conflicted with the results from the previous experiment 

where a decrease in catalase activity of 50% was measured one hour after adding ATU. 

The cultures were grown in the same manner, although at the time of addition of ATU, 

VSS was higher in the most recent experiment and specific activity was lower, which is 

unlikely to be the cause of the decrease in activity on addition of ATU. There was a 

difference in the data collection between the experiments, being the break in catalase 

activity measurement on addition of ATU in the first experiment. This means that the 

immediate response of the culture and the curve of the decrease cannot be examined in 

detail in order to elucidate the cause of the decrease in catalase activity. The ATU 

concentration was increased in the second experiment to 5mg I' 1 , in line with more
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commonly quoted literature values (Surmacz-Gorska et al. 1995, Geraney et al. 1997), 
which should have caused a greater decrease in activity after its addition rather than the 
response seen. The concentration of ATU was increased to lOmg/lwith no effect. The 
results from this experiment indicate that the biomass monitor may not be used as an 
indicator of toxicity to a nitrifying sludge. In order to examine which of the two 
experiments was to be believed, additional experiments were required. The 
experimental design was simplified to include pure cultures of aerobic Nitrosomonas 
grown in flasks in a shaking orbital incubator rather than the complexity of a mixed 
bacterial culture in a dynamic state. This allowed examination of the rate-limiting step 
of ammonia conversion to nitrite carried out by Nitrosomonas without any complicating 
factors.

3.3.3 The effect of allylthiourea on catalase activity of a pure culture of 
Nitrosomonas (experiment 1)

Following an incubation period (for 48 hours at 25°C at 140 rpm in a shaking orbital 
incubator), the VSS of the culture was 0.63 gl" 1 . The biomass catalase activity was 
10.76 cm3 O2 evolved min' 1 , which corresponds to a specific activity of 152,580 
catalase units gVSS" 1 . The catalase activity of the culture was measured for a further 50 
minutes following addition of ATU to a final concentration of 5 mg I" 1 and the oxygen 
evolution remained at 10.76 cm C>2 evolved min" for the entire time. No measurements 
of nitrite or nitrate were taken during the experiment, as the aim was to examine the 
effect of ATU addition rather than bacterial performance. Following the results of this 
experiment it was decided that a more detailed repeat should be carried out to test the 
hypothesis that inhibition of nitrifiers by ATU addition is not represented in the short 
term by the catalase activity measurements of the culture.

3.3.4 The effect of allylthiourea on catalase activity of a pure culture of

Nitrosomonas (experiment 2)

Ion chromatography analysis showed that the nitrite concentration in the feed was 
94.65mg I" 1 . Following incubation with the Nitrosomonas culture for 48 hours, the 
nitrite concentration in the suspension with no ATU added (combined flasks) was 
170.5mg I" 1 clearly proving that the Nitrosomonas were fully viable and capable of 
oxidising ammonia to nitrite. In the culture amended with 5mg I' 1 ATU, the nitrite 
concentration after incubation was 92mg I' 1 that was very similar to the original 
concentration in the feed. This proved that there was no oxidation of ammonia to nitrite
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by the Nitrosomonas in this culture, thus the ATU was effective in inhibiting ammonia 

monooxygenase. These findings were substantiated by the results from the solids 

analysis, which showed that following incubation, the sample with no ATU added had a 

VSS of 0.62g I" 1 , which was 14% more than the culture amended with ATU, which had 

a VSS of 0.53mg 1" . The specific activities of the suspensions were also different 

between the two cultures. The culture with ATU added had a high specific activity of 

265,965 catalase units, while the culture that was not amended with ATU had a specific 

catalase activity of 294,624 catalase units. This high level of catalase activity after 

incubation with ATU suggested that catalase was not affected by ATU. When ATU was 

added to the culture (previously untreated with ATU) to a final concentration of 5 mg I" 1 

there was no decrease in catalase activity, which remained at 294, 624 catalase units for 

the remainder of the experiment (90 minutes).

This supported the results of the previous experiment and strongly suggested that the 

biomass catalase activity monitor may not be used as a short term indicator of ATU 

toxicity to a nitrifying plant.

3.3.5 The effect of allylthiourea and 3,5-DCP on catalase activity of a pure 

culture of Nitrosomonas

In order to confirm results of the previous experiment and to make sure that the results 

were not specific to one type of inhibitor, the experiment detailed in section 2.5.8 was 

carried out. 3, 5-DCP was used as an inhibitor in this experiment for its uncoupling 

capabilities (Geraney et al. 1997).

The contents of the flasks used for growing up the culture were combined, and the VSS 

determined as 0.83g I" 1 . The combined culture was then divided equally between three 

flasks as follows;
1. Control (No inhibitors added)

2. Addition of 0.51 mg/1 3,5-DCP following a steady reading of catalase 

activity
3. Addition of 5 mg/1 ATU following a steady reading of catalase activity

Catalase activity in the control flask (1) was 139,276 units gVSS" 1 , 132,312 units gVSS" 
1 in flask 2 and 138,473 units in flask 3. Following addition of 3,5-DCP to flask 2, no 

decrease in catalase activity was observed for over 1 hour. Following addition of ATU
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to flask 3, no decrease in catalase activity was observed for more than 1 hour. Values of 

specific catalase activity were an average of values taken over a 20-minute period. 

Thus, it may be concluded that the biomass monitor may not be used to measure acute 

toxicity e.g. inhibition of nitrification through the action of a non-specific uncoupling 

agent (3,5-DCP) or a specific inhibitor of ammonia monooxygenase (ATU), although 

over an extended period the catalase activity would decrease due to washout of the 

inhibited bacteria. These results suggest that catalase activity is not affected in 

metabolically inhibited cells for at least 1 hour. It is proposed that inhibition of 

respiratory activity is not reflected in the activity of catalase in the short term.

3.3.6 Summary

Using the catalase monitor, the specific catalase activity for an enrichment nitrifying 

culture was shown to be between 79,012 and 179,631 units gVSS" 1 and for a 

Nitrosomonas culture to be between 152, 580 and 294,624 units gVSS" 1 . Values for 

specific catalase activity of nitrifiers have not to the author's knowledge been 

previously reported in the literature. These values are around twice those previously 

reported for activated sludges. ATU was shown to prevent nitrification (measured as 

nitrite accumulation) but its toxic effects were not reflected in the majority of the 

catalase activity measurements within 1 hour. The inhibitor 3,5-DCP did not affect 

catalase activity measurements when applied to a pure culture of Nitrosomonas within 1 

hour. Although not applicable as a wastewater toxicity monitor, the biomass activity 

monitor was a successful measure of catalase in a nitrifying culture.

ATU is commonly used to differentiate between activity of heterotrophs and nitrifiers in 

activated sludge (Surmacz-Gorska et al. 1995, Geraney et al. 1997) when oxygen 

uptake rate (OUR) is used to measure activity of nitrifiers in activated sludge. Without 

ATU addition having a measurable effect on catalase activity of nitrifiers, no 

differentiation can be made between catalase activity of heterotrophs and nitrifiers; 

hence, the catalase monitor is more suitable for measurement of overall activity of a 

mixed culture i.e. activated sludge rather than as a measurement of activity of any one 

organism within the mixed population.
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3.4 Biomass catalase activity measurement of activated sludge

3.4.1 Effect of temperature changes on activated sludge catalase activity

As can be seen from Figure 3.7, catalase activity increased with increasing temperature. 

There was an increase of 21% between 11°C and 17°C (from 5.71 to 7.26 cm3 O2 

evolved min" 1 ), and a further 10% increase between 17°C and 25°C. There was a small 

increase of 4% between 25°C and 35°C. There was an overall increase in catalase 

activity of 35% between 11°C and 35°C. The standard deviation for each temperature 

was less than 5%. The effect of temperature increase was sufficient to require the 

biomass monitor to be maintained at a relatively constant temperature. A temperature of 

30°C was used for subsequent studies. The increase in catalase activity with increase in 

temperature illustrated in Figure 3.7 was less than that seen by Ghadermarzi and 

Moosavi-Mavahedi (1997) who reported a 50% increase in I^Oz decomposition by pure 

bovine liver catalase in a measurement lasting 15 minutes when the temperature was 

increased from 22 to 35°C compared to a 4% increase between 25°C and 35°C measured 

here over one hour.
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Figure 3.7 Effect of temperature on biomass catalase activity of an activated 

sludge.
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3.4.2 Effect of anaerobic conditions on activated sludge catalase activity 

MLVSS of the sample obtained from Coslech STW was 3.2 g I" 1 and initial activity was 

8.2 cm3 O2 evolved min" 1 (Table 3.6), which corresponds to a specific activity of 22,878 
catalase units. An overall decrease was seen in the oxygen evolution and thus catalase 

activity of the sample as anaerobic conditions continued (Figure 3.8), decreasing by 
>50% over 120 hours although there was little change between hours 47 and 96. This 
decrease could have been caused by aerobic cell death and utilisation of the available 
substrate to a point where some of the microbial cells start to scavenge on the dead 
cells. All cell enzymes are subject to degradation in the cell (turn over) naturally. If 
catalase is no longer synthesised in anaerobic cells, these results suggest a long half life. 
The work reported by Mulvey et al. (1990) support these results, noting no appreciable 
difference in katE and as expression when E. coli was grown aerobically for 2 hours 
then flushed with nitrogen and sealed providing an anaerobic environment up to the 
termination of the experiment at 20 hours.
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Figure 3.8 Decrease of biomass catalase activity during prolonged anaerobic 

conditions.
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Table 3.6 Decrease in catalase activity under prolonged anaerobic conditions.

Hour Condition

0 AEROBIC

25 ANAEROBIC

47 ANAEROBIC

96 ANAEROBIC

121 ANAEROBIC

Catalase activity 

(cm3 O2 evolved min" 1 )

8.06

6.17

5.87

5.96
3.8

Cells retained some catalase activity even after 6 days under anaerobic conditions 
corresponding to a specific activity of 1187 cm3 Oi evolved min" 1 gMLVSS" 1 (105,975 
catalase units gMLVSS" 1 ). In real terms, this shows that RAS may retain some catalase 
activity after storage in the settler.

3.5 Use of the prototype catalase activity monitor on an activated sludge 
plant

3.5.1 Reactor operation at steady state using synthetic sewage 

Figure 3.9 shows the changes in MLSS and effluent suspended solids during continuous 
operation over a 103 day period. Average CODsett of the feed was 560mg I' 1 resulting in 
an OLR (organic loading rate) of approximately 0.5 kg COD m"3 day" 1 and a F:M of 0.8 
kg COD/kg MLSS day" 1 . There was no wasting of biomass throughout the entire 
operational period. On addition of an aerobic selector on day 37, the SVI decreased 
from 1000 cm3 g" 1 to 150 cm3 g" 1 within 10 days. DO was maintained at approximately 
4mg I" 1 during the entire period of operation.

It can be seen from Figure 3.9 that there was little accumulation of biomass in the 
reactor. Solids addition in the form of RAS obtained from Cynon STW appeared to 
stimulate biomass production somewhat, but MLSS increased by only 1 g T 1 in 30 days 
following the first sludge addition. The first sludge addition on day 69 was 51 of liquor 
containing 5.5g I" 1 of solids, the second was on day 69 and consisted of 51 of 9g I" 1 
solids and the final addition was on day 82 and consisted of 51 of 13g I" 1 solids.
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Figure 3.9 Profile of MLSS and effluent SS during operation of reactor on Syntho.

The low biomass production in this process may be the product of several operational 
parameters. Increased temperature (up to 30°C) and long retention time has been 
reported to increase efficiency and decrease sludge production (Mayhew and 
Stephenson 1997). The temperature of this reactor averaged around 20°C, and did not 
drop below 15°C, and the hydraulic retention time at 24 hours was longer than many 
industrial processes. Extended aeration or sludge reaeration processes, which involve 
reaeration of sludge after its initial aeration in the activated sludge process, have been 
used to reduce excess sludge production (Haseltine 1961). Reddy et al. 1983 employed 
an extended aeration process, which did not require any sludge wasting at all, due to 
aerobic digestion of sludge during the reaeration process. Some of these processes 
involve reaeration of the RAS before joining the influent sewage. In this case, the 
selector may be contributing to an effect similar to the extended aeration process due to 
the RAS being reaerated in the selector, along with the incoming synthetic sewage, 
before it is returned to the activated sludge tank resulting in a system where there is no 
requirement to waste sludge at all. The simplest and most probable explanation, 
however is that the yield of bacteria will not be high enough given the BOD removal of 
the plant and the strength of the waste is unlikely to produce more than O.lg I' 1 of solids 

per day which is beneath the limits of detection of the MLSS test.
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3.5.2 On-line measurement of biomass catalase activity in a laboratory scale 

activated sludge system step loaded with simulated dairy waste

3.5.2.1 Experiment M1

Figures 3.10 a-h show the effect of increasing the OLR from 0.5 to 1.5 kg COD m"3 

day" 1 (changing the F:M ratio from 0.2 to 0.7 kg COD/kg MLVSS day" 1 ) using a milk 

supplement on operational parameters of the aerobic reactor Loading rates in activated 

sludge plants in the UK commonly range between 0.25 - 0.5 BOD/kg MLSS day" 1 

(CIWEM 1997)., which is equivalent to a range of approximately 0.5 to I.kg COD/kg 
MLVSS day" 1 . The arrow indicates the point where the OLR was increased on each set 

of graphs on day 1.5. Milk, a complex biodegradable substrate was used to produce 
changes in OLR that may be seen in a plant dealing with intermittent flow from the 

dairy industry.
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Figure 3.10a, b and c Effect of increase in loading rate using milk on MLSS,
MLVSS and SVI, respectively. (Expt Ml)
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Figures 3.10a and b show MLSS and MLVSS profiles respectively during the course of 

the experiment. At the commencement of this experiment, MLSS was 2.31 g I" 1 and 

MLVSS was 1.85 g I" 1 . It can be seen from Figure 3.10a that in the two days subsequent 
to applying a heavier loading rate to the aerobic reactor the MLSS concentration 

increased 25% from 2.31 g T 1 on day 1 to 2.91 g T 1 by day 3, similarly, the MLVSS 

increased by 21% over the same time scale to 2.91 g I" 1 . The SVI showed a decreasing 

trend throughout the experiment, as seen in Figure 3.10c, from initial bulking conditions 
of greater than 150 cm3 g" 1 to a well settling sludge of 100 cm3 g" 1 by day 9. Catalase 

activity also peaked within 2 retention times of changing the OLR; rising from 7.9cm3 
O2 evolved min"1 prior to increasing the OLR on day 1 to 24.75 cm3 O2 evolved min"1 

by day 3, an increase of almost 200%. Similarly the increase in specific catalase activity 
increased by 115% from 558 cm3 gMLVSS' 1 (49,818 catalase units gMLVSS"') to 1200 
cm3 gMLVSS' 1 (107,136 catalase units gMLVSS' 1 g' 1 ) within 2 days (Figure 3.10e).

The 145% increase in MLSS was not proportional to the increase in catalase activity 
(more than 200%), and the increase in specific catalase activity shows that the biomass 

growth alone was not responsible for the elevated catalase activity levels. Thus, catalase 

production must have been due to heightened respiration. This could be examined 

further by using a respirometers to measure respiration directly in experiments of this 
kind Some conditions leading to the induction of catalase have been reviewed in Section 
1.4. Corroborating this was a decrease in residual DO in the days following increased 
loading rate as shown in Figure 3.1 Of, from 2.4 mg I" 1 on day one to 0.82 mg I" 1 on day 
3, indicating that the bacteria were utilising more of the DO due to heightened 

respiration rates. Residual DO fell below 0.5 mg I" 1 but always stayed slightly above 

zero. No amendment was made to the input of DO, as the relationship between 
increasing catalase activity and decreasing DO was considered important.

Substrate induced respiration has previously been monitored using respirometry. A 

review by Mahendraker and Viraraghaven (1995) reports that an immediate increase in 

respiration and microbial population in activated sludge following increased load 

application has been seen, although a direct link between increased respiration and 

increased catalase activity due to increased loading rate has not been documented. 

Guwy et al (1998) closely correlated catalase activity with respiration in several 

different activated sludges, and regulation of metabolically produced H2O2 is carried
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out in part by the OxyR transcription factor (Aslund et al. 1999, Gonzalez-Flecha and 

Demple 1999, Gonzalez-Flecha and Demple 1997).

Figure 3.10d shows that there was a decrease in catalase activity between days 3 and 6, 

coinciding with decrease in MLVSS (Figures 3.4 a and b). It is interesting to note that 

while overall activity stabilises at about 20 cm3 C>2 evolved min" 1 , the specific catalase 

activity continued to decrease gradually, reaching 519 cm3 gMLVSS" 1 (46,336 catalase 

units gMLVSS" 1 ) by the termination of the experiment even though MLVSS were 

increasing. There was a trend to increasing solids concentration during the course of the 

experiment, with final values of 3.9g I' 1 MLSS and 3.4g I" 1 MLVSS. The stability of the 

overall catalase activity at this stage, coupled with increasing MLVSS and decreasing 

specific activity suggests that the overall activity is being maintained by a larger 

population, with less catalase production per unit of the population, i.e. more bacteria 

each producing less catalase. An alternative approach is to suggest that each unit of 
viable bacteria maintain their levels of activity, but an increase in non-viable cells 

contribute to the increase in MLVSS causing a decrease in the overall specific activity. 

This situation highlights the disadvantage of ML(V)SS as an assay for the determination 

of active biomass concentration.

Figures 3.10g and h show that although effluent CODsett increased throughout the 
experiment from 85 mg I" 1 on day 1 to 322 mg I" 1 by day 10, efficiency of the reactor 

did not decrease below 80% removal of CODsett during the entire experiment.

3.5.2.2 Experiment M2

Figures 3.11 a-h show the effect of changing OLR using milk on measured parameters 

of an activated sludge plant. The first (solid) arrow indicates an increase in OLR from 

0.5 kg COD m"3 day" 1 to 1.5 kg COD m"3 day" 1 on day 7.7 via supplementation of the 

feed with milk, while the second (dashed) arrow indicates when the OLR was decreased 

on day 13.38 from 1.5 kg COD m"3 day" 1 to 0.5 kg COD m'3 day" 1 by removal of the 

milk supplement. This was equivalent to an increase in F:M from 0.13 kg COD/kg 

MLVSS day" 1 to 0.35kg COD/kg MLVSS day" 1 then back down to 0.08 kg COD/kg 

MLVSS day' 1 .
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On collection, the sludge from Cynon Sewage Treatment Works had poor settling 
characteristics with a SVI of 325 cm3 g" 1 after a 30-minute settling period on day 2, 
demonstrated in Figure 3.lie. Microscopic investigation showed a very low 
concentration of filamentous bacteria and a weak floe structure. The reactor was seeded 
with 3 1 of settled sludge from Coslech Sewage Treatment Works in order to increase 
filamentous bacteria concentration and improve floe structure on day 2. By day 5, the 
SVI had fallen to 200 cm3 g" 1 . A hydraulic failure which occurred (see Section 3.7.1) on 
day 4 lasting 12 hours, at which point all pumps were switched off, is highlighted in 
Figure 3.1 If by an increase in DO. Following these operational difficulties, a steady 
state was reached, during which DO fluctuated between 5 and 7mg I" 1 , and catalase 
activity varied between 6.5 and 7.5 cm3 O2 evolved minute" 1 (Figure 3.lid). Specific 
catalase activity fluctuated around 300 cm3 gMLVSS" 1 (26,784 catalase units gMLVSS" 
) as seen in Figure 3.lie, whilst MLSS concentration was approximately 2.5g I" 1 and 

MLVSS was around 2g I" 1 (Figures 3.1 la and b). These values of catalase activity and 
MLSS are comparable to those at the commencement of experiment Ml (catalase 
activity of 7.9 cm3 O2 evolved min" 1 and 2.3 Ig I" 1 MLSS).

Figure 3.lid and e show catalase activity and specific catalase activity before during 
and after increased loading rate. Catalase activity doubled from 7.27 cm3 O2 evolved 
minute "' to 14.57 cm3 O2 evolved minute ~* within five hours of increasing the loading 
rate from 0.6 kg m"3 COD day" 1 to 1.9 kg COD m"3 day' 1 . Specific catalase activity 
also doubled from 330 to 657 cm3 gMLVSS' 1 (29,462 to 58,656 catalase units 
gMLVSS" 1 ) in a similar timescale. A corresponding decrease in DO concentration 
(Figure 3.1 If) from 4.14 mg I" 1 to 2.84 mg I' 1 was seen, reaching its lowest point of 0.68 
mg I" 1 1.25 days after milk addition.

Completely mixed systems such as the one used here commonly result in bulking 
sludges, as there is no substrate concentration gradient within the reactor. Chudoba et 
al, (1973) found that a similarly operated completely mixed system produced sludges 
with a SVI of up to 500 cm3g"' with increased load varying between 0.3 and 0.5g 
BODg/MLVSS day" 1 . That SVI may be compared with the values of 450 cm3 g" 1 

reached during this experiment, although the reactor in this case was not heavily loaded 

(heavily loaded having a F:M>0.3kg BOD/kg MLVSS day" 1 ). Cases of sludge bulking 

in aerobic systems treating dairy waste have been reviewed by Donkin (1997), who
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associated bulking with high COD:N:P ratios (43:2:1) and high soluble organic 

component connected with dairy wastewaters. The N and P in wastewaters are often 

associated with milk proteins and must undergo hydrolysis to become available.

Catalase activity also peaked 1.3 days after milk addition at a value of 26.5 cm3 O2 

evolved minute"1 . This can be compared with results from experiment 1, where catalase 

activity peaked at 24.75 cm3 O2 evolved min" 1 1.7 days after milk addition. A pump 

failure at 8.9 days for 5 hours was reflected by a dip in catalase activity (to 24.23 cm3 

Oi evolved min" 1 ) and peak in DO concentration of 3.86mg I" 1 . A corresponding dip in 

specific catalase activity was much more pronounced falling from 923 to 844 cm3 

gMLVSS" 1 during the occasion of the pump failure. Following this, catalase activity 

reached its highest point of 27.33 cm3 C>2 evolved minute" 1 at 10.2 days before declining 

by 25% to 20.27 cm 02 evolved minute" 1 by day 13. Specific activity continued to 

decline during this period, however, reaching 600 cm3 gMLVSS" 1 by the termination of 

the experiment. DO remained low throughout the period of increased load, and reached 

its lowest point on day 12 of 0.58mg I" 1 . Following removal of the milk supplement, the 

DO increased to 1.76mg I" 1 within 2 days and returned to almost its original level of 

4.78mg I" 1 within 3 days (not shown). Figure 3.1 Ig shows that effluent COD fluctuated 

between 50 and 150 mg I" 1 during the experiment, and did not show any pattern with 

changes in OLR. Percentage COD removal remained above 90% for the duration of the 

increased loading rate, although reduced to 70% by day 13 due to bulking (Figure 

3.11h). There are no catalase activity readings after day 13 due to operational problems 

with the monitor.

3.5.2.3 Experiment M3

Figures 3.12 a-h show the effect of changing OLR using milk on measured parameters 

of an activated sludge plant. In this experiment there were 2 step increases in load 

indicated by the first two (solid) arrows, from 0.5 kg COD m"3 day" 1 to 1.5 kg COD m"3 

day" 1 on day 3.4, then to 2.0 kg COD m"3 day" 1 on day 7.4. The milk supplement was 

completely removed on day 9.7, indicated by the third (dashed) arrow. These values 

correspond to F:M changes from 0.12kg COD/kg MLVSS day" 1 to 0.4kg COD/kg 

MLVSS day" 1 to 0.45 kg COD/kg MLVSS day" 1 then back down to O.lkg COD/kg 

MLVSS day" 1 .
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On collection, the sludge from Cynon Sewage Treatment Works had a SVI of 157 cm3 

g" 1 after a settling period of 30 minutes (Figure 3.12c) and had a MLVSS of 2 g I" 1 

(Figure 3.12b). The catalase activity at the start of the experiment was much higher 

than in the previous experiments, at 23.38 cm3 O2 evolved min' 1 (8392 catalase units 

gMLVSS" 1 ), and the specific catalase activity was at 940 cm3 gMLVSS" 1 min" 1 (83923 

catalase units gMLVSS" 1 ) shown in Figure 3.12d and e. The MLSS was initially 3.5g I" 1 

on day 1, falling to 2g I" 1 by day 3. On application of a loading rate of 0.5 kg COD m"3 

day" to the sludge in the laboratory scale reactor, a steady decline was observed in 

catalase activity decreasing to 14.8 cm3 O2 evolved min" 1 at time 3.7 days. This decline 

was also reflected in the specific activity, which decreased to 800 cm3 gMLVSS" 1 

(71420 catalase units gMLVSS" 1 ) by 3.7 days. The initial DO concentration in the 

laboratory scale aeration tank was 2.19 mg I" 1 rising to 7.23 mg I" 1 within 24 hours 

(Figure 3.12f). A decrease in MLSS from 3.5 to 2g I" 1 , may have contributed to the 

decline of catalase activity and increase in DO due to loss of actively respiring bacteria 

from the system.

Following addition of the milk supplement at time 3.7 days, catalase activity increased 
to 22.28 cm3 O2 evolved min" 1 at time 5.9 days. This level of activity is consistent with 
previous experiments, but the rate of increase is more similar to the more gradual 

increase seen in experiment Ml(Figure 3.lid), rather than the more rapid response of 

experiment M2 (Figure 3.12d). There was a transient peak in overall and specific 

activity within 5 hours of increasing the OLR, clearly seen in Figures 3.12d and e. This 

could be due to the response of the microbial culture to increased load, although a 

transient peak is not seen in prior experiments. DO dropped to 1.18 mg I" 1 within 24 

hours of increased loading rate.
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Three days after increasing the loading rate, the sludge showed no signs of bulking, 

with a SVI of 85 cm3g" 1 , and although effluent COD increased slightly, highlighted in 

Figure 3.12g, COD removal efficiency was maintained above 80% (Figure 3.12h), so 

milk addition was increased by 50% at 6.7 days. Catalase activity and specific catalase 

activity declined following this; falling from 22.12 cm3 O2 evolved min" 1 to 17.8 cm3 O2 

evolved min" 1 in 2.25 days (from 82316 to 51782 catalase units gMLVSS' 1 ). DO 

decreased gradually over 3 days, from 0.87 mg I" 1 on increase of the milk supplement on 

day 6.7 to 0.45 mg I" 1 before removal of the supplement at time 9.7 days. Increased 

loading rate led to a bulking sludge with a SVI of 190 cm3g"' by day 7.5. MLSS and 

MLVSS increased throughout the entire period of increased loading rate, from 2.34 g I" 1 

at time 3.71 days to 2.76 g I" 1 at time 7.17days and 3.51 g I" 1 at 9.7 days for MLSS.

On total removal of the milk supplement (9.7 days), DO increased to 2.41mg I" 1 over the 

remainder of the experiment. Heavy bulking on days 10 to 12, with the SVI at time 

10.54 days being 288 cm3 g" 1 resulted in loss of solids from the reactor, with the MLSS 

falling from 3.17g I" 1 at time 10.17 days to 2.55g I" 1 by time 13.38 days. Data available 

from days 11 and 12 show that the effluent COD was high (215mg I" 1 at time 11.17 

days), with some improvement near the termination of the experiment (124mg I" 1 at 

time 12.38 days). The percentage COD removal was 55% at time 11.17 days, increasing 
to 69% at time 12.17 days. Catalase activity and specific catalase activity had increased 

dramatically by the time measurements resumed 24 hours (1 retention time) after 

removal of the milk supplement; reaching 36 cm3 O2 evolved min" 1 and 152 cm3 

gMLVSS" 1 (13,570 catalase units gMLVSS" 1 ) respectively. This increased activity was 

unexpected, as on removal of the additional substrate it was expected that catalase 

activity would decrease gradually over the remainder of the experiment. Experiment M4 

was carried out in order to elucidate whether the high levels of catalase activity on 

removal of the milk supplement were repeatable, or events caused by external 

influences, and exactly when the rise in catalase activity occurred as the monitor was 

not working between days 9 and 11 due to irregular flow from the exit port of the 

reaction chamber, which caused rapid changes in pressure within the reaction chamber 

and hence an incorrect and noisy gas measurement.
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3.5.2.4 Experiment M4

In this experiment, as only the effect of removal of the milk supplement was being 
investigated, the activated sludge was subjected to an initially high OLR of 1.5 kg COD 
m"3 day" 1 with a reduction after 2.7 days. No increase in OLR was performed in this 
experiment. Figures 3.13a-h show the effect of decreasing OLR by removing a milk 
supplement on measured parameters of an activated sludge plant. The arrow shows the 
decrease of OLR from 1.5 kg COD m"3 day" 1 to 0.5 kg COD m"3 day" 1 . This was 
equivalent to a change in F:M from 0.35 kg COD/kg MLVSS day" 1 to 0.14kg COD/kg 
MLVSS day" 1 .

Catalase activity was initially 3.81 cm3 O2 evolved min' 1 (Figure 3.13d), and decreased 
gradually to 2.54 cm3 O2 evolved min" 1 by time 3.54 days. This value is lower than the 
catalase activity in the first few days of experiments M1-M3, where catalase activity 
was no less than 5cm3 Oi evolved min" 1 . Specific catalase activity was approximately 
140 cm3 gMLVSS' 1 at the commencement of the experiment (12499 catalase units 
gMLVSS" 1 ). A dramatic increase in catalase activity of more than 500% to 21.1 cm3 Oz 
evolved min" 1 (85,798 catalase units gMLVSS" 1 ) was seen between 3.54 and 3.71 days, 
one day after removal of the milk supplement from the feed. This increase is reproduced 
in the specific catalase activity. A similar increase in catalase activity on removal of 
milk supplement was shown in experiment M3; although in experiment M3 the loading 
rates and absolute catalase activity were higher (F:M of 0.4 and catalase activity of 
133,920 catalase units gMLVSS" 1 ) and the exact time of increase was unknown due to 
the catalase monitor being inoperational at this time (Figure 3.12e). A steady decrease 
in catalase activity followed, falling to 13.65 cm3 02 evolved min" 1 by the termination 
of the experiment on day 5. Figure 3.13f shows that DO concentrations remained 
between 1 and 3g I" 1 , throughout the experiment. As seen in Figure 3.1.7a and b, there 
was an evident decline in MLSS and MLVSS concentration throughout the period of the 
experiment. This was due to washout caused by sludge bulking (SVI>250 cm3g"') 
throughout the experiment, which is clearly seen in figure 3.13c. Figures 3.13g and h 
show that the effluent quality and removal efficiency decreased on application of the 
milk supplement, but both improved in the latter days of the experiment.
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The fact that the percentage removal efficiency of the plant remained high in all 

experiments to date, even on application of greater organic load, suggests that the plant 

was not overloaded, despite the bulking conditions. If this is the case, in experiments 

M3 and M4, having adapted to the higher load, the microbial population may have 

reacted to the reduction in organic load application by generating a starvation stress 

response resulting in an increase in catalase production. The overlap between the 

starvation stress response and the superoxide response is documented (Farr and Kogoma 

1991, Mulvey et al. 1990), starvation response is characterised by the expression of a 

suite of enzymes under the control of as including HPII of E. coli. Hence, catalase 

production is induced when the cell is subjected to starvation conditions. This may be 

why an increase in activity was seen in experiments M3 and M4 when the milk 

supplement was removed.
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3.5.3 On-line measurement of biomass catalase activity in a laboratory scale 

activated sludge system step loaded with synthetic sewage

3.5.3.1 Experiment S1

Figures 3.14a-h show the effect of changing OLR using Syntho on operational 

parameters of an activated sludge plant. The first (solid) line indicates increase in load 

from 0.48 kg COD m"3 day"' to 0.96 kg COD m"3 day" 1 at time 4.5 days, and the second 

(dashed) line indicates decrease in load to 0.48 kg COD m"3 day" 1 at time 7.5 days. This 

corresponds to changes in F:M ratio from 0.3kg COD/kg MLVSS day" 1 to 0.5kg 

COD/kg MLVSS day' 1 and then back down to 0.3kg COD/kg MLVSS day' 1 . Although 

COD was taken as the measure of loading rate due to its rapid analysis time, it is 

important to note that the BOD:COD ratio of syntho and of the syntho with milk 

supplement are different. The BODrCOD ratio of Syntho alone was 0.55, and the 

BOD:COD ratio of the Syntho with milk supplement was 0.71. This means that, in 

theory, for the same COD loading rate, the BOD application for Syntho supplemented 

with milk was approximately 22% higher than that of Syntho alone. As an example, for 

the same MLVSS a F:M of 0.4kg COD/kg MLVSS day" 1 will give a theoretical value of 

0.22kg BOD/kg MLVSS day" 1 , when syntho alone is used. However, when milk is used 

in conjunction with syntho, the F:M increases to 0.28kg BOD/kg MLVSS day" 1 .

In practical terms, this signifies that the increase in load (in terms of BOD application) 

for the following experiments with Syntho (S1-S4) was less than the increase in load 

applied in the previous experiments (M1-M4). As the load changes (in terms of BOD) 

were not as dramatic for experiments S1-S4, it was considered less likely that the 

reduction in load would elicit a starvation stress response and consequently elevated 

catalase activity seen in previous experiments.

Catalase activity at the start of the experiment was 18.7cm3 O2 evolved min" 1 , as seen in 

figure 3.14d. This level of catalase activity was higher than most previous experiments, 

and comparable with experiment M3. Specific catalase activity was 714cm3 gMLVSS" 1 

as seen in figure 3.14e. As in experiment M3, the catalase activity dropped during the 

first days of the experiment, reaching 7.08cm3 O2 evolved min" 1 (390 cm3 gMLVSS" 1 ) 

by time 4.54 days.
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A similar decrease in suspended solids was also observed, highlighted in figures 3.14a 
and b. MLSS decreased from 2.96g I" 1 at time 0.71 days to 2.05g I" 1 by day 3.71 while 
MLVSS decreased from 2.02g I' 1 to 1.96g I" 1 . This decrease was caused by a SVI 
greater than 300cm3 g" 1 from day 1 (the level of bulking can be seen clearly in figure 
3.14c) and MLSS continued to fall for the entire experiment to 1.36g I" 1 at its 
termination. Figure 3.14f shows that there were very low levels of DO (<lmg I" 1 ) in the 
first days of the experiment which necessitated the addition of a second compressor to 

increase the oxygen supply to the reactor at time 2.4 days. DO levels then increased to 
more than lOmg I" 1 , uncommonly high for an activated sludge plant. The DO monitor 
and probe were re-calibrated to ensure that this was a correct reading and it proved to be 
so.

There was a sharp increase in catalase activity from 7.08cm3 O2 evolved min" 1 at time 
4.54 days to 14.12cm3 O2 evolved min" 1 at time 4.71 days, just after increasing the 
loading rate at time 4.4 days and 24 hours after increasing DO from less than Img I" 1 to 
lOmg I" 1 . Similarly, there was an increase of 70% in specific catalase activity from 
455cm3 gMLVSS" 1 to 777cm3 gMLVSS" 1 within the same timescale. After maintaining 
this activity until time 6.5 days, catalase activity and specific catalase activity decreased 
steadily until day 8. A similar rapid increase in catalase activity was seen on addition of 
the milk supplement in experiment M2, and less dramatically in experiment M3. DO 
dropped from 11.41mg I" 1 on day 4.38 to 3.25mg I" 1 at time 4.54 days shown in Figure 
3.14f. This result is similar to that of increasing the loading rate in experiments M2 and 
M3, but less for Ml.

There was an increase in catalase activity approximately 48 hours after reduction of the 
loading rate, from 6.35cm3 QI evolved min" 1 at time 9.38 days to 12.02 at time 9.54 
days, an increase of almost 100% in 5 hours. A similar increase in catalase activity after 
a lag period once loading rate was decreased was seen in experiments M3 and M4. DO 
levels increased on reduction of the loading rate to 14mg I" 1 by day 10. The DO probe 
and meter were recalibrated following the second high reading in order to ensure that 
this was actually the DO, rather than the probe over reading for any reason. Following 

successful calibration, the DO meter sustained a reading of 14 mg I" 1 . The air supply 

was reduced by 50% because of this extraordinarily high level of DO, and on doing so, 

the DO in the aeration tank dropped to approximately Img T 1 .
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The increase in catalase activity following decrease in load contradicted the theory put 

forward at the end of experiment M4 (that the increase in catalase activity following 

reduction in load resulted from a starvation stress imposed on the microbial culture) and 

was unexpected, as the decrease in load was presumed not to be sufficient to induce a 

starvation response leading to induction of catalase.

At the time, it was observed that the increase in catalase activity came 2 days after 

increasing the air supply to the aeration tank in both cases. In order to clarify whether 

the increase in catalase activity was due to changes in organic loading rate, or changes 

in DO, the air supply was increased on day 13, taking the DO to >12mg I" 1 . All other 

parameters were kept constant for 48 hours (this data is not shown in the Figures). No 

additional increase in catalase activity was observed and it was assumed that the 

increase in DO had no additional effect on catalase activity in this 48 hour period. The 

experiment investigating increasing DO was not repeated. Increase in DO, however, is 

associated with increased catalase activity in the literature (reviewed in Section 1.4.3). It 

was decided that repeats of experiment SI should take place and that if catalase activity 

increased following decreased load for a second and third time, then more 

discriminating experiments would then be carried out to determine the effect of changes 

in a) load and b) DO separately.

Figures 3.14g and h show that although there was a marked increase in effluent CODsett 

during the period of overload, the efficiency of the plant remains good (above 80%) 

throughout the experiment.

3.5.3.2 Experiment S2

Figures 3.15a-h show the effect of changing OLR using Syntho on operational 

parameters of an activated sludge plant. The first (solid) line indicates increase in load 

at day 4.5 from 0.5kg COD m"3 day" 1 to 0.96kg COD m"3 day" 1 . This is equivalent to an 

increase in F:M from 0.13kg COD/kg MLVSS day" 1 to 0.27kg COD/kg MLVSS day" 1 . 

The second (dashed) line indicates decrease in load at day 8.5 to 0.5kg COD m"3 day" 1 , 

which is equivalent to a decrease in F:M from 0.27kg COD/kg MLVSS day" 1 to 0.13kg 

COD/kg MLVSS day' 1 .
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There were no obvious changes in MLSS during this experiment, which remained at 

approximately 3.5g I" 1 for the entire experiment in contrast to experiments Ml, M2 and 

M3 which all showed increased biomass production during the period of increased load. 

In S1, biomass concentration diminished throughout the experiment because of bulking, 

not because of feed changes. In experiment S2, although bulking sludge with a SVI of 

greater than 150cm3g" 1 was seen from day 6.5, levels of bulking remained lower than 

those seen in previous experiments, remaining below 250cm3g"' for the duration of the 

experiment. The lack of MLSS accumulation in S2 may be explained by the BOD:COD 

ratio of the different feed types rather than by loss from bulking. Milk has a higher 

BOD:COD ratio than Syntho, so as previously explained, when the loading rate was
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doubled in terms of COD a higher BOD load was in fact being applied to the reactor 
when milk was used to increase the loading rate.

At the start of experiment S2, the sludge had a catalase activity of 25 cm3 O2 evolved 
min" 1 and specific catalase activity of around 800 cm3 gMLVSS" 1 (figures 3.15d and e) 

and the DO in the reactor was 4mg I" 1 , as seen in Figure 3.15f. Sludge settling properties 
were good at the start of the experiment as seen in Figure 3.15c, remaining less than 130 
cm3g"'. MLSS stayed around 4g I" 1 and MLVSS around 3g I" 1 . As seen in previous 
experiments, catalase activity decreased during the first days of the experiment, 

reaching 14.7 cm3 O2 evolved min" 1 by time 4.38 days, this was reflected in a decrease 
in specific catalase activity to approx 550 cm3 gMLVSS" 1 (59,104 catalase units 
gMLVSS" 1 ). DO initially decreased, reaching 1.77 by time 1.96 days, then increased 
gradually until day 4. Decrease of catalase activity in this case was not due to reduction 
in MLSS because of bulking, as occurred in experiment Ml. It could perhaps be due to 
the adaptation of the sludge to a different substrate and possibly different loading rate. 
A similar clear decrease in catalase activity and specific catalase activity from initially 
high values also occurred in Experiment M3. This suggests that a complete change in 
operational parameters, including substrate, results in a decrease in catalase activity and 
a gradual increase in DO, which may suggest a decrease in respiration rate.

Following the increase of in loading rate at time 4.4 days, catalase activity increased by 
45% from 14.7 cm3 O2 evolved min" 1 at time 4.38 days to 18.9cm3 O2 evolved min" 1 
within 7 hours at time 4.54 days. The specific activity increased from 544 cm3 
gMLVSS" 1 (48,568 catalase units gMLVSS" 1 ) to 703cm3 gMLVSS" 1 (62,764 catalase 
units gMLVSS" 1 ) over the same timescale. Catalase activity continued to rise and 
reached a maximum of 21 cm3 O2 evolved min" 1 at time 4.96 days. Specific activity 
reached a maximum of 794cm3 gMLVSS" 1 (70,888 catalase units gMLVSS" 1 ). This 

type of increase in catalase activity when applying heavier loads to the reactor was also 

seen in experiments Ml, M2, M3 and SI, regardless of whether milk or Syntho was 

used to supplement the feed. The percentage increase has varied between experiments, 
the increase being most pronounced when initial catalase activity was low. For example, 

experiments Ml and M3 had similar percentage increases in F:M measured as kg 
COD/kg MLVSS day" 1 (250% in Ml and 230% in M3), and both reached a similar 

maximum catalase activity (107,136 catalase units gMLVSS" 1 in Ml and 104,904 

catalase units gMLVSS" 1 in M3). The percentage increase from initial catalase activity
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however was very different, the catalase activity in Ml increasing 115% from 49,818 

catalase units gMLVSS" 1 , while only a 25% increase was seen in M3 from a higher 

initial catalase activity of 83,923. In experiment S2, following its peak at time 4.96 

days, catalase activity decreased to 12.1 cm3 C>2 evolved min" 1 (36,961 catalase units 

gMLVSS" 1 ) while the loading rate was elevated up to time 8.5 days.

After reduction in the loading rate, the DO increased rapidly in S2 (within 5 hours) from 

1.27 mg 1" to 3.87 mg 1" . DO continued to increase for the remainder of the 
experiment, reaching 5.81 mg I" 1 by time 10.96 days. Catalase activity increased more 

gradually, taking 24 hours to increase from 12.1 cm3 O2 evolved min" 1 at time 8.5 days 

to 16.2 cm3 O2 evolved min" 1 at time 9.5 days. The absolute value of catalase activity 

did not reach levels seen during the overload. The increase in catalase activity seen in 

this experiment was much less pronounced than the increase in catalase activity seen 

after reduction of the load with milk in experiments M3 and M4, and with Syntho in 

experiment SI where the catalase activity surpassed levels of activity during the 

overload period, and the specific activity in Figure 3.15e shows only a 7% variation in 

the activity for the period following the decrease in loading rate. This suggests that there 

is a less pronounced stress response to the reduction in loading rate in this experiment. 

The absolute values in F:M are lower in this experiment, because of higher MLSS, than 

in experiments Ml-4 and SI which may have increased the ability of the microbial 

community to cope with a percentage decrease in F:M of around 50%, without eliciting 

a starvation response.

3.5.3.3 Experiment S3

Figures 3.16a-h show the effect of changing OLR using Syntho on operational 

parameters of an activated sludge plant. The first (solid) line indicates increase in load 

from 0.5kg COD m"3 day" 1 to 0.96kg COD m"3 day" 1 at day 3.7 and the second (dashed) 

line indicates decrease in load to 0.5kg COD m"3 day" 1 at day 7.8. This corresponds to 

changes in F:M from O.lkg COD/kg MLVSS day" 1 to 0.22kg COD/kg MLVSS day" 1 

then back down to O.lkg COD/kg MLVSS day" 1 .
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MLSS and MLVSS were high, 4.52 g I" 1 and 4.23 g I" 1 respectively, on commencement 

of the experiment, and remained at this level for the entire experiment. At the start of 

the experiment, the sludge had a catalase activity of 7.28 cm3 O2 evolved min" 1 , which 

increased to 20.27 cm3 O2 evolved min" 1 by day 2.5. Specific activity increased from an 

initial value of 171 cm3 gMLVSS' 1 (15,266 catalase units gMLVSS' 1 ) to 569 cm3 

gMLVSS" 1 (50,800 catalase units gMLVSS" 1 ). This increase in catalase activity was 

accompanied by a decrease in DO concentration at time 1.4 days, as can be seen from 

Figures 3.16d, e and f. DO dropped from 3.73 mg I" 1 at time 0.54 days to 1.38 mg I" 1 at 

time 2.71 days. Similar sharp increases in catalase activity were seen in experiments 

M2, SI on increase of load, and M4 and SI on decrease of load. It seems likely the
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sludge was collected following a lower loading rate at the sewage treatment works 
caused by a prolonged period of heavy rain. The SVI was 133 cm3g"' at commencement 
of the experiment, and deteriorated throughout the course of this experiment reaching 
severe bulking conditions of 208 cm3 g" 1 by its termination. Catalase activity 
immediately before application of increased load to the reactor at time 3.4 days was 
17.7 cm3 O2 evolved min" 1 , and DO was 4.54mg I" 1 .

Following the increase in loading rate, the catalase activity remained at 18 cm3 O2 
evolved min" 1 until time 4.7 days when it increased rapidly to 23.32 cm3 O2 evolved 
min" . Specific catalase activity increased by a similar proportion; from 511 cm3 O2 
evolved gMLVSS" 1 min" 1 (45,622 catalase units gMLVSS" 1 ) to 681 cm3 O2 evolved 
gMLVSS" 1 min' 1 (60,799 catalase units gMLVSS" 1 ). A lag time of 24 hours is clearly 
shown in Figures 3.16d and e between the application of the increased loading and the 
increase in catalase activity and specific catalase activity. This lag period between 
application of a heavier load and increase in catalase activity was not seen in any 
previous experiments. In experiments Ml, M2 and S2, the increase in catalase activity 
occurred within 5 hours of increase of the load. In Ml and M2 the initial catalase 
activity was much lower than in S3, but in S2 the initial catalase activity was 
comparable to that of S3 at the time the overload commenced. The DO remained at 
approximately 5 mg I" 1 until day 6.5, when it started to decrease, reaching 0.7 mg I" 1 by 
day 7 probably due to increased bacterial respiration. It can be seen from Figure 3.16g 
and h that CODsett in the effluent increased in the days following increased load, 
although efficiency remained high throughout the experiment (typically greater than

The loading rate was decreased at time 7.4 days, and DO increased to approximately 4 
mg I" 1 within 12 hours. Unfortunately due to an overnight power failure at time 7-8 
days, no data were recorded, and the reactor was starved of substrate, DO and had no 
pH control, so the experiment was terminated. Due to lack of information in the days 
following the reduction in loading rate no information was recorded to prove or 
disprove the hypothesis that the increase in activity in SI with the decrease in load was 
caused by high DO rather than starvation, therefore the experiment was repeated.
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3.5.3.4 Experiment S4

Figures 3.17a-h show the effect of changing the OLR using Syntho on operational 

parameters of an activated sludge plant. The first (solid) line indicates the increase in 

load from 0.5kg COD m"3 day" 1 to 0.96kg COD m"3 day" 1 and the second (dashed) line 

indicates the decrease in load to 0.5kg COD m"3 day" 1 . This corresponds to an increase 

in F:M from 0.2kg COD/kg MLVSS day" 1 to 0.4kg COD/kg MLVSS day" 1 then a 
decrease to 0.24kg COD/kg MLVSS day" 1 .

At the start of experiment S4, the activated sludge had a catalase activity of 2cm3 O2 

evolved min" 1 , lower than all previous experiments, a DO of around 2mg I" 1 and SVI of 
174cm3 g" 1 . The specific catalase activity was 200cm3 O2 evolved gMLVSS" 1 min" 1 
(17,856 catalase units gMLVSS" 1 ) before the step load. This corresponded to MLSS 
and MLVSS lower than some previous experiments at 2.5g I" 1 and 2g I" 1 respectively, 
which may explain the lower catalase activity values.

There was no increase in catalase activity until time 5.5 days, 24 hours (one retention 
time) after increasing the loading rate at time 4.7 days (Figure 3.17c). At this point, 
there was an eight-fold increase in catalase activity; from 2.3cm3 O2 evolved min" 1 to 
18.9cm3 O2 evolved min" 1 within a 5-hour period. There was a similar dramatic increase 
in specific catalase activity to approximately 1000cm3 O2 evolved gMLVSS" 1 min" 1 
(89,300 catalase units gMLVSS" 1 ). This lag is similar to that seen in experiment S3 

(figures 3.16d and e at time 4.7 days). DO was approximately 2mg I" 1 during the start 
up period, as seen in Figure 3.17f, and decreased rapidly to less than Img I" 1 once the 
loading rate was increased. This corresponds to most previous experiments and provides 
evidence that an increase in respiratory activity caused by an increase in loading rate 

(F:M) is reflected by an increase in catalase activity as a result of oxidative stress.
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Following a decrease of the loading rate at time 7.4 days, there was no increase in 
catalase activity as seen in previous experiments M3, M4, SI and less markedly in S2. 
There was a steady decrease in catalase activity; from 18.34cm3 C>2 evolved min" 1 at 
7.38 days to 11.82cm3 C>2 evolved min" 1 at 10.38 days. There was no corresponding 
decrease in MLSS, which remained at 2g I" 1 for the duration of the experiment, specific 
catalase activity decreased to 860cm3 O2 evolved gMLVSS" 1 min" 1 , and DO increased 
following reduction in loading rate, from 1.34mg I" 1 at time 1.34 days to 3.9mg I" 1 by 

time 9.38 days, which was comparable to the increase in DO seen in experiment S3.

Removal efficiency remained high during the course of the experiment, staying greater 
than 80%, and no decrease in effluent quality was seen when load was increased, seen 
in figures 3.17g and h.

3.6 The response of catalase activity to changes in organic load

As described by Guwy et al. (1998), different activated sludges had different specific 
catalase activities (from 5,100-106,670 catalase units gMLVSS' 1 ) with no correlation of 
catalase activity to MLSS (or MLVSS), but a strong correlation between catalase 
activity and respiration rate. Hence, it was expected that the output from the biomass 
monitor might be useful to the operator in providing on-line monitoring of respiratory 
capability (pollution removal ability) of the reactor. It was known that catalase 
expression is regulated and it has been demonstrated here that following short transients 
in loading rate, sharp transients in catalase activity and specific catalase activity were 
also seen, on both increasing and decreasing the organic load. Although such sharp 
transients in organic load may not be seen in practice in plants, the results demonstrate 
that the output from the biomass monitor may indicate induction of catalase activity 
within the cells. Thus, the relationship between catalase activity measured by the 
monitor and the respiratory capability of the activated sludge is less clear than at first 

proposed by Guwy et al. (1998). A summary of the experiments measuring catalase 
activity of activated sludge carried out as part of this work can be seen in Table 3.7.
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When loading rate is increased using milk or Syntho, catalase activity increased in all 7 
of the experiments in which this was tested as shown in Table 3.7. There was an 
increase in catalase activity of between 50-70% within 24 hours in Ml and M3, with an 
observable increase within 5 hours. There was a 100% in 5 hours in M2, and overall 
increase of 60% (M3) and 200% (Ml and M2) in catalase activity on increasing the 
loading rate in the three experiments involving milk. It seemed that the higher the 
starting catalase activity, the less the percentage increase in catalase activity occurred, 
with the upper limit of 25cm3 O2 evolved min" 1 being reached within 3 retention times. 
When the loading rate was increased using Syntho, the catalase activity increased 
between 40%-70% in SI, S2 and S3, and by more than 600% in S4, with activities 
reaching a maximum of between approximately 14 and 25cm3 O2 evolved min" 1 . In the 
case of S4 increase, it should be noted that the activity prior to increased loading rate 
was very low - 2.55cm3 O2 evolved min" 1 compared with activities of between 8 and 14 
cm3 O2 evolved min" 1 in the other 3 experiments.

When the loading rate in terms of COD was doubled using milk, an increase in biomass 
(in terms of MLVSS) was seen, with the exception of M4. Generally MLSS increased 
by approximately Ig I" 1 within 2 days of increasing the organic loading rate but was not 
sufficient to account for the heightened catalase activity. This is highlighted on 
examination of the specific catalase activity, which showed an increase of between 50% 
and 100% within 24 hours for experiments using milk. When the organic loading rate 
was increased using Syntho, no increase in MLSS was seen. The induction of catalase 
shown by the increase in specific activity may be due to oxidative stress placed on the 
microbes from increased production of intracellular hydrogen peroxide because of 
increased respiration. Due to the increased loading rate, starvation stress was not likely 
to be responsible for induction of catalase in this case. This is substantiated by a 
decrease in DO of between 75% and 95% within 3 retention times following increased 
load application, although the rate at which air was supplied remained constant, as an 
increased rate of respiration was occurring.

When the organic overload was increased using milk, decreasing the loading rate back 
to original levels preceded a rise in catalase activity and a decrease in DO. Load 
changes in terms of BOD were more dramatic when milk was used to effect the load 
changes. As an example, for the same MLVSS a F:M of 0.4kg COD/kg MLVSS day" 1 
will give a theoretical value of 0.22kg BOD/kg MLVSS day' 1 , when syntho alone is
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used. However, when milk is used in conjunction with syntho, the F:M increases to 
0.28kg BOD/kg MLVSS day" 1 . This may be clearly seen in Figures 2.10 a, b and c and 
2.11 a, b and c. Reduction in load will therefore have had a greater impact on the 
microbial community when milk was used to increase the load. Its removal may have 
imposed a starvation stress on the microbes. Under starvation conditions, as regulates 
the expression of a number of proteins, including oxidative and heat shock proteins 
(Schellhorn and stones 1982, Schellhorn 1994). Starvation stress may be imposed by 
entry of cells into stationary phase (Fair and Kogoma 1991), or by reduction in load as 
seen in this work. As explained in section 1.5, one of the enzymes expressed during the 
starvation stress response is catalase, affording some cross protection between heat and 
oxidative stresses. The increase in catalase activity on removal of milk supplement in 
these experiments may be due to this cross protection from starvation, rather than an 
oxidative stress. In both experiments where catalase activity was monitored successfully 
on removal of the milk supplement, the overall activity increased by over 400% after 
one retention time. In M3, the overall catalase activity increased by 434% to 33cm3 O2 
evolved min" 1 and this level of activity was maintained for the remainder of the 
experiment, while the specific catalase activity increased by only 112% within 1 
retention time to 115cm3 62 evolved gMLVSS" 1 , then increased by a further 32% within 
2 retention times before gradually decreasing for the remainder of the experiment.

Reduction in the loading rate when Syntho was used to increase the load either resulted 
in the catalase activity remaining fairly stable, or decreasing which suggests that the 
decrease in load was not sufficient to impose a starvation stress on the microorganisms. 
Experiment S1 is an exception to this, where the catalase activity increased in a fashion 
reminiscent of experiments using milk although this experiment was exceptional in that 
DO concentrations reached supersaturation (>9mg I" 1 ).

As seen from Table 3.7, on increasing the loading rate in experiment S3 and S4, there 
was no change in catalase activity for a 24 hour period, following which the catalase 
activity increased dramatically in a period of 5 hours (0.21 d). A similar delay in the 
response of catalase was seen on reduction of the loading rate in M4 and S2. The data 
collected during these experiments do not explain this occurrence. A more detailed 
analysis of feed composition and composition of the liquor in the aeration tank may 

help to clarify these events in future experiments.
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It may be noted by looking at Table 3.7 that specific catalase activity at the termination 
of the experiments was higher than at their commencement, with the exception of S2.

3.7 Application of the biomass monitor in activated sludge plants

The biomass monitor has proven to be an indicator of the biological catalase activity of 
aerobic bacteria in an activated sludge plant. It is a reliable on-line instrument, which 
requires little maintenance and has relatively low operation cost. It is not however an 
instrument that can be used alone to control a treatment plant. Changes in catalase 
activity in these experiments have taken place in a controlled laboratory environment. In 
the field it may be more difficult to establish changes in treatment plant operation using 
the catalase activity monitor alone. Changes in catalase activity in a plant may be due to 
several reasons apart from changes in loading rate. Increase in biomass production 
could cause an increase in catalase activity (Gaddad at al. 1982). Industrial waste may 
inhibit catalase activity, for example if the waste is of extreme pH (Ghadermarzi et al. 
1997), and catalase activity may also decrease due to washout, reduction of respiration 
rate or reduction in viable cells due to toxic influents. Thus control countermeasures are 
not possible without considering other routinely measured parameters such as DO, 
temperature, MLSS and reactor performance (in terms of BOD removal rate). This 
agrees with Barbusinski and Miksh (1997) who concluded "Only overall assessment of 
biochemical and physical properties gives a proper picture of changes taking place in 
activated sludge".

Specific catalase activity can give a lot of information about the process such as whether 
activity is due to cell replication or heightened respiration without changes being 
evident in catalase activity. If heightened activity were due to increase in cell numbers, 
it would be demonstrated by an increased MLSS and thus specific activity would not 
change. Increased activity due to heightened respiration and induction of catalase would 
be demonstrated by an increased specific activity, with no change in MLSS and 
increased DO consumption. On-line measurements of MLSS would be important in 

order to calculate a continuous measure of specific catalase activity. Thus, although 
catalase activity alone cannot be used to control a conventional activated sludge plant, 

along with solids analysis it may be used as an indicator of the respiration and growth 
rate of the sludge, and hence provide an indication of the overall health of the activated 
sludge and its capacity to oxidise wastewaters. Heightened catalase activity may also be
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an indicator of a stress imposed on the reactor, such as starvation. An increase in 
catalase activity with reduced consumption of DO, and no increase in MLSS may be 
indicative of a decrease in the incoming load, which induces a microbial stress response.
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4 CONCLUSIONS

An on-line technique for measuring peroxide concentration using a gasometric method 
of measuring the oxygen produced from the reaction between hydrogen peroxide and 
catalase was shown to respond linearly to hydrogen peroxide concentration in the ranges 
0.5 - 1.5% with a response time of around 5 minutes.

A simple and rapid method by which catalase activity can be assayed in suspended 
growth and soil samples is presented, depending on a low flow gas meter.

Catalase activity may be measured in heavily contaminated soils undergoing 
bioremediation in an assay that takes 15 minutes per sample. This method may be useful 
in monitoring treatment performance as an increase in catalase activity has been shown 
to be associated with a decrease in pollutant concentrations, and the bioremediation 
system with higher catalase activity removed n-alkanes and hydrocarbons more rapidly. 
Soils measured following storage, handling and manipulation may need to undergo an 
incubation period before activity is measured using catalase activity.

The specific catalase activity of enrichment nitrifying cultures and pure cultures of 
Nitrosomonas has been shown to be in the range of 80,000 and 260,000 catalase units 
gMLVSS" 1 using this method. Nitrification ability of the cultures was inhibited by ATU 
and 3,5-DCP while catalase activity remained stable for up to 5 hours in nitrifying 
cultures following inhibition of the inhibitors.

A laboratory scale activated sludge plant was run continuously over an extended period 
(3 months) and maintained on a synthetic sewage with little apparent excess sludge 

production.

A prototype catalase activity monitor has been developed that may be used on-line semi 
continuously with suspended growth systems over an extended period (6 months) with 

little maintenance.

Biomass catalase activity was measured on-line in activated sludges in the range of 
9,000 to 135,000 catalase units gMLVSSg" 1 , and was shown to respond to sharp step 

increases and decreases in load.
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Measurements of the changes in catalase activity, used in conjunction with standard 
tests (influent/effluent COD/BOD, MLSS, MLVSS, DO consumption) can demonstrate 
the response of the microbial culture when subjected to increased and decreased load 
giving a more balanced and detailed view of the effects of the influent variation on the 
activated sludge process.

The imposition of an environmental stress such as starvation on a microbial culture can 
provide protection against other stresses such as oxidative stress by the induction of 
catalase as part of a generic stress response.
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5 FUTURE WORK

The on-line technique for measuring hydrogen peroxide concentration may be applied 
to many different industries, including the paper and textile dye industries. Further 
investigation of the reliability of the technique when applied to effluent types is required 
in order to fully determine the limitations and advantages of the system. A cost-benefit 
analysis would offset the cost of production of the instrument against savings made to 
the industry over a period of time with respect to decreased hydrogen peroxide wastage 
and optimising the manufacturing process.

The catalase activity monitor has been shown to be applicable to a variety of media, 
including soils and activated sludges. The measurement of catalase in other media needs 
to be investigated, such as in water streams. The monitor may be applied to different 
industries; for example, the monitor may have an application in the food industry to test 
for the presence of microorganisms in heat-treated food products such as tinned produce 
and milk.

In order for the monitor to be useful in toxicity studies, the half-life of catalase within 
the cell needs to be investigated in live and dead or dormant cells. In activated sludge 
this could be carried out by taking samples of activated sludge over a period following a 
terminal action, such as addition of a toxicant and measuring the decrease in catalase 
activity over time until there is no catalase activity present in the sludge. Care must be 
taken in this instance not to allow contamination of the activated sludge sample with 
healthy or resistant microorganisms. Similarly a more extensive investigation of the 
decrease in catalase activity during anaerobic conditions needs to be carried out.

Determination of the causes of low biomass production seen using the experimental 
configuration here requires firstly confirmation of low biomass production via a 
complete solids mass balance on the reactor. If low solids production is confirmed 
causes may be investigated one at a time, keeping all other parameters constant, such as 
running the reactor on real, rather than synthetic sewage.

The response of the catalase monitor to increases in load to an activated sludge plant has 
been assumed to be related to heightened respiration rates since respiration produces
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and oxygen radicals which lead to induction of catalase. Use of a respirometer 

alongside the biomass catalase monitor would confirm this assumption, and may also 

provide some evidence to support the theory that starvation stress may increase catalase 

activity without any increases in respiration.

The effect of starvation on catalase activity would be better observed in pure culture 

experiments under more controlled conditions, and the cross protection afforded by 

different stresses to each other may be further investigated to cover heat and osmotic 

stress. For example, by comparing the reaction of cultures to heat and osmotic stresses 

that have and have not been subjected to starvation stress.

In several experiments, there was a delay or lag of 24 hours after an event before a 

change in catalase was observed. A more detailed analysis of feed composition and 

composition of the liquor in the aeration tank may help to clarify these events in future 

experiments.
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