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ABSTRACT

/

Microbial Degradation/of Xenobiotic Chemicals.
by K. 0.LColquhoun,

The inherent biodegradability of eight =xenobiotic
chemicals which have exhibited aberrant behaviour in
degradation tests were investigated, Three of the
chemicals investigated; benzene-1,3~disulphonic acid
(BDSA) , 2-chlorobenzoic acid <2CBA) and cis, cis, cis,
cis-1, 2*3 ,4-cyclopentanetetracarboxylic acid CCPTCA)
were not found to be inherently biodegradable, t-Butanal
was removed in a semi-continuous activated sludge (SGAS)
test, but the mechanism was found to be volatilization
not biodegradation, a fact overlooked by other workers.
Three of the remaining four chemicals, 3~chlorobenzoic
acid (3CBA) , U~methylandline <MMA) and tetrahydrofuran-
2,3,4,5-tetracarboxylic acid (THFTCA) were degraded in
SCAS tests after acclimatization,

Hexamethylenetetramine <hexa) was not degraded in the
SCAS test, but it was degraded during 28 day die-away
tests. It has been demonstrated that hexa can be
degraded by unadapted activated sludge and soil at
levels as low as 10""i& I”'l using IAC labelled substrate.
The ability of activated sludge to degrade these
chemicals found to be inherently biodegradable was not
lost during a deacclimatization period of 3 months,

lone of the chemicals investigated were found to be
inhibitory to microbial growth.

Microorganisms have been isolated which can degrade
3CBA, hexa, NMA and THFTCA and growth characteristics
investigated, Four microorganisms capable of degrading
3CBA were isolated and identifed as Pseudomonas species.
The degradative pathway has been identified as the 3j3
ketoadipate pathway. MMA and THFTCA were degraded by an
Alocaligenes species and a Corynebacterium species
respectively, both isolated from activated sludge. Hexa
was degraded by two-separate species Methvlobacterium
isolated from activated sludge by enrichment. The hexa,
WMA and THFTCA degrading isolates appear to be the first
reported.

The results obtained are discussed in context with
what has been reported by other workers, both in
relation to biodegradation in general, and
biodegradation testing in particular.
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1.0 I3SFTRODUCTIO3Sr.

3,1 Biodegr'adation and Xenobiotics,

As of November 1977 the American Chemical Society's
Chemical Abstract Services computer registry of
chemicals contained 4,039,907 distinct entities. The
extent to which the number of chemicals on the register
has been growing is estimated to be approximately 6000
per week (Maugh, 1978). Richardson <1985) has given the
number of known chemicals to be in the order of 7 x 10**.
The majority of these compounds are not in every day
use, with I0'- - 10a regularly in use in industry,
agriculture, the home and elsewhere (Richardson, 1985).

One of the major contemporary problems has been the
appearance of thousands of new chemicals released into
the biosphere as products of the synthetic chemical
Industry, particularly the many novel compounds used in
agriculture as pesticides and herbicides (Slater and
Somerville, 1979), Many of these compounds have not
occurred in the biosphere prior to their synthesis by
man and may be considered as environmentally foreign or
xeiiobiotic compounds (Slater and Somerville, 1979 and
Slater, 1981.).

The term xenobiotic (stranger to life) is derived
from the Greek words xenos ,; a stranger, foreign,

strange; and bios : life, or course of life ; Fox' the



environmental microbiologist or chemist xenobiotic
usually implies "foreign to the biosphere" CHutzinger
and Veerkamp, 1981)% Another term which is often used
synonymously with xenobiotic is anthropogenic since it
appears to be a scientific term for man-made. In Greek,
anthropos means man, human, and gignesthai to become, be
born. However, strictly speaking "anthropogenic" does
not mean man-made but man-making ~ the origin of man -
as is evident in anthropogenesis (the study of man’s
origin and development), On the other hand the term
biogenic (of biological origin, produced by the
biosphere), which is of similar linguistic construction
as "anthropogenic" is commonly accepted by the
scientific community, CHutzinger and Veerkamp, 1981).
Adjectives which are used more or less

interchangeably with "xenobiotic" or "anthropogenic" are

"man-made" , "synthetic"” , "environmentals, "alien" and
"pollutant". Most often the full term includes
" chemicals,1l or "compounds" e.g. "man-made compounds?' .

The word "chemical" itself somehow seems to imply
unnaturalness since organic substances referred to in
their context as natural compounds Ce.g. vitamins,
proteins and carbohydrates) are seldom spoken of as
"chemicals?' , CHutzinger and Veerkamp, 1981).

Some xenobiotic compounds are sufficiently similar to
existing natural or biogenic compounds to be degraded by

existing mechanisms, but others are not susceptible to



biological transformation. Consequently, compounds in
this latter category may persist in the environment for
considerable periods of time and may become serious
environmental hazards. These compounds are said to be
Mré&catlci trsmt” . The concept of recalcitrant compounds
was discussed by Alexander in 1965. Referring to the
introduction of structurally novel compounds, notably
pesticides, detergents and synthetic chemicals that may
not degrade in the environment, Alexander stressed the
requirement for research in order to understand how
these materials are degraded. He urged caution of
Gale's microbial infallibility principle (Gale, 1952)
which proposes that microorgani sms capable of oxidizing
any compound that can be theoretically oxidized exist or
soon arise whenever and wherever these compounds are
found. Microorganisms can metabolize not only naturally
occurring but a whole range of man-made compounds such
as phenols and amines (anilines) hence Gale's principle.
Over the past 30 years mankind has witnessed a dramatic
rise in the production of a diverse variety of synthetic
organic chemicals that are released into the environment
often in only small quantities but sometimes in larger
amounts, A significant number of these material® are
destroyed by biodegradative activities of microorganisms
in soils, water® and sewage works, biodegradation here
being considered as the conversion by biological

agencies of a complex organic material into one &' more



simpler substances (primary biodegradation), When
biodegradation is complete* the elements of which the
original molecule was composed are released in an
inorganic form, (ultimate biodegradation or

mineraliz ation), (Alexander, 1973).

The persistence of man-made chemicals may be a
necessary requirement for compounds designed
specifically for technical use, or of compounds, 1like
insecticides and herbicides directed towards specific
targets to increase length of effectiveness (Alexander,
1973} ffeilson et al., 1935). In general, however,
persistence of man-made chemicals in the natural
environment is an undesirable property. For example,
components of industrial waste effluents introduced into
waterways by whatever means, if not acted upon by the
aquatic microflora, may detrimentally affect wild 1life,
reduce the quality of drinking water, and be responsible
for unsightly accumulation of waste products. A classic
example of this phenomenon was the Introduction of the
first synthetic detergents in the 1950's. These
detergents now described as "hard", were only partially
removed in sewage treatment and passed through treatment
works, largely unchanged, into rivers. It was common,
at least in Britain, to see large banks of foam created
by aeration in activated sludge plants and also at weirs
and sites of turbulence on polluted rivers. The

problem, caused by the Inability of aquatic bacteria to



degrade sufficiently rapidly the highly branched chain
alkyl benzene sulphonates (based on tetra-propylene),
was satisfactorily solved by replacement of the "hard*'
type with a biodegradable "soft" product in which, the
degx-ee of branching had been considerably reduced,
(Painter and King, 1985).

In recent years there have been no comparable
widespread spectacular effects of non-biodegradable
chemicals, due to the fact that few other synthetic
chemicals are used so widely or in such large quantities
as synthetic detergents, There is, however, concern
aver chemicals which although not used in very large
quantities are known to be persistent and to accumulate
in aquatic organisms. Some of these chemicals have been
detected far from the initial sites of use. The
pesticide dichlorodiphenyl-trichoroethane (DDT) for
example has been detected at concentrations of up to
2pg 1 , in the Sargasso Sea.

Chemicals if discharged into the aquatic environment
have the potential to cause damage in a number of ways.
They can inhibit microorganisms directly in sewage
treatment processes and in rivers, thus possibly
seriously interfering in aerobic treatment of waste
waters and in the self purification processes in bodies
of water and may be toxic to aquatic organisms e.g.
fish. Absorbed and insoluble chemicals may inter-fere in

the anaerobic treatment of sewage sludge, which if it is



subsequently applied to land as fertiliser, may inhibit
essential microbial action in soil and/or become
assimilated into plants. It is possible that animals
and man could have thus became affected by drinking
polluted water and eating contaminated food. Hence,
some form of scrutiny of chemicals is necessary before
they are put into widespread use and in many countries
this examination has been embodied in appropriate
legislation.

In Britain and the EEC chemicals in use for stated
purposes before 18/9/81 are termed "existing; chemicals",
under* the Health and Safety Executive (HSE)/Department
of the Environment (DOE) Notification of New Substances
Scheme (HSE, 1982) and can be manufactured, marketed and
used without restriction or submission to the EEC
Commission, provided, that they were registered as
"existing" chemicals before 31/12/82. The water
authorities have the right under UK legislation (Control
of Pollution Acts COPA 1 and 2, 1974) to insist on
removal or reduction in concentration of a given
chemical in industrial discharges to sewers or rivers,
providing that it can be reasonably shown that a
specific chemical is responsible for an environmental
problem e.g. inhibition of nitrification or toxicity to
fish,

New chemicals, on the other hand, are subject to the

EEC regulations set out in "Council Directive 67/548",



6th Amendment Official Journal of the European
Communities, Mo L259/10, 15/10/79 (the so-called
Dangerous Chemicals Directive). The purpose of this
Directive 1is to approximate the laws, regulations and.
administrative provisions of the Member States on t a)
the notification of substances, and b) the
classification, packaging and labelling of substances
dangerous to man and the environment, which are placed
on the market in the Member States. This directive
requires the production of a technial dossier supplying
the information necessary for evaluating the foreseeable
risks, whether immediate or delayed, which the substance
may entail for man and the environment. The dossier
requires information on the uses, toxicity, biotic and
abiotic degradation of a new chemical and the
possibility of rendering the chemical harmless.
Provision is allowed in the Directive for Competent
Authorities (DOE and HSE in the UK) to request further
details of toxicity and ecotoxity studies from the
notifier of the chemical.

It should be stressed that the Directive does not set
out to ban a chemical per se, but to acquire sufficient
information to enable the Competent Authority (DQB/HSE)
to make a hazard assessment. If a chemical appears to
be a hazard, DOE would warn the UK Water Authorities to
look out for it so that it would be dealt with under

COPA. However, most if not all chemical producers co~



operate with the Competent Authority so that few if any

new "hazardous" chemicals should get onto the market,

1.2 Entr'y and fate of xenobiotic compounds in the
biosphere.

Before naan started large scale industrial activities,
the concentrations of the organic chemicals on the
surface of this planet remained more or less constant
with biosynthesis and biodegradation being held in
equilibrium by the integrated activities of plants,
animals and microbes (Leisinger, 1983). We are now
faced with, certain industrial chemicala Cxenobiotics)
which do not readily participate in the global cycles of
carbon, nitrogen or sulphur (Dagley, 1978); this was
restated by Slater (1982)+¢ Such compounds cause
problems of disposal and may, if they escape
containment, lead to adverse effects on the environment,
Chemical® exhibiting transitory or permanent
accumulation have been termed Hpollutants" or
"environmental pollutants", expressions which stress
their undesirable effects on the environment. In
relation to the total volume of organic compounds
involved in the carbon cycle the formation of chemical
pollutants by human activities is modest. The turnover
of organic matter in the carbon cycle by photosynthesis
and biodegradation amounts to approximately 2x10'* 1

tonnes per year as compared to world oil production,



3x103 tonnes per year and to the synthesis of organic
chemicals 2x10® tonne® per year (Leisinger, 1983).

The producers of chemicals are often made solely
responsible for the entry of chemicals into the
environment, This is not justified since the
responsibility for the proper storage, use and disposal
of chemicals is handed over to a wide variety of
consumers. The routes of entry into the biosphere of
chemicals have been described by Leisinger C1983) and to
a lesser extent by King <1984); they are summarized in
Figure 1. Major entry points of pollutants into the
environment are aqueous effluents from domestic or
industrial waste treatment plants (pathways 3 and 4,
Figure 1). Quantitatively less important are toxic
exhaust gases from waste incineration facilities
(pathway 3, Figure 1), Mew compounds are formed during
incineration of waste compounds, e.g. dioxin. The
problem ijay be overcome by burning waste compounds with
a plasma torch at 10,00Q°C to produce harmless exhaust
gases (Wigerson, 1987). Pollution arising from
biological waste treatment plants (pathway 4) is due to
organic chemicals that are recalcitrant or insoluble and
thus escape degradation in conventional systems.
Furthermore, the toxicity of an organic compound may
interfere with the proper functioning of the biological
treatment and lead to discharge to rivers of pollutants.

During the treatment process some organic compounds



adsorb onto activated, sludge. They do not appear in the
aqueous effluent but cause problems in sludge disposal
and sludge application to agricultural 1land.

The problems of treating some organic chemicals in
conventional biological systems are Illustrated by a
survey of 96 organic compounds, from the U.S.
Environmental Protection Agency (EPA) 1list of priority
pollutants, (Patterson and Kodukala, 1981 and Tabak ef
glL. , 1981). The groups of compounds described in the
EPA priority pollutants list are shown in Table 1,
(Keith and Telhard, 1979). Statlc-culture flasks
screening biodegradability tests (Bunch and Chambers,
1967; Tabak and Hannah, 1979), were performed with these
compounds at the 5rag I": level, using s successive
subcultures with domestic sewage as the primary
inoculum. Of the 96 compounds tested, 50% were
completely degraded, 30% were insignificantly or not
degraded at all and the remaining 20% only partially
degraded. One compound exhibited toxic effects and 20%
of the compounds tested were concentrated in sludge by
factors of from 5 to 170.

Accidents, spills during transportation and leakage
from waste disposal sites may lead to direct entry of
untreated chemicals into the environment (pathway 2,
Figure 1). The last route of entry (pathway 5, Figure

1) is taken by products such as pesticides and aerosol



Legend to Figure 1.

1)

2)

3)

4)

5)

Recycling and reclamation of waste products.
Direct discharge of compounds into the
environment or by accidental spillage during
production,

Chemicals which are resistant to biological
degradation in industrial waste treatment
systems.

Chemicals entering the environment in treated

effluents from domestic sewage treatment
systems.

Chemicals entering the environment through

consumer use of the product,

- 11 -



_ZT__

Environment
Industrial Industrial waste
Teerevansen 1 -------------- A—’ 4 3
g waste treatment
+ 2
A 4
Industrial
Production Domestic waste
1—% *‘ 4
‘ treatment
Product Consumers -+ 5
:-.ll.-I‘..II.-..----.."..-.-. 1 AR T L YT PR R L L L R L L L L L L]} :

Figure 1. Entry of manmade organic carpounds into the environment.




propellants whose utilization is coupled with their
release into soil, water or air. Other chemicals such
as certain solvents or 1 ,2-dichloroethane and 1 ,2-
dibromoethane which are present in gasoline as lead
scavenging agents escape containment by the consumer
because of their volatility. Finally, included in this
category is the great variety of pollutants deliberately
released into the environment by illegal dumping.

Once xenobiotics have entered the biosphere the fate
of these compounds becomes important. This is an area
of great importance for assessing the environmental
impact of =xenobiotics. The scheme presented in Figure
2, gives an overview of the types of reactions a
xenofoiotic compound can undergo in the environment.

Total absence of degradation of a xenobiotic compound in
nature has not been deraonstrated so far; 2,3,7,8-
tetrachlorodi ,benzo-p~dioxin. (TCDD) , one of the most
persistent chemicals known, has been shown to be
metabolized at a low rate by microbial cultures

(Philipps et ,al., 1982)

Of the various fates described in Figure 2 for
xenobiotics, complete "mineralization" of a compound is
the most desirable of these processes, It generates
carbon and energy for microbial growth and leads to the
disappearance of the xenobiotic compound. Cometabolism
(Horvath,1972) is a process by which microorganisms, in

the obligate presence of a growth substrate, transform a



Table 1, Organic priority pollutants according to the

U.S. Environmental Protection Agency

and Teliard, 1979).

Chemical Class

(Keith

Humber of

compounds

Aliphatics

Halogenated aliphatics
Hitrosamines

Aromatics

Chloraromatics (including TCDD) &
Polychlorinated biphenyls (PCB*s)
Iltroaramatics

Polynuclear aromatic hydrocarbons

Pesticides and metabolites (including DDT) &

TCDD - 2»3» 7, s -tetrachloradiben::o~p-dioxin

¥»DDT = 1,1,1l-trichloro~2,2-bis

3

31

3

14

16

16

17

(p-chlorophenyl) ethane



non growth susbtrate, Although cometabolizing organism®
do not derive benefits from the metabolism of non-growth
substrates, cometabolism is thought to play a
significant role in the degradation of xenobiotics in
nature, but this assumption is hard to prove (Harder,
1981), Cometabolic transformations in the environment
do not necessarily result in the complete oxidation of
xenobiotic compounds but may lead to the accumulation of
transformation products with increased or decreased
toxicity compared to the original compound (Alexander,
1981) . Cellular accumulation represents a further type
of interaction of microorganisms with xenobiotics. This
process which may be the result of active uptake or of
absorption phenomena usually has adverse effects. It
may lead to bioconcentration of hazardous chemicals and
their entry into the food chain (Boughman and Paris,
1981) .

The final passible fate of a xenobiotic compound is
to bind to organic matter such as humus in soil or floes
in activated sludge. This may be a long or short term
effect and there is little evidence to suggest if this

fate presents an environmental hazard or not,

1,3 Testing biodegradability.
The Organisation for' Economic Co-operation and
Development (OECD) and the European Economic Community

(EEC) have defined three levels of testing which



Flgur* 2. Fat* of xanoblotica in tha anvironmant ( L*I»Ing*r, 1983 ).
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correspond to three degrees of biodegradability in the
OECD scheme and to three levels of annual production of
the chemical in the EEC scheme (King, 1984), At the
first level of biodegradability testing the "base-set",
or level "O", relatively low inoculum concentrations of
sewage nicrooroganisms in minimal media are employed in
batch die-away or screening tests. These tests assess
whether a compound readily biodegradable, and are the
least expensive both in terms of man-hours performing
the tests and the cost of materials and apparatus. The
terra "readily biodegradable" is a terra applied to an
arbitrary classification of chemicals which have passed
specified screening tests for ultimate biodegradability
at this level. The tests are so stringent that such
compounds biodegrade rapidly and completely in a wide
variety of aerobic environments and are said to be fail
safe, (Painter and King, 1985), Level I testing
assesses inherent biodegradability and employs semi-
continuous versions of the activated sludge process,
having high sludge ages, and die-away tests in which,
other degradable substrates present and/or in which much
increased concentrations of bacterial inoculum are used.
The terra "inherently biodegradable" is a term applied to
a classification of chemicals for which there is
unequivocal evidence of primary or ultimate
biodegradation in any test of biodegradability, (Painter

and King, 1985). More complex and costly simulation



tests are used at Level II to assess whether the
compound under test is removed in practice.

Table 3 shows the types of biodegradability test used
at each level of testing and determinands used to
observe biodegradation. The screening tests are only
""fail safe" ( that is, a compound which does not degrade
in a Level M0" cannot be assumed to foe non-
biodegradable. Further investigations are necessary for
compounds giving negative results. Having said that,
positive results do not necessarily exclude further
investigation. It is known that the stringency of the
tests varies, decreasing generally in the order -
modified closed bottle, modified MITI 1, modified OECD,
modified AFUQR and modified Sturm test (Gerike and
Fischer 1979, 1981). In addition there is a further
test for ready biodegradability known as the
International Organisation for Standardisation (ISO)
die-away test method (ISO, 1984), which is not
considered by Gerike and Fischer <1979, 1981),

Essentially the screening tests are batch tests which
usually have the test substance as the only source of
carbon and energy. The compound should be soluble at
the concentration under test, non-volatile or have
negligible vapour pressure under the conditions of the
test, not significantly adsorbable on glass or
inhibitory to microorganisms. The test compound is

dissolved in minimal salts medium and inoculated with a



Table 3, Types of toioclegradabilty tests,

Isel Tpe Method Detarminand Reference
0  Screening Modified Closed Bottle (04 D (1981)
Mdified MITT I (Jgarese Ministry of  Da/specific amlysis
Tnterratioal Trace ad Irdstry) /ooc
Mdified (ED mc

Mudified AR (Association B . e

& Nommalisation)
Modified Sturm @
Tnterraticsl Stardard Qunisation (I0) DOC IO (1989)
Die-away test
] TIheret 2driElians ooc D (1981)
SIS (Sani-amtinos activated shrig) DT ", M) (1983)
HITI I 02 /specific anlaysis CRD (1979)
2 Similation Activated shrbe ; Hemmn, Foos Bt DIC CRD (1981),
BE) (19%83)
Bidlogical filters ; rotatirg tibe o D (1983)
River ; Karlsniher or D (97M)



relatively small number of unacclimatized microorganisms
i.e. not having "seen" the test chemical before. The
test vessels are incubated in the dark at 22. 5<€+2. 5 °C
for 28 days. Samples are taken for analysis, ,or
measurements made, at sufficiently frequent intervals to
allow the calculation of the degree of removal of test
chemical (or of oxygen uptake or carbon dioxide
produced) in the 10 day period after degradation starts.
Suitable blank controls are run with each test to allow
for the activity and carbon content of the inoculum, and
substances of known biodegradability such as sodium
benzoate or sodium acetate are also tested to check that
the inoculum is active. In some methods extra vessels
can be set up containing both the test and standard
chemicals in order to ascertain whether inhibition of
the Inoculum has occurred. Should lack of degradation
of test substances be thought to be due to inhibition,
the test may be repeated with a lower concentration of
test compound. The amount and type of inoculum used
varies from test to test (Table 4) as does the
constituent make-up of the minimal media (Table 5), It
has been proposed that this wvariation is responsible for
the difference in stringency for each test and

harmonization of the tests should be undertaken (Blok @t _



Table 4. Inoculum used for each test, (After Painter

and King, 1985).

Ieel Tpe Mthod

Mdified HIOT 1

Mdified (RD

Mdified ARNR

Mdified Stm

IO Die-away

HITI II

Icailim (whme @ Goncentration of becheria
weicht per lite o  (microormEnisms mrl)
nadiuii —_ -
1 dop effhent 0,2%d40s

0 nmg susperdd salids o 241Qx)0s
"activated shrde* gronn an

ghxoee pspbre mediim fr

at lesst 1moth,

0.5nT1 effhient 0,52,5x10z
Resusparded becteria 28x 10s
filtered from surface water

/efflent ad conted,

12 spermatant £ ' 104-2x105
harogenised activated shde

1051 suspended salids 310s

1000ng ssperdkd solids of 0,6-3¢107
activated shrte

100y suspended salids of 0,7-3,3x106
activated shrde



Table 5. Composition of media, (Values expressed as
mg 1 1, except total POA which is xIO0O 3M>,

(A fter Painter and King, 1985).

; . Mdified Closed  Modified Mdified Mdified Mdified I

Bottle HITT I HD AFHR Stum Die-eneyy

KL FO 8,5 2,5 8,5 30 7 8,5
KH FO: 21,8 6,3 21,8 - 43,5 2,75
M: HRQ): 20 B4 13,8 B4 2000 66,8 B4
Toal B 0,35 0,4 0,355 7,8 0,59 0,35
HOrttHD 2,5 67,5 25 20 2,5 2,5
CaCh 215 &,5 215 37,8 21,5 215
NLCT 1.7 51 Y.y - 34 2,5

(NEMkSGA - - - 30 0 -
MQs - - = 5 - -
Fe(b. G20 0,5 0,5 0,5 - 1 0,5
RCls FOIft 0,1 0,1 - - 01
HnSO* 4140 - 0,04 0,04 - - 0,04

(\Baleirsa - 0,035 0,035 - - 0,035
23203 - 0,057 0,057 - - 0,057
ZnS04, TH20 - 0,043 0,043 - - 0,042
Yeest extract - 0,15® 0,159 5 - 0,015
Trace elaments - - - Yesb -

* O lid of a solution containing, 02¢g biotin, 20mg nicotinic acid |1 .Owy thiamine, i,0»g
p-aiinobenzoic acid, 1,0ng pantothenic acid, 5,0wg pyridoxamine, 2,0519 cyanocobalaiune and S,Owy
folic acid in 100m distilled water,

b Ini 11 of a solution containing, O.lg FeSO"VHsO, 0,lg MhSO"HzQ 0,025g KMID:, 0,025g Nas
0407, 0,025 G (NQalaGHaO, 0,025 ZnCh and 0,01g NFU VOq,



There are some elaborations on these basic screening
tets which make them more 1likely to yield positive
results for those substances which are degraded only by
cometabolic processes. For example, in the Bunch-
Chambers method (Bunch and Chambers, 1967) yeast extract
is added (55mg I":) as an alternative substrate to the
test substance with 10% sewage as inoculum. At weekly
intervals, 1o0ml of the culture is subcultured into fresh
yeast extract-test substance medium. At each transfer
the concentration of test substance is determined by
specific analysis to assess the degree of primary
bi odegradation,

There are three tests included in the OECD scheme for
testing compounds for inherent biodegradability (Table
3). Originally the Zahn-Weliens method was put forward
as a screening method but, since experience showed that
it was considerably less stringent than the other
screening tests, it was reclassified as a test for
inherent biodegradability. A much larger inoculum
(1000Omg sludge solids 1 1) and higher' concentrations of
test substance (50-400mg C Iv1) are used than in
screening tests. To allow for any adsorption of test
substance onto sludge, a sample is taken 3 hours after
mixing, and further samples taken at 1 to 3 day
intervals for analysis of DOC, after filtration. The

higher concentration of inoculum gives a greater



opportunity for more test compounds to be degraded
within the 28 day period of incubation.

With the SCAS method (HMSO, 1983) for assessing
inherent biodegradability, domestic sewage and the test
substance (5-20mg C I"'1> are added daily to activated
sludge in a suitable vessel which is aerated for 23
hours. Sludge is then allowed to settle for B to 1
hour, the supernatant is discarded or collected for
analysis, fresh sewage plus test substance are added and
the cycle is repeated. Control units receiving no test
substance are operated simultaneously. Tests are
usually continued for up to 3 months or more, if
necessary, during which time the concentration of DOC in
the supernatants of test and control units are compared
to determine how much if any removal has occurred. It
is assumed that the sludge in the test unit would
oxidise the sewage components to the same extent as the
control, so that any residual DOC, after subtraction of
the control effluent value from the test wvalue, would be
derived from the test substance. The pattern of removal
over several weeks can usually help in distinguishing
between adsorption and biodegradability, but any doubt
can be dispelled by using the acclimatized sludge as an
inoculum in a screening test.

The Japanese MITI II respirometrlc method (OECD,

1981) is less stringent than the MITI I screening test

since it employs a higher-' concentration of inoculum (100



mg Im1> and 30 mg test substance I~:1, but it is the mast
stringent of the three tests for inherent
biodegradability.

Substances which are degraded by the Zahn-Weilens or
SCAS methods do not necessarily degrade readily in the
environment * those substances which do not degrade in
the inherent tests are considered to be nan-
biodegradable . To decide the fate of inherently
degradable substances it is necessary to subject them to
a test which simulates the environment into which they
will be discharged. Tests simulating conditions in
rivers such as the Karlsruher test (OECD, 1979) have
been devised but little seems to have been reported on
their use.

Because the majority of chemicals are discharged to
sewers much attention has been given to simulations of
activated sludge systems and to a lesser extent
biological (percolating or trickling) filters. The
latter will not be discussed here as little work has
been reported using this system. The Husmann Activated
Sludge Unit used in the OECD confirmatory Test as a
simulation test was originally applied to the assessment
of the biodegradability of surfactants (detergents). It
has been adapted for general use with soluble organic
chemicals by the substitution of DOC analysis for the
specific analyses of surfactants. To overcome the

discrepancies associated with the variable nature of



real sewage, a synthetic sewage is used; it is applied
to the 3 litre aeration vessel at a rate of 1 h ¥,
giving an average retention time of the liquid phase of
3 hours and the dissolved oxygen concentration is kept
above 2mg 11, The mixed liquor passes to the
settlement tank of about the same volume from which
treated effluent overflows into a collection vessel,
prior to analysis for DOC or a specific chemical,

Settled sludge is returned to the aeration vessel by
means of an air 1lift pump, however, the rate of return
is so high that the settled does not became
anaerobic as it does in practice. Sludge is wasted from
the system twice weekly to maintain the concentration of
suspended solids in the aeration vessel at 2,5g :1“'",

A strategy which may be adapted when testing
compounds for biodegradability is described in Figure 3,
It consists of carrying out tests in a series of steps,
starting with the relatively simple and inexpensive
methods and progressing to the more complex and
expensive ones. The steps are related to the different
categories of biodegradability recognised by the OECD
and to the amounts produced per year. Any of the
screening tests dff applied after testing for toxicity of
the test compound. A positive result in any of the
screening tests indicates the substance is readily

biodegradable and need not be further examined.



Figure 3. Strategy for testing biodegradability of soluble chemicals

(HMSO, 1983).
Determine toxicity
ot test chemical
YES at 10 mg f 1
o * z toxic ? "pStop and raport
NO at 100 m« I'1 NO at 10 mg I'1
Laval 0
Apply any taat of Apply taat for raady
raady blodagradabllity blodagradabllity with
starting concn. 10 mg f*
Is blodagradabllity
= Stop and raport
accaptabla ?
( test chamical raadlly
NO blodsgradabla )
Laval 1 Apply tast of inherent
blodagradabllity
NO
Is blodagradabllity accaptabla ? » Stop and raport
YES
Laval 2 Apply simulation tast
NO
Is ramoval accaptabla ? » stop and raport
YES

Stop and raport

(Tast chamical biodegradable In sewage treatment )



However, a negative result cannot be taken as
evidence that the compound is not biodegradable, further
tests should be made such as a test with a higher
concentration of inoculum or with inoculum wliich has
previously been acclimatized with the teat compound.
Another variant is to apply the Bunch-Chambers method to
test for cometabolism. If these fail the Zahn-Wellens
or SCAS methods should be applied,

For compounds found to be inherently but not readily
biodegradable which may foe discharged into sewer® the
next step is a simulation step such as the OECD
confirmatory test. In cases of little or no bio-
degradation or a negative result, the simulation test
could for example be repeated with a lower concentration

of test compound over a longer time period.

1.4 Aims of the present study.

The project, to investigate the acclimatization of
mixed cultures (activated sludg'e) to named test
compounds, was initially proposed and funded by the
Water* Research Centx~e (WRc) , Medmenham, The time taken
for acclimatization to take place, the increase in
sludge activity towards test compounds and whether de-
acclimatization of the sludges takes place after
exposure to the test compounds has been discontinued
were specifically of interest to the WRc, Intermittent

production and discharge to sewers of industrial



chemicals is a problem in that microbial populations are
exposed to such chemicals at infrequent and irregular
intervals, and populations may not get the opportunity
to adapt. Part of the study was to determine whether
activated sludge having been exposed to a test compound
which it adapts to and degrades (acclimatisation)
retains the ability to degrade that compound after
subsequently not being exposed to it for' several months
(deacclimatization),

Eight compounds which have given inconsistent results
in individual biodegradability teats and/or have given
conflicting data about their degradability in different
test® were chosen for investigation, (see sections 1.5.1
to 1.5.8). The initial aim of the investigation was to
examine the inherent biodegradability of these compounds
using laboratory scale serai-continuous activated sludge
units. The patterns of "acclimatization" and
"deacclimatization" of the activated sludge initially
over an extended period then increasingly intermittent
periods of ex:posure to the test compound was to be
studied. Acclimatization includes those processes, such
as selection and adaptation by which a mixed population
of microorganisms develops the ability to degrade a
compound. It also covers the situation in which the

populations develop tolerances to inhibitory substances



It was intended to investigate the mechanism of
degradation of those compounds found to be biodegradable
e.g. single species utilisation of a compound as the
sole carbon source, cometabolism or mutualism. Its aim
was also intended to isolate organisms capable of
utilizing the test compounds as their sole carbon
source,

It was hoped to investigate the degradative pathways
of any microorganisms isolated with respect to specific
compounds. In addition it was proposed to investigate
removal of environmental 1levels of test chemicals by the
use of 1¥C radioisotopes with activated sludge, soil and
river water providing the previously unexposed microbial
populations. The reason for using ' is that the
standard biodegradation tests are made with levels of
test chemical many times higher than would normally be
found in sewage or the aquatic environment. Thus they
do not test the degradability of chemicals at
environmentally realistic concentrations (pg I":) but at
artificially high concentrations Crag I""l). It has been
proposed by Alexander (1985) that threshold limits may
exist below which degradation of chemicals will not
occur. The data obtained from the standard
biodegradability tests may not be relevant to the
environmental fate of chemicals. Using **C labelled

chemicals the inherent biodegradability of test
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chemicals likely to occur in the environment will be

determlned,

1.5 Test compounds to be investigated.

The following chemicals have been shown in
degradation tests to exhibit aberrant behaviour and/or
have given conflicting data about their degradabi:ity.
It is this inconsistent behaviour which has made these
chemicals of particular interest and therefore the

subject of this study,

1,5,1 Benzene-1,3-disulphonic acid (BDSA)
BDSA has a molecular formula of C«*EU (SOiaHa)a and a
molecular weight of 282.20 and is easily soluble in

water, BDSA (Figure 4) contains 25.51% carbon.

Figure 4. Structure of BDSA,



This compound was found not to be degraded in any
screening test (Gerike and Fischer, 1979 and Painter gt
al., 1983) neither could it be degraded in the SCAS test
after 12 weeks acclimatization (Painter et al,, 1983),

It has previously been reported to degrade at a very 1low
rate <3,4 mg COD mg h"'1) with acclimatized inoculum
(Fitter, 1976), while Gerike and Fischer (1981) observed
it to degrade with acclimatized sludge, taken from a
Husmann unit, in the Closed Bottle and Modified OECD
tests, BDSA was not degraded in the 42 day AFSfOR test
using unacclimatized sludge, but after 4 weeks of
"working in" (lag) in the Husmann test, 84-87% removal

occurred (Gerike and Fischer, 1981),

1,5,2. t-Butanol.

t-Butanol, also called 2-methyl-2-propanol and
trimethyl carbinol is a highly flammable compound with a
melting point of 25 °C, and is hai'mful by inhalation. It
has a molecular formula of (CH3)aCGH and a molecular
weight of 74.12; the molecular structure (Figure 5) has

a carbon content of 64.76%,

CH3

I
CHo-C— OH

CH,

Figure 5, Structure of t-butanol.



t-Butano! is used as a solvent in paint removers, in
flavours and perfumes and a denaturant for ethanol. The
majority of workers reported it not be be readily
biodegradable although in a ring test using a
respirometric method it could toe noted that 2 of the 1:
participants reported a greater than 60% theoretical
oxygen demand (King and. Painter, 1985) , t-Butanol was
found not to degrade very much in activated sludge
simulation tests (Gerike and Fischer, 1981 and King
al,, 1984), but was found to be removed in the more
lenient "square wave feed" version of the test (Gerike
and Fischer, 1981), In the latter study it was found
that acclimatized sludge failed to degrade t-butanol tout
Painter et al., (1983), found SCAS-acclimatized sludge
did degrade t-butanol after 13 days,

Horn et al., (1970) reported that, after s weeks
acclimatization in activated sludge units, 99% of the ¢t~
butanol available was removed and after making a mass
balance only 1% was found to be lost by evaporation,
King -<tal ,, (1985), in conditions similar to those
in the Hussman method, reported that a solution
containing 20mg G 1-'! of t-toutanol lost s% of its DOG
during a 3 hour period directly due to its
volatilization, Romadina et al,, (1984) isolated two
Pseudomonas species which could degrade t-foutanol and
which continued to do so when added to activated sludge

units.



1.5,3 2-Ch.lorobensole acid (2C.Ra) ,

2CBA is easily soluble in water after neutralization
with sodium hydroxide and has a molecular formula of Cl1
Ce.BUCOQH and a molecular weight of 156,57, It is used
as a preservative in glues and paints, and as an
intermediate in the manufacture of fungicides and dyes.
The molecular structure of 2CBA is shown in figure ¢ ;

the chemical contains 53.65% carbon,

COOH

Figure ¢ . Structure of 2-CBA.

It is agreed that this compound is not readily
biodegradable. Even with inocula acclimatized by the
Sturm method, Gerike and Fischer <1981) found little or
no degradation in the Closed Bottle and Modified OECD
tests, but in one out of three occasions the Sturm Osa
test was positive. It was observed, by Haller (1978)
that degradation of 16émg C 1 1 occurred after a lag of
25 days In waste water at 30%C, but no degradation was
found in the SCAS test after 7 weeks (Fainter et al.,

1983) . Lund and Rodriguez <1984) also reported lack of



adaptation in a modified SCAS procedure over more than
30 days.

In a simulation test, 93% DOC was removed,
surprisingly with no lag, using OECD synthetic sewage
(Gerike and Fischer, 1979) but under the same conditions
only 30% DOC was removed (King et al,, 1984) although
when domestic sewage was treated the value rose to 108%
after a lag of 4 weeks.

It has been demonstrated by Shamat and Maier (1980)
that 2CBA can be degraded by an enric3aed activated
sludge in a contlnous flow reactor. The population of
the enriched activated sludge was identified as
predominantly Pseudomonas species. Cometabolism of 2CBA
was demonstrated in continuous culture by Veerkamp et
al,, (1983). The organism responsible was found to be a
Pseudomonas species. Cometaboilsin is the process or
processes by which a normally non-biodegradable compound
is foiodegraded only in the presence of an additional

source of carbon (Painter and King, 1985).

1.5,4 3-Chlorobenzoic acid (3CBA).

3CBA is easily soluble in water after neutralization
with sodium hydroxide. It ha® the same molecular
formula, molecular weight and carbon content as 2CBA3,

Figure 7.



COOH

Figure 7, Structure of 3GRA..

Zahn and. Wellens <1980) found this compound to be
readily biodegradable, using river water as the source
of inoculum. It was also found to be readily
biodegradable by Painter et al., (1983) using the
International Organisation for Standardisation (ISO)
die-away test. Gerike and Fischer <1979,1981) however,
reported that it was not degraded unless an acclimatised
inoculum (Sturm) was used. Lund and Rodrigues (1984)
did not find 3CBA to be degraded unless the inoculum had
previously been acclimatized for 30 days.

In a study by King et al.. (1984), 3CBA was removed
extensively in the simulation test both with domestic
(lag 14 to 28 days) and synthetic (lag 7 days) sewages,
Gerike and Fischer (1981) found only 30% DOC was removed
with synthetic sewage although with the less stringent
"square wave feed" mode 95% DOC was removed after a lag
of 16 days. Square wave feeding is when the sludge is

exposed to the test compared for a set period of time



after which it was withdrawn for a set amount of time.
This cycle is repeated throughout the test.

Hughes C1965) found that washed cell suspensions of
Pseudomonas fluorescens could utilize 3CBA as the sole
carbon source after initially being grown on benzoate.
Another 3CBA degrading organism, a Pseudomonas species,
was isolated by Johnstone et al.. (1972). In 1974, Dorn
et .ai.., isolated a 3CBA-d.egrading organism (by use of a
chemostat) which was designated Pseudomonas B13. This
organism has been studied by many workers since its
original isolation particularly in genetic studies of
degradation. Hartman et a.l., (1979) isolated a further
organism capable of utilizing 3CBA, by use of a
chemostat. The organism was identified as a Pseudomonas
species and designated WR 912. Haller and Finn (1979)
reported isolating 4 organisms capable of utilizing
3CBA. All the organisms mentioned above can utilize
3CBA as their sole carbon source.

Cometabolism of 3CBA has been demonstrated with
benzoate as the co-substrate by an Arthrobacter species
(Horvath and Alexander, 1970). Cometabolism by a
Pseudomonas species was demonstrated by Veerkam|n et al.,
(1983) both in batch and continuous culture with either
glucose or benzoate as the co-substrate. In addition to
metabolism of 3CBA by either a pure culture or
cometabolism, degradation has been demonstrated by a

mutualistic relationship between Alcallgenes eutrophus



and Pseudomonas Bl3 growing on benzoate plus 3CBA

(Knackmuss, 1983),

1,5.5 cis, cis, els, c¢is-1,2,3,4
Cyclopentanetetracarboxylic acid (CPTCA).
CPTCA has a molecular formula of GsH® (GQr&H) * and a
molecular weight of 24-6. 17, The structure of CPTCA is

given in Figure 8 and it contains 56.1% carbon.

Cc OOH

Figure 8. Structure of CPTCA.

CPTCA has been proposed as a phosphate substitute in
detergent mixtures (ie a chelator of Ga'l™ to soften
water), It was not degraded in any of the seven tests
applied by Gerike and Fischer (1979) and neither was it
removed in the SCAS or simulation tests performed by
Painter C1986). CPTCA in an isomeric form (cis, trans,
cis, trans) was reported by Gilbert and Lee (1980) to be
degraded by about 85% after a lag of 8 weeks in the SCAS

test, They also reported 0-30% removal in a ready test

38 -



depending on the stereoisomer used, but it was not
stated which one was used. Gerike <1978) did not find
any evidence of biodegradation during tests for both

ready and inherent biodegradability.

1.5,6 Hexamethylenetetramiiie (Hexa),
Hexmetliylenetetramine (CsH-isHU) has a symmetrical
adamantane-like structure (Figure 9) and contains 51,4%
carbon. Thermal decomposition occurs at 270 °C but below

this tempei'ature the compound is fairly stable. Hexa
decomposes readily under acid conditions to formaldehyde
and ammonia but is stable in neutral aqueous solution
(Tada 1960),

Hexa 1is used extensively in a variety of industries;
it is used in adhesives, coating and sealing compounds,
chemical detection of metals and in the preservation of
hides. In addition it is also used as a cross-linking
agent in the hardening of phenol-formaldehyde resin,
vulcanising rubber, as a filler in plastics, as a dye
fixative, a stabilizer for lubricating and insulating
oils and as a corrosion inhibitor for steel. Hexa 1is
also used as solid fuel tablet® for camping stoves and
as the parent compound for high explosives such as

cyclonite,



Figure 09. Structure of Hexa,

Hexa has been given an "E" number (E239) because of
its use in the food industry for the marination of
mackerel and herrings as a preservative and it is also
used in Provolone cheese (Hannsen and Marsden, 1984),
Hexa was first described by Butlerav in 1860 and used as
a urinary antiseptic by ETicolour as early as 1894, The
antimicrobial activity of hexa is derived from
formaldehyde produced upon hydrolysis of hexa in the
bladder. The degree of hydrolysis of hexa and therefore
the effectiveness against infection is a direct function
of the acidity of the urine (Strom and Von Jun, 1980).

Hexa is known not to be degraded readily in full-
scale sewage treatment (Borne, 1976). Hexa was found,
in a "ring" test to be degraded by greater than 60% ThOD
by only 8 out of the 24 participating laboratories (King
et al.. 1985). However, in the Husmann simulation test,

using either synthetic or domestic sewage, not more than



20-25% hexa (as DOC) was removed during the whole 9

week® of the test (Painter and King, 1986),

1.5.7 W-Methylaniline <NMA).

WKA has a molecular formula of CeHaNHCHa and a
molecular weight of 107.16 and we found it to be not
easily soluble in water. The structure of NMA (Figure
10) is a secondary amine with a methyl group on the

nitrogen atom and is a weak base, it is 78.58% carbon.

ch3
NH

Figure 10, Structure of HA.

S is an important starting material for the
synthesis of certain dyes.

On five out of six occasions King and Painter (1985),
found IMA was not degraded in ISO die-away tests, but on
the sixth attempt greater than 90% DOC was removed and a
purple colour formed. Using slud.ge acclimatized for 10
days or more by the SCAS procedure, consistently high
removal values of UMA were achieved by ISO die-away

tests. The same was observed when acclimatized, effluent



was used as inoculum. These findings were in agreement

with those of Gerike and Fischer <1979),

1,5,8 Tetrahydrofuran-2,3,4,5-tetracarboxylic acid
(THFTCA)
THFTCA has a molecular formula of COHO0® and a
molecular weight of 248.14, The structure <Figure 11)

contains 38,69% carbon and four carboxyl groups.

HO

HO-C\

Figure 11, Structure of THFTCA.

THFTCA has, like CPTCA, been prox“osed as a phosx“hate
substitute. THFTCA is also used to increase high
temperature resistance of glass fibres and to reduce
smoke production in polyisocyanate and polyurethane
foams exposed to flames, THFTCA is also used in dental
cements to aid in the setting of these cements. This
compound was not degraded in the 28 day ISO die-away
test with fresh activated sludge but was completely
degraded with an 1ll-week acclimatized inoculum from a

SCAS unit (Painter, 1986), THFTCA was also degraded in



a SCAS test, (Painter, 1966), However, in the
simulation test, operated for 9 weeks, no degradation
took place, There was evidence of inhibition of COD/TOC
removal as there has been during the first 5 weeks of

the SCAS test (Painter, 1986).



2.0 MATERIALS AID METHODS.

2,1 Test chemicals reagents and stock solutions.

t-Butanol, 2-chlorobenzoic acid, 3-chlorbenzoic acid,
cis, cis, cis, cis-1,2,3,4-cyclopentanetetracarfooxylic
acid, liexamethylenetetramine, H-methylaniline and
tetrahydrofuran-2,3,4,5-tetracarboxylic acid were
obtained from, Aldrich Chemical Co. Ltd, Gillingham,
Dorset, England, at the purest grade available. Benzene
-1,3-disulphonic acid and phenylhydrazine hydrochloride
were obtained from Fluka AG, Chemische Fabrik, CH-9470
Buchs, Switzerland, again at the purest grade available.
The radioisotope U-*' *CJ - hexamethylenetetramine at a
specific activity of 12.9mCi mmol’~" <477 MBq mmol'”') and
a purity of 98% was obtained from Amersham International
pic, Amersham Laboratories, White Lion Road, Amersham,
Buckinghamshire, England, Carbo-sorb and Soluene-350
were obtained from Packard Instruments Ltd, Gaversham,
Berkshire.

Antibiotic-containing discs were obtained from Oxoid
Ltd, Basingstoke, Hants, as were all the proprietary
media and purified agar. The API 20E and API 50CH
strips were obtained from ; API Laboratory Products Ltd,
Grafton Way, Basingstoke, Hampshire. All other
chemicals and reagents were of AnalaR grade or of the

highest purity commercially available.



Stock solutions of test compounds for use in the SCAS
and die-away tests were made by dissolving 400mg of test
compound in 1 litre of COsrfree distilled water. CQss-
free water was used to dissolve the test compounds so
that the only cartoon present was the test compound. The
stock solutions were stored in sealed bottles for 2 to 4
weeks at 4°C except where stated. Both 2 and 3CBA were
carefully neutralized with HaOH prior to being
dissolved. The MMA stock solution was prepared, ty
stirring 400mg NMA in 1 litre of distilled water at 50°C
fo 2-3 hours. The stock solution of FMA was stored at

room temperature to prevent separation into two phases,

2.2 Media.

2.2.1 Synthetic sewage.

The synthetic sewage for feeding the SCAS units
contained the following components; peptone <16g>, Lab
Lemco dig), urea CBUHssO (3g>, UaCl (Q,7g) CaCls-: <0. 4qg) ,
MgSCLi..MH,is:0 <0.2g) and KssHPCU <2.8g), A stock solution
of synthetic sewage was made up x100 strength in 1 litre

of tap water and could toe stared for upto 7 days at 4°C.

2.2.2 Die-away test medium.
The basal test medium was made from the following
stock solutions Ca-f). Fresh test media was made

immediately prior to setting up d.ie away test.



a) Ca (Clsa (27,5g), in 1 litre of CQa-free distilled
water,

b) Mg SCU 7H*0 <22.5g>, in 1 litre of CO”-free distilled
water.

c) FeCl3,6H;n:0 (0,25g), in 1 litre of GO”"-free distilled
water.

d) KKb: POa <8. 5g) , K*HPCU <21.75g), SfaaHPCU, 2H3O <33, 4g>
and KIBUC1 <2,5g>, in 1 litre of COs-free distilled
water.

e) Solution of micronutrients
MnSOff4%;;:0 <39, 9mg) , H3BO3 (57,2mg), ZnSCU7H::50
<48 .8rag) ; (IHa)«) Mo”OasA <34.7mg> and CioHi«NaOa.F*®35Ta
(l100mg) , in 1 litre of COa-free distilled water.

f) Yeast extract (15mg> in 100ml, Cda-free distilled

water prepared immediately prior to use,

10ml of solution d) and 1,0ml of each of the other
solutions were added in order, to distilled water with

shaking between addition to a final volume of 1 litre.

2.2.3 Inhibition test medium.

The phosphate buffer contained KHssPCU (8,5g>, KsHPCki.
<21,75g> MastHPOzt.,12Hs:0 <33,4g) in 1 litre of distilled
water, The nutrient broth/sodium acetate solution
contained nutrient broth <8g) and sodium acetate <6qg)
made up in 1 litre of distilled water. Test compounds

were prepared by dissolving Ig of the test compound in 1
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litre of dietilied, water. The stock reference compound
was prepared by dissolving Ig of 3,5-dichlorophenol in 1

litre of distilled water.

2.2.4 Minimal salts medium.

The basal ©alts medium of Dorn et ale¢, <1974)
contained ; NasHPO”..1H:«.0 <7g) , KH*PChi. <1g> , Ferric
ammonium citrate <0. 0lg) <M£U) 1laSCU<1lg> » Ca )2
<0. 05g) and MgSCU.7H:SO <0.2g) per litre of distilled
water. The trace element solution contained 5 MnSCU-
M:;s:0 <400pg> 2ZnSQ., ( <200pg>, CuSCU-5Hr.*0 <40pg)> CoCl;*-
6Hs*0 <40pg) KI <300pg) , Ma MO%,,..2Hff0 <50pg) and MacCl
<10mg) per 1litre of distilled water.

The medium was solidified, when necessary, by the
addition of Oxoid Purified agar <15g I""1l) prior to
sterilisation at 121 °C fo '15 minutes. The carbon
sources were sterilized in the medium except where
stated, t-Butanol was sterilized by filtration through
0.22pm pore size cellulose acetate filters <0Oxoid Ltd,
Basingstoke). All carbon sources were added to a final
concentration of 0.5g I"”1 unless otherwise stated, with
the exception of THFTCA which was used at a

concentration of 1.0g 1 1.

2.2.5 Chloride-free minimal salts medium.
The basal salts medium of Braramar and Clarke <1964)

was used as the chloride~free minimal salts medium. The



medium contained, K»:HPO*. (12,5g)» FO*. (3.8qg),

(JSFU)a SCU (1.0g), MgSCW (0. Ig) and trace element
solution (5.0ml) per litre of distilled water. The
trace element solution used was that of Kelly and Clarke
(1962) and contained : HBCLt. (232,0mg), 2nSCki.7Hs:0

(174. Omg) , FeSCU (MH,i.)s; SCU.CH*O (116. Omg), CoSO0~.,7H”0
(95, émg) , (NtU)e. MovOs”..4Hfi0 (22,0mg), CuSCW.5r.=0

(8. Omg) and MnSO*..4H*-:0 (8, Omg) per- litre of distilled
water, The carbon source (3CBA) was added after being
neutralised with HaOH prior to sterilisation at 121 °C
for 15 minutes. The pH of the medium was adjusted to pH

7.2 prior to sterilization.

2.3 Modified semi-continuous activated sludge (SCAS)

test,

2.3,1 Principle,

The purpose of this test is to evaluate the potential
ultimate biodegradability of water soluble, non-volatile
organic substances when exposed to relatively high
concentrations of microorganisms over a long time
period, The viability of the microorganisms is
maintained over this period by daily addition of
synthetic sewage.

The conditions provided by the test are highly
favourable to the selection and/or adaptation of

microargansisms capable of degrading the test compounds



(ie acclimatization), This procedure is also used to
produce acclimatized inocula for use in the die away
tests (2.4), In this test, the residual concentration
of dissolved organic carbon is used to assess the

ultimate biodegradability of the test substances,

2.3.2 Test procedure.

SCAS tests units were constructed from 500ml
measuring cylinders with a plastic aerator placed 2cm
from the bottom of the unit. For each test compound
three units were initially set up, a control unit, a
test unit and a reference unit which was dosed with
sodium benzoate, (2 known biodegradable compound),
Plate 1 shows the units in operation.

For each unit 450ml of activated sludge was obtained
from Stoke Bardolph water recla, mation works (Severn
Trent Water Authority, Trent Division). The activated
sludge was placed into the units and aerated at 0,51 air
min""'l for 23 hours. The aeration was then stopped and
the activated sludge allowed to settle for 45 minutes,

At the start of the settling time the walls of each
unit were cleaned to prevent accumulation of solids
above the level of the liquid, A separate brush was
used for each unit to prevent cross contamination of

activated sludge, After settling, 300ml of the



Plate 1. SCAS test apparatus

Key

: Control SCAS unit

Reference SCAS unit

Test SCAS units

: Air humidifier

: Air filter

Pump for aeration

: Regulatory valves
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supernatant liquor was removed and replaced with 300ml
of synthetic sewage.

This procedure was repeated dally until a clear
supernatant was obtained after the 45 minute settling
period, (about 3 weeks). The settled sludges remaining
after removal of the 300ml supernatant were then mixed,
and 150ml of this composite sludge was added to each
unit.

To the test unit was added 'l5ml of stock solution
(containing 400mg carbon I" +) and 285ml of synthetic
sewage. The control unit received 300ml of synthetic
sewage only. The reference unit received 15ml of stock
(400mg carbon TI""%*) sodium benzoate and 285ml of
synthetic sewage. The unite were operated at a
temperature of 22.5°C*2,5°C on a 24 hour cycle. After
23 hours aeration the sludge was allowed to settle for
45 minutes. After settling 300ml of supernatant was
drawn off from each unit and 1,25ml samples of each
supernatant were taken, The supemiatant was replaced in
each unit as befoi-e, 300ml synthetic sewage to the
control unit, 285ml synthetic sewage and 15ml test
compound stock solution (400mg carbon I™1l) to the test
unit with the reference unit receiving 15ml sodium
benzoate (400mg carbon I”1) and 285ml synthetic sewage.

This fill and draw procedure was continued every 24-



The 1.25ml samples of supernatant were clarified by
centrifugation using a pre-coaled motor at 4°C in an MSB
Micro-Centaur microfuge, 11600 g for 10 minutes. The
resulting supernatants were acidified with 1M HCL
0. 1Iml) and shaken to remove CGa before analysis in
triplicate of dissolved organic carbon (DOC) using a
Beckman 915A Total Organic Carbon Analyser, the 1limit of

detection for this equipment was approximately

Irsg C 1 1.

2.3.3 Calculation of degradation in the SCAS unit.
Degradation is expressed as the ratio of test

compound removed (degraded) to that added, relative to

the control and described as degradation/daily addition.

It is calculated as follows:

D =100 X Cr - (C, - C» %
CT
where D = degradation/daily addition.

Cr = concentration of test compound added to the
synthetic sewage at the start of the
aeration period (mg C 1 '>.

Ct. = concentration of dissolved organic carbon
found in the supernatant liquor of the test

unit at the end of the aeration period



Cc - concentration of dissolved organic carbon
found in the supernatant liquor of the
control unit at the end of the aeration

period (lag C I'"l).

2.8.4 Deacclimatization of activated sludge,
Deacclimatiration was attempted by discontinuing the
addition of test compound to the SCAS units after
acclimatisation of the activated sludge had been
achieved. The degradative ability of the activated
sludge during deacclimatization was tested by the use of

die-away tests as described in section 2.4,2.

2.3.5 SCAB units to test volatility of t-butanol.

A unit similar to the SCAS unit described in section
2,3.2 was set up but without activated sludge.
Distilled water containing 20mg C I"™1 t-butanol replaced
the activated sludge and was aerated as before. Samples
were taken at intervals over a 48 hour period and the
amount of dissolved organic carbon (DOC) measured (in
triplicate) using a Beckman 915A Total Organic Carbon

Analyser-.



2.4.1 Principle.

The purpose of this test is to measure the
biodegradability of water soluble organic compounds in
an aerobic aqueous medium with a starting concentration
of test compounds of 20mg C 1I"* . Measurements of the
dissolved organic carbon are made at the start of the
test <day 0> and at 7 days intervals upto 28 days. The
percentage removal of DOC at each time interval is
calculated and from these data an evaluation of the

biodegradability of the test compound is made.

2.4.2 Test Procedure.

Initially and at various times during the performance
of the SCAS tests, die-away tests were performed with
the activated sludge from the SCAS units as inoculum by
the following procedure. Two 250ml conical flasks
containing 95ml of the test medium (2.2,2) plus 5ml
stock solution of test compound to give 20rag C I”1 of
test compound <Fr> were set up together with a blank
test flask (Fes) containing 100ml of test medium. A
further flask was set up containing 95ml of the test
medium plus 5ml to give 20mg C I"1 of the reference
compound (sodium benzoate) to check the activity of the
inoculum (Fc). The sodium benzoate was made up freshly

as it is easily biodegradable. Abiotic control flasks



<Fss) containing 95ml of test medium 5ml of test compound
stock solution to give 20mg C I"'l of test compound,
sterilized by filtration through. 0.22pm pore size
cellulose acetate filters (Gxoid Ltd, Basingstoke) into
sterile flasks were set up. These flasks were to
demonstrate the nature of any degradation either
physico-chemical or biological.

Flasks Fr, FO and Fc were each inoculated with 1ml of
activated sludge <30mg I"”1 final concentration of dry
matter) taken from the SCAS unit receiving the
appropriate test compound. Flask Fss received 1ml of
heat sterilized activated sludge. The flasks were
closed with porous bungs and incubated at 22,5°C*2,5 °C
at 150 rpm in diffused 1light.

At the beginning of the test (day 0) 1ml samples were
taken from flasks Fr, Fia and Fo and centrifuged in an
MSE Micro-Centour microfuge, 11600g for 10 minutes, the
rotor having previously been cooled to 4°C prior
centrifugation. The resulting supernatants were
acidified with 1M HCL (Q.1lml) and shaken to remove COa
before analysis in triplicate for dissolved organic
carbon <DOC) u ing a Beckman 915A Total Organic Carbon
Analyser. The flasks were again sampled on days 7, 14,
21 and 28 (the end of the test). The flask Fs was only

sampled after 28 days and analysed for DOC.



2.4.3 Calculation of degradation in the die-away tests.

The percentage elimination of dissolved organic
carbon (Dt) for each flask was calculated using the
fallowing equation;

Dt. ( 1% Qi, - Q*i) X 100%
Qo - Q00

where;

Qo is the average concentration of dissolved organic

carbon <mg C 1 1), at time 0, in each test flask Fr.

Qata is the average concentration of dissolved organic
carbon (mgCl |, at time O, in the blank test flask

Fa.

Qt. is the average concentration of dissolved organic

carbon (mgC 1.1),at time ¢, in each test flask FT.

Qat. Is theaverage concentration of dissolved organic
carbon (mgC.1..1),at time t, in the blank test flask

e,

2.4.4 Additional die-away tests performed with
t-foutanol to assess loss by volatilisation.
Test flasks were £>repared in duplicate as previously

described in section 2.4.2 and 1lml of fresh activated



sludge added. The flasks were incubated for 28 days at
22,5°C+2.5°C under the following conditions. Two flasks
were closed with porous bungs and shaken <150 rpm) and
two further flasks were sealed with silicone bungs (non
porous) and shaken <150 rpm) , Identical flasks with
both types of bungs were prepared and were not shaken
but kept stationary for 28 days. Similar flasks to
those described were prepared but the inoculum used was
sterilized activated sludge instead of fresh activated
sludge. In addition further similar sterile flasks
without activated sludge were prepared and incubated
under the same conditions as the previous flasks, The
amount of dissolved organic carbon <DOC) was measured

only at 0 and 28 days,

2.4,5 Use of the hexa SCAS unit as a die-away test to
compax'e results obtained in SCAS units and in
die-away tests.

After operating the SCAS unit for 302 days no further
synthetic sewage was added and no settlement periods
were given. A single dose of hexa giving a final
concentation of 20mg C I"'l was added to the SCAS unit.
The amount of remaining hexa was determined, as dissolved
organic carbon <DQC) at intervals over the succeeding 28

days and the percentage carbon removal calculated.



2.5 Viability of microorganisms in activated sludge
exposed to test compounds in SCAS tests.

At intervals, during the operation of the SCAS units
which were being dosed with test compounds samples of
suspended activated sludge were taken and homogenised
before total viable counts were performed. Then 1ml of
sodium tripolyphosphate (3mg ml” 1> was added to 9ml of
suspended activated sludge taken from the aerated SCAS
units and Ig of number 12 silica glass beads. The
activated sludge was homogenised in a Mickle
Disintegrator for 75 seconds at 30Hz, The resulting-
supernatant was serially diluted to 10 e in sterile
distilled water and 0, Iml aliquots from each dilution
were spread over plate count agar (Qxoid) in triplicate.
Incubation was performed at 30°C and colonies appearing
after 72 hours were enumerated, The number of wviable
cells in the control SCAS unit were enumerated at the
same time. The method for homogenisation of activated
sludge was based on the method of Kluczewski (PhD

Thesis, 1982),

2.6 Inhibition of activated sludge growth by test
compounds.
The method used was that of Painter (1985) based on a

previous report by Alsop et al., (198&)

4
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2.6.1 Principle.

Sterile shake flasks containing buffer, nutrients and
growth substrate were inoculated with an overnight
culture of microorganisms (taken from activated sludge
grown in a similar medium) and incubated for up to 6
hours. The growth rate of this culture was determined
by periodic measurements of turbidity at a wavelength of
530nm, Sterile test compounds were added to the medium
at a range of concentrations and their effect on the
rate and amount of bacterial growth determined by
measurement of optical density, The percentage
inhibition of growth rate was calculated by comparison
with the control rate. The sensitivity of activated
sludge lua.5 tested with a suitable reference compound

(eg 3,5-dichlorophenol),

2.6.2 Test procedure,

Approximately 16 hours prior to the commencement of
the test, sterile shake flasks containing 26ml distilled
water, 4ml of stock buffer solution and 10ml of nutrient
broth/sodium acetate were inoculated with a range of
volumes of activated sludge, 0.0lml, O0.1ml and 1ml. The
flasks were incubated at 22*C*20C and 150 rpm for 16
hour's. After this time each flask was sampled and the
optical densities measured at 530nm in a Philips PU8620

spectrophotometer lcm pathlength.
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Table 6
one substance
Flask Contentst* Water
(al)
1 Control 25
2,3 Test substance 1 ig/l 24,6
* 5 u v 3,2ig/1 23,7
6,7 10 ig/ll 2
8,9 R ig/ll 23,7
10,11 100 ig/l 2
2 Control 23
13,14 3,5-dichlorophenol
2,5 ig/1 24,9
15,16 10 ag/l 24,6
17,18 100 ag/l 2

* Total contents in each flask = 40 el
t Test Substance stock solution
t Test Substance stock solution - 1 g/l
0 Reference substance stock solution = 1 g/l

100 »g/1

Phosphate
buffer

(al)

-59a™

Experimental design for assessment of EC50 for

Nutrient broth/ Test substance
sodiua acetate  Inoculua solution
solution
(al) (al) (al)
10 1 -
10 1 0,4+
10 I 1,3
10 1 4+
10 1 1,3+
10 1 4+
10 1 -
10 1 0,1"
10 1 0,4"
10 1 4"



The flask having an optical density of approximately
0,4 was used as the source of inoculum,

The actual test for inhibition of growth by test
compounds was set up according to the experimental
design in Table 6. Flasks 1 and 12 were blank controls,
flasks 2 to 11 were the test flasks covering a range of
test compound concentrates, Img I"'l to 100mg 1 1, The
reference compound 3,5-dichlorophenol was prepared over
a range of 2,5mg 1 1 to 100mg I"'1l in flasks 13 to 18.
All the flasks were inoculated with Iral of preoultured
inoculum from the af>propriate flask. At hourly
intervals up to 6 hours, 1ml of sample was taken from
each flask and the optical density measured as before at

530nm.

2.6.3 Calculation of inhibition of activated sludge
growth by test compounds.

Tlie log-io value for optical density was plotted
against time, for each concentration of test substance
and the appropriate inoculated controls.

The specific growth rate, p. (h 1) for each
concentration of test compound can be calculated from
the slopes of the straight line portion of the curves <X
2.303) and percentage inhibition calculated from s

Mc!— —pd,. X 100
p<:
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Jc = specific growth rate of the inoculated control,
p* ~ specific growth rate of the culture containing

the test substance.

If suitable data are available, the EC©o value may be
determined; that is, the concentration of test compound

which gives 50% inhibition of growth.

2,7 Isolation (from activated sludge) of microorganisms
capable of degrading test compounds.

A sample of activated sludge (9ml> taken from one of
the SCAS units was homogenised to break down the
flocculent nature of the activated sludge as described
in section 2,5. The homogenate was then inoculated into
a conical flask containing 99ml1l minimal salts medium
(Dorn et al., 1974) and 1lml of trace elements solution,
plus the test compound (0.5g I''1l) with whch the SCAS
unit sampled was being dosed. The flask was incubated
at 30°C and 200 rpm for 21 days. At 7 day intervals the
flask was subcultured into fresh liquid medium and
observed over a 14 day period for any indication of
growth, Any growth was streaked out on solidified
medium and incubated at 30 “C for up to 14 days to
observe colony formation. Isolation for TH.FTCA-
degrading microorganisms was attempted with the test
compound present up to Ig 1Vf. Isolation of hexa-

degrading microorganisms was performed in baffled 250ml



conical flasks to prevent flocculation of

microorganisms.

2.7.1 Maintenance of isolates.

Isolates were maintained on minimal agar slants
containing the appropriate test compound (0.5g I"'1l) plus
1.5% purified agar-, The isolates were stored at 44C and
routinely subcultured onto fresh slants every 3 months,
Isolate KCTI was maintained on slants containing 1lg I'"l
of THFTCA.

Long term storage of isolates was achieved by freeze-
drying. Freshly grown cells were harvested from slants
and freeze-dried in glass ampoules using Oxoid skimmed
milk medium as the suspendent. The lyophilised cultux~es

were stared at 4°G.

2.7.2 Characterization and identification of isolates.

2,7.2,1 API 20E test strips.

Duplicate API 20E strips were inoculated with washed
nutrient-broth grown cells for each isolate and
incubated at 35 °C for 24 hour's. The API 20E strips were
then read after incubation and identifications of
isolates made by use of the API 20E Analytical Profile
Index, 2nd Edition <1985). Only isolates KCFM1l, KC13,

KC1l6, KC20 and KC2l1l were positively identified by this



method. The other isolates were identified as described

in sect Ion 2,7, 2. 2,

2.7.2.2 Identification of isolates by The National
Collections of Industrial and Marine Bacteria
CMCIMB)

Those isolates which were not identified in section
2,7.2.1, namely KCT1l, KCH1 and KCH2, were sent for first
stage identification to the NCIMB Ltd, Torry Research
Station, 135 Abbey Road, Aberdeen. AB9 8DG. The most
important tests performed by NCIMB are those on cell and

colonial morphology and the gram reaction.

2.7.2.3 API 50CH test strips.

Duplicate API 50CH test strips containing 49
different carbohydrates were inoculated with washed
nutrient broth grown cells for each isolate and
incubated at 30°C for 72 hours, After incubation the
results for carbohydrate utilisation for each isolate

were recorded,

2.7.2.4 Growth inhibition by antibiotics.

In order to provide another means of characterising
isolates, resistance to antibiotics was investigated. A
washed suspension <0.5ml) containing approximately 10e
nutrient broth-grown cells was spread and dried on to

the surface of nutrient agar plates, on to which were



placed antibiotic-containing discs. The seeded plates
were incubated at 30 °C for 72 hours and the organism
termed resistant if no zone of inhibition was seen. The
isolate was tested against ampicillin (25)ig>, bacitracin
(10iu>, carbenicillin (10Opg), chloromphenicol <10pg),
erythromycin <30pg>, gentamycin <30pg) kanomycin <30p.g>,
meci'llinam (25pg) nalodixic acid C30pg) , neomycin

(30pg> , nitrofurantoin (300p.g) , penicillin (1Oiu),
streptomycin <25p.g) , sulphamethoxazole/trimethroprim

(25Jug) , sulphonamide <300ju) and tetracycline C'lIOju) .

2,7.2.5 Shake flask cultures for the determination of
growth characteristics.

In order to determine the characteristics for growth
of isolates at various temperatures, the isolates were
grown in 250ml conical flasks containing 100ml of
minimal medium plus-test compound as described in
section 2,7. Triplicate flasks were inoculated with
washed cells to an optical density of approximately 0.1
at 530nm. After inoculation the flasks were Incubated
at 25, 30 and 35°C on an orbital shaker at 200rpm in
diffused 1light, Growth was determined by measuring the
optical density at 530nra of aseptically removed, samples
using a Philips PU 8520 spectrophotometer and a 1lcm path
length cuvette. The pH of the flasks incubated at 30°C

was monitored during growth experiments.



2.7.2.6 Plasmid detection in isolates.

Cells of isolates taken from a single colony were
resuspended in 50pl buffer E <40mM Tris-acetate and 2mM
sodium EDTA, adjusted to pH 7.9 with glacial acetic
acid) . The cells were lysed by the addition of 100pl of
lysing solutions <3% sodium dodecylsulpliate SDS and
50mM Trie, pH 12,6), followed by Incubation at 55 °C for
60 minutes. After incubation 300pl of
phenol:chlorforra:amyl alcohol (25:24:1v/v) was added to
the lysate. The lysate was mixed to obtain an emulsion
and centrifuged in a microfuge <11600g for 5 minutes),
The supernatant which would contain any plasmid DMA was
carefully removed.

To perform agarose gel electrophoresis 20pi of
supernatant was mixed with 5/4.1 loading buffer (20%
sucrose, 10% ficoll, 10OmM EDTA and 1% bromophenol blue)
and loaded, into a well of a 0.8% agarose gel 5mm thick.
Electrophoresis was carried out at 60v using a Bio-Rad
Mini sub DMA cell in gel running buffer (89mM Tris, 89mM
boric acid and 2.5mM EDTA) for about 254 hours. The gel
was stained with 500pg I"'l of ethidium bromide for 30
minutes at SOX and plasmid observation made using a

shor-twave U, V. light source.
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2.8 Further studies with 3GBA-utilizing isolates.

2.8,1 Growth, dehalogenation and ring cleavage.

The isolates were grown in the basal salts of Bramraar
and Clarke <1964) plus 0.5g I"1 of 3CBA, (see section
2.2.6).

In order to determine the sequence of ring cleavage
and chloride-ion release during growth, the culture®
KC13, KC16, KC20 and KC21l were grown in Braramar and
Clarke's chloride-free salts in 250ml conical flasks
containing 100ml medium. The medium was inoculated with
a washed cell suspension to give an optical density of
approximately 0,1 at 530nm. The cultures were incubated W
in triplicate at 30%C and 200 rpm. Growth was
determined by measuring the optical density at 530nm of
an aseptically removed sample (Iml) using a Philips PIT
8620 spectrophotometer and a lcm pathlength cuvette.

The sample was then centrifuged at 11600g for 1lOminutes
in an MSB Microfuge. Ring cleavage was determined by
observing a decrease in the absorbance of the
supernatant at 275nm over a period of time.

Free ionic chloride was estimated using a Corning EEL
Chloride Analyser (Model 925) in conjunction with an
acid buffer and thymol blue gelatin indicator. The acid
buffer contained 100ml glacial acetic acid, 8ml nitric

acid and 882ml distilled water. The thymol blue gelatin
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indicator contained ; 600mg white powdered gelatin and
'1ang thymol blue pH indicator per 100ml distilled, water,
Acid buffer and thymol blue gelatin indicator were
mixed immediately prior to use in a 30?1 ratio. The
mixture (15ml> was dispensed into a small beaker and the
electrodes of the chloride meter immersed in the 1liquid.
The calibration of the instrument was checked prior to
use by titration of a 100mM sodium halide standard.
Samples (0.02-0.2ml) were discharged into the acid
buffer mixture and the halide titrated automatically,

Triplicate readings were obtained for each sample,

2.8. 1.1 The effect of 3CBA concentration on
dehalagenation.

Each isolate was grown as described in section
2.7.2.5 at 30°C with flasks containing 3CBA at 0.5, 0,75
and 1.0g I"l in Braramar and Clarke's minimal medium.

The release of halide by each isolate at the different
concentrations of 3CBA was measured in triplicate

against time as described in section 2,8.1,

2.8.2 Growth on other compounds as the sole carbon
source by 3CBA~utilizing isolates.
To test for growth on other carbon compounds,
isolates were spread on to plates containing minimal
salts medium of Dorn et al.. (1974) containing 0.5g 1I"™1

respective carbon substrate solidified with 1,5%



purifie .d agar. The carbon sources were 2,3-and 4CB3,
acetaldehyde, acetate, chloroacetaldehyde,
chloroacetate, chlaropropionate, chlorosuccinate
fumarate, gentisate, glucose and pyruvate. All the
carbon sources were prepared as sterile stock solutions,
2,3, and 4CBA being sterilised at '121°C for 15 minutes.
All other carbon sources were sterilised by filtration
through 0,22pm pore sise cellulose acetate filters
(Oxoid Ltd, Basingstoke) and added to cooled, sterilised
minimal medium.

Washed cells of each isolate were streak inoculated
onto plates containing each carbon source in triplicate.
The plates were incubated at 30°C for up to 7 days and

growth compared to plates containing no carbon source.

2.8,3 Gilson respirometry with isolates KC13, KC16,

KC20 and KC21.

2.8,3,1 Shake flask cultures for preparation of cell
pastes.

Isolates were grown as described in section 2,7.2.5,
10ml amounts of the washed suspensions were inoculated
into 500ml of minimal media containing 0.5g I""1l 3CBA in
1 litre conical flasks. The cultures were incubated at
30"C on an orbital shaker at 200rpm and harvested during
exponential growth. Harvesting of the cells was carried

out by centrifugation at 9500g for 10 minutes at 4°C.



The pelleted cells were resuspended and washed twice in
0.1M phosphate buffer, pH 7,2, after which the cells
were suspended in a small volume of phosphate buffer, pH

7.2, 4°C.

2.8.3.2 Respirometry.

In order to determine the pathway by which 3CBA is
degraded by KC13, KC16, KC20 and KC21 the following
compounds were examined by Gilson respirometry.'-
acetaldehyde (10/iM), acetate <10pM) , J3-ketoadipate
<10pM), 2CBA (IpM), 3CBA (IpM) , 4CBA ClpM), fumarate
(10/j14) , gentisate (IpM) , pyruvate ClOpM) and sodium
benzoate ClpM). The components of the system consisted
of i) a centre well containing 0.2ml 10% potassium
hydroxide and folded filter paper to absorb any carbon
dioxide evolved, 1ii) A side arm containing 0.5ml
substrate which would give a final concentration the
same as indicated above in brackets. iii) A main
compartment containing 2.0ml, 0. 1M phosphate buffer pH
7.2 and 0.5ml cell suspension to give a total volume of
3ml. Flasks were set up in triplicate and equilibrated
before the start of the test. Oxygen uptake was
measured after the addition of the substrate every 5-10
minutes for up to 6 hours.

The dry weight of each cell suspension was determined
using pre-weighed metal planchets and a vacuum oven used

to dry the samples.



2,9 Further studies with KCH'l and KCH2.

2.9,1 Growth with other compounds as the sole carbon
source by hexa-utilizlng isolates.

Growth on other carbon sources was investigated with
the carbon sources present at 0.5g I""l and incubated at
30”C and 200rpm in baffled 250ml conical flasks
containing 100ml minimal media (see section 2.2.4).

Hexa was investigated both as the sole carbon source and
sole carbon and nitrogen source. The cells were grown
in the minimal medium of Dorn et al., (1974), without
ferric ammonium citrate (the nitrogen source) plus 0.5g
I"1l hexa. Washed cells were inoculated to an optical
density of approximately 0,1 at 530nm, incubated at 30'C
and 200rpra in baffled 250ml conical flasks. The flasks
set up in triplicate were sampled at intervals, the
optical density was determined at 530nm and the culture
fluid analysed for ammonia using Nesalers reagent (BDH),
The 1lml sample was centrifuged at 11600g for 10 minutes
in an MSB microfuge, the supernatant was added to a test
tube containing 0.5ml Messiers reagent together with
10ml of distilled water. The test tube was allowed to
stand at room temperature for 15 minutes then the
absorbance read at 4'l0nm in a Philips PU 8620
spectrophotometer, against a reagent blank, Calibration

was made against ammonium sulphate.



Sodium formate (0.5g 1 1) and methanol (0. 5g I"1)
were investigated as described above, Fomraldehyde
(0.5g 1%') utilization was investigated by inoculating a
number of identical flasks with the isolates and sealing
them with silicone bungs. At time intervals triplicate
flasks were sacrificed and the optical densities were

measured at 530nm,

2.9.1.1 Gilson respiroraetry with isolates KCH1 and
KCH2.

Respiroraetry was performed as described in sections
2,8,3. to 2.8,3.2 with some exceptions. The cells were
grown in baffled flasks and the compounds under test
were hexa <2pM) formaldehyde (1l0OpM) methanol (i15/j1¥) and

sodium formate <10pM).

2.9.2 Removal of hexa by isolates KCH1 and KGH2.

A modified Riker method (Jackson and Staraey, 1971)
was used to determine the amount of the formaldehyde
present in samples taken during growth of these isolates
after hydrolysis. The Riker method is based on a time
sensitive reaction of formaldehyde with phenylhydrazine
hydrochloride to form phenylhydrazone, which develops a
characteristic red colour in the presence of potassium
ferricyanide that can be quantified colorimetrically,
Shake flasks were prepared as described in section

2,7. 2,5 but hexa was presented at 0. 1g I""1l, and
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incubation was at 30 °C and. 200rpm. At intervals 1ml
samples were taken from each flask and the optical
density measured at 530nm. in a Philips PU 8620
spectrophotometer with a lcm path length cuvette. The
samples were then centrifuged at 11600g for 10 minutes
in an MSE Microfuge and the supernatants transferred to
fresh microfuge tubes, acidified with 10pl 5M HC1l and.
incubated at 30°C for 1 hour to allow hydrolysis of hexa
to be completed. Detection of formaldehyde is described
in section 2.9,2.1, In addition to the determination of
formaldehyde and optical density the pH of each sample

flask was aseptically measured at the time of sampling.

2,9.2.1 Determination of formaldehyde by a modified
Riker method after hydrolysis of hexa.

Phenylhydrazine hydrochloride (Fluka) 0.1% (w/v) 1In
50% isopropanol was prepared fresh daily by suspending
500mg of phenylhydrazine hydrochloride in 500ml of 50%
isopropanol and stirring in the dark for 30 minutes.

The resulting solution was filtered through Whatman Mo 2
filter paper,

Potassium ferricyanide was prepared freshly, 5% (w/v)
in distilled water and sodium hydroxide 10% <w/v) in
distilled water. The reagents were stored in dark glass
bottles in the dark when not being used in the assay.

Formaldehyde standard solution 1 to 15pg ml " were

prepared immediately prior to each determination,
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Into separate 25ml volumetric flasks were placed 1ml
of each standard or 1ml of each sample, and the samples
were diluted 1 in 10 times as necessary. To each 25ml
volumetric flask, 9ml of distilled water was added and
a control blank containing 10ml of distilled water was
also set up. To eac3.i flask was added 10ml of
phenyl hydras: ine hydrochloride reagent, the flasks were
mixed, stoppei"ed and allowed to stand for* 5 minutes.
Then 1lml of potassium ferricyanide reagent was added to
each flask; the flasks were shaken to mix the contents,
restoppered and allowed to stand for 5 minutes. Each
flask was diluted to volume (25ml> with 10% sadium
hydroxide, the flasks were well mixed, restoppered and
allowed to stand for 20 minutes. After this time the
absorbance at 520nm was determined for each flask
against the reagent blank control, in a Philips PH 8620
spectrophotometer with a lcm path length cu /vette,
Note:- Early samples were diluted I in 10 due to the
high level of formaldehyde; when the level fell below

15pg ml'"?* no dilution was made,

2.9,3 Determination of growth using CU-'~C] hexa,

Growth curves of KCHl1 and KCH2 were prepared as
described previously in section 2.7.2.5, at 30°C and 200
rpm; the inoculum was 10ml of exponentially growing

isolate. The flasks for this experiment were 1 litre,



sealed baffled, conical flasks (Figure 12) » containing
500ml medium (Dorn et al,, (1974)) and 0,5g I"'l hexa
(unlabelled) . In addition 0,5ml of stock Cl7- “~Cl -hexa
was ad.ded to each flask. The stock IU-1EMd-hexa
contained 'ImCi (37MBq) in 20ral phosphate buffer (pH 7,2)
which was kept frozen at -20’C when not being used.

At intervals the flasks were flushed with sterile
COsHi-free air for 2 minutes at 500ml minute""1l to displace
any CO® evolved by the isolates growing on hexa in the
flasks. The gas was passed through 1lml of Carbo-sorb
(Packard) in a 20ml scintillation vial to collect any
WCO® present in the exhaust gases and the scintillation
vial was then sealed. To determine the efficiency of
1*'COs collection radiolabelled la® '-"CO®, 10pl (1mCi
ml""l), was added to a sealed conical flask containing
50ml, of O0,1lm buffer (pH 4.0) and incubated at 30°C for
60 minutes. After this time “WGO® was collected in 1ml
of Carbo-sorb as previously described. This experiment
for 1"CQ® efficiency was performed- in triplicate.

After collection of exhaust gases 1lml samples of the
culture flasks were aseptically taken and centrifuged at
11600g for 10 minutes in an MSE microfuge. The
supernatant was carefully drawn off using a Finn pif>ette
with a fine tip and placed in a 20ml scintillation wvial.
The cell pellet was resuspended in 200pl of 0.1M

phosphate buffer (pH 7,2) and repelleted as before, the
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Figure 12. Apparatus to study (U—MC) hexa utilization by isolates KCH1 and KCH2.

Air in.

KOH to remove @,
Sterile air filter
Closures

$D
D __ D

)\

¥,
G.

Air into flask 1. 14CO2 Collection vial containing
Culture Carbo-sorb

Air out of flask
Conical flask




supernatant was drawn off as before and added to the
original supernatant, The cell pellet was digested by
Soluene-350 tissue solubilizer (Packard) for 6 hours at
50 °c, To each scintillation wvial containing " IGGw.,
supernatant and solubilized cells, was added 10ml of
Qptiphase 'safe* (LKB) and the samples mixed, The vials
were stared for between 48 and 72 hours at 4°C to allow
chemiluminescence to subside prior to counting. After
this time the samp>les were again mixed and then counted
in a Packard Tri-Carfo 300C liquid scintillation counter.
All data were corrected for quench by the external
channels ratio method and expressed as disintegrations

per minute (DFM).

2.9.4. Removal of low levels of hexa.

2.9,4.1 Removal of low levels of hexa by activated
sludge.

Previously unexposed fresh activated sludge (500ml,
PH 7.2) was placed in duplicate sealed fermentation
units (Figure 13). The activated sludge was prefiltered
through glass wool to remove large particulate matter
priax~ to the addition of hexa. To each unit was added
0,5ml of [IP1*"C3 stock hexa. The units were
magnetically stirred at 30°C, both units were covered in
aluminium foil to prevent utilization of 1%Ohs: by

photosynthetic organisms present in the activated



sludge. At intervals the unit© were sampled for *Hl(Gs:
by passing sterile CO®-free air through the units
(Figure 13) and collecting any @;~ in Carbo-sorb as
described in section 2.9.3. The activated sludge was
also sampled and processed as described in section
2.9,3. for culture fluid during the isotope dilution
experiments.

Adsorption of 1*'C to cell mass was investigated by
adding 5jul CU 1*'C hexa to 100ml of sterilized activated
sludge in duplicate sealed flasks which were incubated
for 7 days at 30*G. The activity of the cell mass was
determined as described in section 2,9.3. Adsorption
was determined as the activity found in the digested
cell debris. In addition the pH values of the units
were monitored.

Two similar units were prepared as above but only
50pl of CU-'IAC3 hexa stack solution was added to each
duplicate unit. The units were sampled as described
above. The efficiency of 1ACOa was determined as
previously described in section 2.9,3, with a collection
time of 15 minutes.

The number of viable microorganisms ml"'' of activated
sludge at time zero was determined as previously

described in section 2.5,
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Figure 13 Apparatus to study the behaviour of low
levels of CU-'1"C3 texa with activated

sludge, soil and river water,

A, Air in.

B, KOH to remove CO®.

C, Air filter.

P, Closures,

E. Sparger,

F. Magnetic stirrer,

G. Cooling system.

H. Seal,

I. Aluminium foil jacket.
J, Reaction vessel.

K. Head plate.

L. Sample port.

M. *:= Collected system.
H. Scintillation vial containing Carfea—Sorb.
0. Plasticine seal,

P, Vent to outside.



2.9.4.2 Removal of low levels of hexa by soil.

In two duplicate units, similar to those used in
section 2.9.4. 1 was added 500ml of 0. 1M phosphate buffer
CpH 7.5) containing 10g 1 1 loam type soil pH 7.5,
prefiltered through, glass wool prior to the addition of
hexa to remove large particulate matter. To each unit
was added 0.5ml1 of tU-1eC3 stock hexa. The units were
magnetically stirred at 30 °C and sampled as described in
section 2.9.4,1, in addition, the pH values of the units
were monitored at intervals.

Two similar units were prepared as above but only
50pl of CU-*hexa stock solution was added to each
duplicate unit. The units were sampled as described
above. The level of adsorption of CU~'f hexa to soil
cell mass was measured as described in section 2,9,4,1.

The number of viable microorganisms per gram of soil
was determined by suspending 10g soil in 1 litre of pH
7.5 phosphate buffer <0.1M) followed by filtration
through glass fibre to remove humus and then plating
serial dilations of the filtrate on to plate count agar

(Qxoid) .

2.9.4.3 Removal of low levels of hexa by river water.
To two duplicate units, similar to those used in

section 2,9.4,1 was added 500ml of river water pH 7,6

(River Trent) prefiltered through glass wool prior to

the addition of hexa to remove large particulate matter.



unite were magnetically stirred at 30*0 and sampled as
described in section 2,9.4,1; in addition the pH values
of the units were monitored at intervals. The level of
adsorption of CU-'1l hexa to river water cell mass was
measured as described in section 2.9,4,1,

The number of viable microorganisms ml 1 of river
water was determined by plating onto plate count agar

(Qxoid),

2.9.5 Acid Hydrolysis of hexa.

Duplicate flasks containing Q.1M phosphate buffer and
0. Ig I""1l hexa at pH values 5.6, 6,3, 6,3, 7.2 and 8 were
prepared. Samples were taken from each flask at time O
and after 6 hours incubation. The amount of the
forraaldekyde for each sample was determined as described

in section 2,9.2.1.

2.9.6 Cell-free extract preparation.

2.9,6,1 Growth of isolates KCH1 and KCH2

Cultures were routinely grown in 250ml conical flasks
containing 100ml of medium, Dorn et al.. (1974) and 0,5g
I""l of hexa. When larger volumes were required cells
were grown in 1 litre baffled conical flasks containing
500ml1 of medium. The isolates were grown as described

in section (2,7,2.5) then 10ml of the washed inoculum



cultures were inoculated into 500ml of minimal media
containing 0.5g I'"l hexa in baffled conical flasks. The
cultures were incubated at 30 °C on an orbital shaker at
200rpm and harvested during exponential growth,
Harvesting of the cell® was carried out by
centrifugation at 4°C and 9500g for 10 minutes. The
pelleted cells were resuspended and washed twice in 0.1M

phosphate buffer, pH 7.2, and repelleted.

2.9.6.2 Preparation of cell-free extracts,

All subsequent operations were carried out at 4°C.
Cells were washed once in 1/5th volume of 0.1M phosphate
buffer, pH 7,2, centrifuged as above and resuspended in
1/25th volume for the same buffer. Cells were broken by
sonication for 90 seconds (6 x!5 seconds with equal
periods of cooling) wusing an MSE 100W disintegrator.
Unbroken cells and cell debris were removed from the
sonicate by centrifugation at 38000g for 30 min, The

resultant supernatant was stored at 4°C until required.

2.9.6.3 Cell-free extract activity.

Cell-free extract activity was investigated by Gilson
respirometry (see section 2.3.3,2) with the cell paste
suspension being replaced by 0.5ml cell-free extract.
Cell-free extract was investigated for oxygen uptake
with hexa (2pM) and formaldehyde (10pM). The amount of

protein was determined by Lowry assay (section 2.9.6,4),



2,9,6.4 Protein determination,

Protein was estimated in cell-free extracts by the
method of Lowry et al,, <1951) according to Schleif and
Wensink (1981).

To samples <0.5ml) containing up to 200pg protein was
added 4ml of reagent A, containing : 3% <w/v) , STaasCO® in
0, 1M NaGH plus 2ml of 2% (w/v) GuSCLt..5HKO and 2ml of UakK
tartrate <4% w/v) per 100ml; added immediately prior to
use. Mixtures were incubated at room temperature for 10
minutes. Following incubation, 0.5ml of Folin-
Ciocalteau reagent (reagent B) (50% v/v) was added and
each sample immediately mixed by vortexing for 10
seconds. After a further 30 min incubation at room
temperature, the absorbance of each saiitple was measured
at 650nm using a Philips PU8620 spectrophotometer
against a distilled water blank, containing no protein.
The protein content was determined by relating the
corrected absorbance values to a standard curve using

bovine serum albumin as the reference protein.

2.9,7 Vertical polyacrylamide gel electrophoresis

(PAGE) of cell-free extracts.

2.9.7.1 Preparation of polyacrylamide gels,
Gels (10%) were prepared in the following way 30%
Acrylamide (10ml), 1% methylene blsacrylamide (1.73ml);

Tris-HCl buffer (IM) pH 8,8 (11.2ml) and distilled water



(6.S7rnl) were mixed. Immediately prior to pouring, the
following were added in order, 10% Sodium dodecyl
sulphate SDS (300pl> ammonium persulphate solution 100mg
ml"”1 (100pl) and Temed (1l0Opl), The gels were poured,
topped with n-butanol and left overnight to set. On the
day of running the gels, the stacking gel (5%) was
prepared as follows ; 30% Acrylamide (1,67ml), 1%
methylene bisacrylamide (1.5ml), 1M Tris-HCl buffer, pH
6,8 (1,75ml) and distilled water (5,6ml) were mixed.
Immediately prior to pouring the stacking gel, the
following were added in order, 10% SDS (100pl), ammonium

persulphate 100mg ml"”1 (50pl> and Temed (5p.1),

2,9.7.2 Loading and running vertical PAGE gels.

The water layer was removed immediately prior to
electrophoresis. The slab gel was loaded into a Hoefer
SE4-00 vertical electrophoresis system. Samples (20pl)
containing approximately 100pg cell-free extract, were
applied to the well of the gel and overlaid with 1lOpl of
sample buffer glycerol (10%) and bromphenol blue (0.2%),
The reservoir was filled with running buffer, glycine
(28. 8g 1”71), Tris (6g 1 * and 10% SDS (10ml I™') at
pH8.5. The electrophoresis was performed at 4°C at a
constant voltage of 150v (Pharmacia power supply, EPS
500/400) until the bromophenol blue marker was 5mm from

the bottom of the gel.



2.9,7.3 Staining PAGE gels for protein.

The gel was stained for 2 hours in stain, 5%
methanol, 7% acetic acid and 0.1% Gooiaassie blue in
distilled water. After staining, the gel was fixed in a
solution of methanol (500ial) acetic acid <100ml1™'1l> and
distilled water <500ml) for 1 hour, The gel was then
destained with changes of destain overnight. The

destain was the same as the stain but without Coomassie



3,0 RESULTS,

3,1 Degradation of cis, ols, cis, cie-1,2,3,

4—cyclapentanetetracarboxylic acid CCPTCA),

3.1.1, Removal of GFTGA in the SCAS test,

CPTCA was added to a SCAS unit at the rate of
20mg 1 1 (as total organic carbon) per day. The amount
of CPTCA remaining in the unit after 23 hours aeration
was determined as dissolved organic carbon (DOC), The
change in DOC in both the test unit (with CPTCA) and the
control (without CPTCA) with time is shown (Figure 1l4a).
If the two curves approach close to each other then
degradation may well be occurring, but apax't from one
probably spurious result at day 94 no such curve
proximity is evident. Degradation is also expressed as
pex-centage degradation/daily addition. Calculated
values of this parameter platted against time are shown
(Figure 14b). Degradation of the test compound can be
postulated if consistent positive values are observed.
Over the first 84 days the values are low or negative.
After day 85 there was a rapid rise to a peak of 90% on
day 94. This was however followed by an equally rapid
fall to near '15% on day '105, Examination of the DOC
curves shows that this corresponds to the abnormally low

result in the test unit. The data show no evidence



Figure 1l4a. Removal of CPTCA in the SCAS test.
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Figure 14b. Removal of DOC on a daily basis.



that this compound was toeing degraded in the SCAS unit

even after 175 days of the test.

3.1.2 Removal of CPTCA in die-away tests.

Die-away tests were set up using inocula taken from
the SCAS unit d.osed with CPTCA at intervals up to 170
days. Degradation in the die-away tests was estimated
from measurement® of DOC at 7 day intervals up to 28
days.

Table 7 gives the summary of the die-away test
results. Both positive and negative values are possible
because of the method of calculation, but only positive
values indicate degradation. It can be clearly seen
that this compound was not degraded in thedie-away
tests, It was seen that a negative value forthe
abiotic die-away test was obtained and this shows that
no degradation took place in 28 days, Ho change in pH
was measured during the die-away tests performed with

CPTCA as the test compound.

3.1.3 Viability of microorganisms exposed to CPTCA
in the SCAS unit,
Viability of microorganisms present in the activated
sludge in the SCAS unit exposed to CPTCA remained
constant at about 2x10” microorganisms ml 1 (Ta.tole 8) ,

The number of microorganisms found in the SCAS control



Table 7

Period for which SCAS
teat sludge inoculum

had been exposed to

CPTCA (days)

57

85

14

142

170

die-away test results.

Days of sampling the die-away tests and 2

biodegradation observed,

7
0,21
(10,5%14,8)

-14,-14
(-14*0)

-12,-8
(-10*2,8)

-13,-13
(-13*0)

-15,-8
(-11,5*4,9)

N.D,

N.D,

Abiotic Control - 23,515 removal

N.D, » Not determined

Values in brackets a (xxffn-i)

14
2,-4
(-1*4,2)

-14,-7
(-10,5%4,9)

0,2
(1*1,4)

-21,-27
(-24*4,2)

N,D,

-42,-30

(-36*8,5)

N.D,

21
-17,-14
(-15,5*2,1)

-18,-18
(-18*0)

-8,-5
(-6,5*2,1)

-7,-7
(-7%0)

-31,-17
(-24*9,9)

N.Q,

N.O.

28
-26,-18
(-22*5,6)

-41,-8
(-24,5*23,3)

-17,-17
(-17%0)

-27,-22
(-24,5*3,5)

-15,19
(17*2,8)

-30,30
(-30%0)

-13,-17
(-15%2,8)



unit were on the whale slightly higher but of the same
order of magnitude (Table 8), indicating little if any
effect of CPTCA on cell viability,
\

3.1.4 Inhibition of activated sludge growth by CPTCs¢,

Table 9 shows the effect of CPTCA on the ability of
activated sludge microorganisms to grow on
acetate/nutrient broth medium. Gr'owth was measured by
optical density and inhibition evaluated as the %
reduction in optical density of the exposed cultures
compared with the control. It can be seen that wvalues
of percexitage reduction are low and therefore CPTCA has
little if any inhibitor'y effect on activated sludge at
levels up to 100mg I"”1l. The EC50 for this compound was

greater than 100mg I"l.

3.1.5 1Isolation of CPTCA-degrading organisms.

Ho CPTCA utilising organisms were isolated from
activated sludge previously exposed to CPTCA, when
isolation was attempted by batch cultux-e methods at

30°C, 200 rpm and 0.5g 1™" of CPTCA present,

3.2 Degradation of t-butanol,

3.2.1 Removal of t-butanol in the SCAS test.

t-Butanol was added to the SCAS unit at a rate of 20

mg I""l (as total organic carbon) per day. The amount of



Table 8, Uumber of viable microorganisms ml"'"'l found
in activated sludge after increasing

periods of exposure to CPTCA in the SCAS unit.

Day of SCAS Uumber of viable microorganisms

ml"'l <x10'*>

Control unit CPTCA dosed unit

0 2,62 2 .62
28 1. 32 3.20
56 2.20 2,00
85 3. 00 1.60
115 2.10 1, 40
149 6 .85 3.30
160 3. 33 3. 00

Table 9. Inhibition of activated sludge growth by
CPTCA. Values represent % reduction in
Q.D, <530nm> relative to the control after

6 hours incubation.

Concentration (mg I"1)

1.0 3.2 10.0 32.0 100.0

% Inhibition 10 7 13 7 2



t-butanol remaining after 23 hours aeration was
determined as dissolved organic carbon (DOC), Figure
15a shows the DOC concentration in both the test and
control SCAS units over 118 days the duration of the
experiment. It can be seen that the data points from
the two units follow similar patterns and are quite
close, indicating that t-butanol is indeed disappearing
from the test unit.

The same data were used to calculate
degradation/daily addition. Figure 15b shows the daily
percentage removal observed in the control SCAS unit
over a period of 118 days and it can be seen that there
is some scatter in the data. The addition of t-butanol
to the test unit was discontinued after 118 days to

observe deacclimatization.

3.2,2 Removal of t-butanol in die-away tests.

Removal of t-butanol in 28 day die-away tests reached
almost 100% even when the inoculum was taken from the
SCAS unit after only two days exposure to the compound
(see Table 10 and Figure 16). A drop in the observed
maximum removal of t-butanol was observed with the
inoculum taken on day 57 but maximum removal again
occurred with inocula taken at day 87 and day 114. The
lower value observed with inoculum taken at day 57 is

thought not to be significant.



Figure 15a. Removal of t-butanol in the SCAS test.
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After 118 days the addition of t-butanol to the SCAB
unit was discontinued. Inoculum taken from the SCAB
unit after 300 days (ie 82 days after the addition of t~
butanol was discontinued) still gave die-away test
results which showed 100% removal of t-butanol after 28
days (Table 10),

Further consideration of the data (Table 10) shows
the maximum removal measured was only achieved on one
occasion before day 21 of a die-away test, (that was
with inoculum taken on day 85 of the SCAS test). The pH
of the die-away test medium remained at pH 7.2

throughout the 28 days of the test.

3,2.2.1 Physico-chemical removal of t-butanol.

When abiotic control flasks containing sterile
activated sludge and t-butanol (20mg C 1"1) were shaken
at 150 rpm and 22,5%2,5<G) 63% of the t-butanol
originally present had disappeared by day 28 of the test
(Table 11), Approximately the same degree of removal
was observed in abiotic control flasks with no activated
sludge present. In similar flasks which were stationary
during incubation 40% removal was observed during the
die-away test. With sealed flasks 18 and 19% removal
was observed for abiotic flasks containing sterile
activated sludge and no sludge respectively; ©lightly
less removal (12%) was observed in sealed flasks which

were stationary.



Table 10.

Period for which SCAS
test sludge inoculum
had been exposed to
t-butanol (days)

30

57

85

114

142

170

200

Abiotic control 63% removal

t-Butanol

Days of sampling die-away tests and

7
81,80
(80,5*0,7)

54,27
(40,6%19,1)

33,30
(31,5*2,1)

61,60
(61*0)

30,45

(37,5*10,6)

N.D,

N.D,

N.D,

die-away test results,

biodegradation observed

14
59,61
(60*1,4)

59,59
59%0)

52,5
(53*1,4)

83,83
(83+*0)

55,58
(56,5*2,1)

90,90
(90*0)

N.D,

N.D.

Deacclimatization started on day 118 of SCAS test,

N,0, a Not determined

Values in brackets * (xxffn-i)

2
81,79
(80%1,4)

70,86
(78*11,3)

55,61
(58%4,2)

300,100
(100*0)

74,92

(83*12,7)

N.D,

N,0,

N.D,

o

o

el

28
97,97
(37*0)

34,36
(34*0)

81,82

(81,4*0,7)

100,100
(100*0)

100,100
(100%0)

100,100
(100*0)

100,100
(1000 )

100,100
(100*0)



Figure 16. Maximum measured removal of carbon from die-away
tests performed with t-butanol, determined as DOCC.
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In flasks containing fresh unacclimatized activated
sludge 89% removal was seen when the flasks were shaken
<150 rpm) and 81% removed in stationary flasks. Sealed
flasks showed over twice the amount of removal <29,35%)
of t-butanol than the equivalent abiotic flasks <12-19%)

<Table 11).

3.2.2.2 Removal of t-butanol by volatilization.

Removal of t-butanol was also observed when added to
a system similar to that reported in section 3.2.1 but
in the absence of activated sludge. After 24 hours
aeration at 0,5 1 min'"l, 92% of the added t-butanol had
disappeared from the test unit <Figure 17). It can also
be seen that 86% of the t-butanol had disappeared after

only 3 hours aeration <0.5 1 min""1).

3.2.3 Viability of microorganisms in activated
sludge treated with t-butanol.

The number of viable microorganisms present in the
activated sludge exposed to t-butanol remained fairly
constant at about 10'* viable microorganisms ml™'l. The
actual counts ranged from 1x10'* microorganisms ml 1 to
7x10r microorganisms ml™1 during the period of the SCAS
test. The number of microorganisms found in the control
SCAS unit fell within similar limits although they were
on the whole slightly higher but of the same order of

magnitude as shown <Table 12).



Table 11. % Removal of t-butanol after 28 days

incubation.

Unadapted activated sludge

Conditions % Removal
Shaken - open 89
Static - open 81
Shaken - closed 35
Static - closed 29
Abiotic control - sterilized activated sludge
Condi tions % Removal
Shaken - open 63
Static - open 40
Shaken - closed 18
Static - closed 12
Abiotic sterilized control - no activated sludge
present
Conditions % Removal
Shaken - open 65
Static - open 37
Shaken - closed 19
Static - closed 12



3.2.4 Inhibition of activated sludge growth by
t-butanol.

Table 13 shows the effect of t-butanol on the ability
of activated sludge to grow in acetate/nutrient broth
medium. Inhibition was shown to some extent at all
concentrations tested and appears to be independent of
t-butanol concentration. The EC50 value for t-butanol

is greater than 100Omg 1 *.

3.2.5 Isolation of t-butanol-degrading organisms.
Although removal of t-butanol was observed, attempts

to isolate by batch culture any organisms capable of

growing on t-butanol as the sole carbon source were

unsuccessful.

3.3 Biodegradation of benzene-1,3-disulphonic acid

(BDSA) .

3.3.1 Removal of BDSA in the SCAS test.

BDSA was added to a SCAS unit at the rate of.20mg 1.1
(as total carbon) per day. The amount of BDSA remaining
in the unit after 23 hours aeration was determined as
dissolved organic carbon <DOC). The change in DOC in
the test unit together with that of the control (without
BDSA) is shown (Figure 18a) Consideration of the two
curves shows little evidence to suggest that

biodegradation is taking place.



Figure 17. Removal of t-butanol by volatilization, measured as DOC.

100

75
o
8
g
e

50
e
4
3

25

0 10 20 30 40 50

Time (hour)



Table 12.

lumber of viable microorganisms ml''l
found in activated sludge after increasing

periods of exposure to t-butanol in the

SCAS unit.
Day of SCAS test lumber of viable microorganisms
ml"'l <x10'7)
Control unit t-butanol dosed unit
0 2,62 2.62
23 1.32 1.20
42 3,20 1.70
85 3. 00 2.30
115 2,10 7. 00
149 6,85 1. 00
170 3. 00 1,70

t-Butanol withdrawn at day 118.

Table 13. Inhibition of activated sludge growth by t-butanol
Values represent % reduction in O0.D. (530 nm>
relative to the control after 6 hours incubation.

Concentration (mg I'"l)
1.0 3.2 10.0 32.0 100. O

% Inhibition 22 26 29 16 7

(t-Butanol was filter sterilized)



The same data were used to calculate the parameter,
degradation/daily addition, Tlie plot of degradation/
daily addition is shown (Figure 18Db), It can be seen
that the data treated in this way gives very large
fluctuations with time, with values ranging from -48% to
+ 75%, but the values are erratic and no trend with
time is observed and therefore there is no

biodegradatlon.

3,3,2 Removal of BDSA in die-away tests.

Degradation of BDSA was assessed in die-away tests by
measuring the residual DOC at seven day intervals over a
period of 28 days and expressing the data as % removal
over the control. Table 14 shows the results of die-
away tests carried out using inocula from SCAS units
receiving BDSA. The negative values obtained with
inocula exposed for 21 days and over indicate that
degradation is not occurring. Positive values were
obtained with inocula taken directly from the SCAS unit
without exposure, though the % degradation remained
fairly low <25% after 28 days) . Bfo degradation was
observed in the abiotic control set up for this
compound. The pH of the die-away test medium did not

change during the 28 days of the test remaining at pH



Figure 18a.
40

30

eoo(ingl)
N
o

10

Figure 18b.
BO

60

40

20

BfeA

%

"l

Removal of BDSA in the SCAS test.

BDSA

Control

Removal of DOC cn a daily basis.

20 40 60 80

Time (day)

- 103 -

100

-l W



Table 14. BDSA:

Period for which SCAS
test sludge inoculum

had been exposed to

BDSA (days)
0 7
33,14
(23,5*13,4)
21 -77,-62
(-69,5%10,6)
42 -34,-31
(-32,5*2,1)
68 -35,-30
(-32,5*3,5)

Abiotic control 3,0% removal

Values in brackets - (x*<Fn-i)

die-away test results,

Days of sampling die-away tests and

% biodegradation observed

14 21
28,10 31,12
(19*12,7) (21,5*13,4)
-43,-3 -32,-5

(-23*28,3) (-18,5*19,1)

-35,-40
(-37,5*3,5) (-40,5%2,1)
-39,-36

(-37,5*2,1) (-39,5*4,9)

104

-39,-42

-43,-36

28
23,27

(25*2,8)

-26,-14

(20*8,5)

-30,-42

(-36*3,5)

-39,-70

(-54,5*21,9)

h fe

S s\t



3.3.3 Viability of microorganisms in activated
sludge treated with BDSA,

The number of viable microorganisms present in
activated sludge exposed to BDSA in a SCAS unit fell
from 2. Ix'10”" microorganisms ml""'l to 0. 081x10%
microorganisms ml"31 d.ui-ing the first 28 days of the SCAS
test (Table 15), The number of microorganisms present
in the activated sludge exposed to BDSA decreased
further from 0. 0S1x10'* microorganisms ml""l at day 28
down to 0, 030x10"* microorganisms ml"ll by day 85. The
number of microorganisms in the control activated sludge
remained relatively constant compared to time zero

throughout the period of the test,

3.3.4 Inhibition of activated sludge growth by BDSA,
Table 16 shows the effect of BDSA on the ability of
activated sludge to grow on acetate/nutrient broth
medium. Inhibition due to BDSA is expressed as %
reduction in 0,D, at 530nm compared to the control.
There was some reduction in growth at all concentrations
in this test (Table 16) although the level of inhibition
was small and did not increase with concentration from
10mg I"1 to 100mg I"'1l. The EC50 value (50% measured

inhibition) for BDSA is greater than 100mg I"'1l.



Table 15.

Number of viable microorganisms ml"'"l found
in activated, sludge after increasing
periods of exposure to BDSA in the SCAS

unit,

Day of SCAS unit Number of viable microorganisms ml"'l (x107)

28

42

85

Control unit BDSA dosed unit
2.62 2.10
1.32 0,081
3.20 0.057
3,00 0.030

Table 16. Inhibition of activated sludge growth by BDSA,

Values represent $ reduction, in O0.D, <530mm) relative

to the control after 6 hours incubation,

% Inhibition

Concentration <mg I"1)
1.0 3.2 10.0 32.0 100,0

13 N.D. 25 19 28



3,3.5 1Isolation of BDSA-degrading organisms.

No microorganisms could be isolated from previously
exposed activated sludge, by batch culture at 30*0, 200
rpm and a concentration of BDSA of 0.5g I"'l capable of

utilizing this compound as its sole carbon source.

3.4 Degradation of 2-chlorobenzoic acid (2CBAa).

3.4.1 Removal of 2CBA in the SCAS test.

2CBA was added to the SCAS unit at a rate of 20mg 1 1
(as total organic carbon) per day, The amount of 2CBA
remaining after 23 hours aeration was determined as
dissolved organic carbon (DOC). Consideration of the
two curves shown (Figure 19a) indicates 1little evidence
of degradation. No convergence of the two graphs,
(indicating biodegradation) was observed over the 275
days of the test.

The same data were used to calculate the parameter
degradation/daily addition, Figure 19b shows that over
the first 100 days the amount of degradation in the SCAS
unit fell from approximately zero to the region of -70%.
After 100 days a general increase in the amount of
degradation was observed up to a level of approximately
+40% by day 285 although this is not thought to be

sign!ficant.



3.4.2 Removal of 2CBA in die-away tests.

Predominantly negative values for biodegradation were
observed for the die-away tests performed with 2CBA
(Table 17), The data for the die-away tests became less
negative as the SCAS test (the inoculum source)
progressed. It can be seen that the only die-away test
which gave positive mean value®© for each sampling time
was the one set up with inoculum taken at day 245 of the
SCAS test. A slightly negative value for biodegradatIon

was observed in the abiotic control.

3.4.3 Viability of microorganisms in activated
sludge treated, with 2CBA.

The number of viable microorganisms present in the
activated sludge exposed to 2CBA remained constant at
approximately 2k 10'z microorganisms ml 1 (Table 18) . The
number of microorganisms found in the control SCAS unit
were on the whole slightly higher but the same order of

magnitude (Table 18),

3.4.4 Inhibition of activated sludge by 2CBA.

Table 19 shows the effect©® of 2CBA on the ability of
activated sludge to grow on acetate/nutrient broth
medium. It can be seen that 2CBA has only a weak
inhibitory effect ie 30% at a concentration of
l00mg I'"1. The BC50 for 2CBA is therefore greater than

IQOrag 1
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Table 17, 2CBA

Period for which SCAS
fast sludge inoculum had
been exposed to 2CSA

(days)

28

51

79

107

135

173

245

die-away test results.

[e)

Day of sampling die-away tests and %

biodegradation observed

7 14 21 28
17,12 -86,-42 -45,-41 -73,-75
(-14,8*3,5)  (-49*10,0) (-43*2,8)  (-77*2,8)
-20,-20 -53,-48 -53,-64 -37,-40
(-20*0)  (-50,5*3,5) (-58,5*7,8) (-38,5%2,1)
-1,-5 -15,-17 -15,-14 -1,-3
(-3*2,8) (-16*1,4) (-14,5%0,7)  (-2*1,4)
-61,-46 -77,-84 -68,-77  -50,-61

(-53,5*10,6) (-80,5*4,9) (-72,5*6,4) (-55,5%7,8)

-17,-20 2,5,-4,5 15,11 1,9
(-18,5%2,1) (-1%4,9) (13*2,8)  (5*5,7)
N,Q N,D, N.O, -5,-8
06,5*2,1)
1,1 -18,5,-18,5 ND,  -16,5,-31,5
(1*0) (-18,5%0) (-24*10,6)
25,8 26,10 31,3 30,-3
(16,5*12,0)  (18*11,3)  (17*19,8) (13,5*23,3)

Abiotic control - 19,X removal

N,D, ~ Not determined

Values in brackets = (x&rn-i)



Table 18, Number of viable microorganism© ml"''l
found in activated sludge after increasing
period® of exposure to 2CBA in the SCAS

unit *

Day of SCAS test Number of viable microorganisms ml”*1 (x1QT)

Control unit 2CBA dosed
0 2,10 2.10
56 2,20 3.64
110 4.27 3.60
149 6.85 2.28
212 4.87 2.00
270 3,50 2, 00

Table 19. Inhibition of activated sludge growth by 2CBA.
Values represent % reduction in Q.D. <530nm>

relative to the control after 6 hours incubation.

Concentration (rag I*"1)
1.0 3.2 10.0 32,0 100.0
% inhibition 0 1 5 5 30



3.4.5 Isolation of 2CBA degrading organisms.
No organisms capable of utilizing 2CBA as the sole
source of carbon were isolated by incubation of

activated sludge with 0.5g 1”1 2CBA at 30'C and 200 rpm.

3.5 Degradation of N~methylanilIne (NMA),

3.5.1 Removal of NMA in the SCAS test.

NMA was added to the SCAS unit at a rate of
20mg I"'1l (as total organic carbon) per day. The amount
of NMA remaining after 23 hours aeration was determined
as dissolved organic carbon (DOC). The 1levels of DOC in
the test unit and control (undosed) unit are shown
(Figure 20a). Up to day 62 of the test, the DOC level
in the test unit remained higher than would have been
expected. After day 62 however, the DOC level in the
test fell rapidly (by day 77) to approach that in the
control unit, indicating that significant degradation
was taking place. The two levels remained similar until
day 118 when addition of NMA was discontinued.

The same data were used to calculate the parameter
degradation/daily addition. Figure 20b shows the daily
percentage removal above that observed in the control
SCAS unit over a period of 115 days, The data shows
negative degradation during each 23 hour aeration period

up to day 62 of the SCAS test. No analysis of effluent

- 112 -



Figure 20a. Removal of NMA in the SCAS test.
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was carried out between day 62 and 77. By day 77,
removal of carbon was calculated to be 100% and remained
at this level until the addition of MA was discontinued
at day 115, After this time no further measurements of

the total organic carbon in the SCAS effluent were made.

3.5,2 Removal of NMA in die-away tests.

Using inocula taken at intervals from a SCAS unit
being dosed with NMA 28 day die-away tests were
conducted. Removal of NMA was observed in die-away
tests set up with an inoculum which had previously been
exposed to NMA for only 2 days (Table 20), In this die-
away test, 70% removal was observed after 7 days
increasing' to 86% after 28 days. It was not until the
die-away test performed with inoculum taken from the
SCAS unit at day 57 that almost 100% removal of DOC was
measured during' a 28 day die-away test (Table 20), All
subsequent die-away tests exhibited 100% removal of DOC
by day 28. Figure 21 shows the maximum measured removal
of DOC in each die-away test, Maximum degradation in 28
day die-away tests occurred even when inocula taken
after discontinuation of NMA addition to the SCAS unit
were used. Reference to Table 20 shows that 100%
degradation occurred in the die-away test with inocula
taken from a SCAS unit starved of NMA for 83 days,
indicating that the sludge papulation in the SCAS unit

did not deacclimatixe during this time. In the abiotic

- 114 -
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control containing heat sterilised sludge 55% removal of
ITA as DOC was measured during the 28 days of the test

(Table 20).

3.5.3 Viability of microorganisms in activated
sludge treated with NMA.

The microbial population was determined in accordance
with the method outlined in section 2.6.3. The number
of viable microorganisms present in the activated sludge
exposed to NMA remained fairly constant and of the order
of 10'~'T viable microorganisms ml'"'l (Table 21), The
fluctuations in the microbial populations of the control
and exposed activated sludges remained very similar
throughout the duration of the test with the control

SCAS unit having marginally greater' numbers,

3.5.4 Inhibition of activated sludge gi-owth by NMA.
Table 22 shows the effect of NMA on the ability of
activated sludge to grow in acetate/nutrient broth
medium. It can be seen that a small inhibitory effect
caused by NMA was observed below 32rng ™'l (6%) and only
19% inhibition was recorded at 100ml I'"1l NMA, Levels of
NMA higher than this were not tested; the EC50 value for

NMA must be greater than 100mg I'''l,

- 1l6 -



Table 20, IBMA. : die-away test results,

Period for which SCAS Days of sampling die-away tests and %
test sludge inoculum biodegradation observed

had been exposed to

NVA (days)
7 14 21 28
72,69 80,79 84,86 83,90
(70,5*2,1) (79,5%0,7) (85*1,4) (86,5*4,9)
30 93,93 89,90 83,90 84,88
(93*0) (89,5*0,7) (89*1,4) (86*2,8)
57 81,81 89,87 98,100 93,93
(81*0) (88*1,4) (99*1,4) (93*0)
85 88,88 94,94 97,97 100,100
(88*0) (94*0) (97*0) (100%0 )
15 70,70 87,80 90,90 100,100
(70*0) (83,5*4,9) (90*0) (100*0)
142 N,0, 94,92 N,D, 100,100
(93*1,4) (100*0)
70 N.D. N.D, N,D, 100,100
(100*0)
198 N.D, N,D, N,D, 100,100
(100%*0 )

Abiotic control, 55% removal in the presence of sterile activated sludge,
N,D, - Not determined
Values in brackets - (x*ffn-i)

Qeacclimatization started at day 115



Table 21, Humber of viable microorganisms ml"”1 found
in activated sludge after varying periods

of exposure to HMA in tb.e SCAS unit.

Day of SCAS test Humber of viable microorganisms ml 1 (x'l0r)
Control unit IMA dosed

0 2.62 2,62

28 1.32 6,00

56 2,20 2,50

85 3. 00 3. 00

115 2.10 2. 00
149 6,85 2,80
160 3,33 2.40
200 3,10 2.30

Table 22, Inhibition of activated sludge growth by IMA.
Yalues represent % reduction in Q.D. (530nm)

relative to the control after 6 hours incubation.

Concentration (mg 1-'")
1,0 3,2 10,0 32,0 100.0

% Inhibition 0 1 3 6 19



3.5.5 Isolation of an IMA degrading microorganism.

One microorganism (KCMM1l) capable, of growing on NMA
as its sole source of carbon was isolated from activated
sludge by enrichinent with 0.5g 1 * NMA at 30 °C and

200rpm in batch culture,

3.5.6 Identification and characterization of KGNM1l

an NMA degrading microorganism.

3.5.6.1 API 20B~biochemical tests performed at 35°C,
Table 23, 1lists the results of biochemical tests
performed on KCNM1l using the API 20B test system. The
isolate KCNM1l is a &ram negative, non spore foirming rod,
in which motility was not demonstrated. The isolates
could utilize glucose, citrate and urea in addition to
utilizing sodium pyruvate to produce acetoin. KCNM1 was
found to convert nitrate to nitrogen and also to be
catalase and cytochrome oxidase-positive, Using the API
identification system KCNMl was identified with 86,6%
reliability as being Alcallgenes spp; though motility, a

characteristic of this genus, was never observed.

3.5.6.2 Carbohydrate utilization by isolate KCNM1.
KCNM1 could utilize 10 of the 49 carbohydrates it was

supplied with, at a temperature of 30°C after 72 hours

incubation (Table 24). The carbohydrates utilized by

KCNM1l were L-arabinose, ribose, D-xylose, galactose,



Table 23,

Test
ONFG

ADH
LDC
oDcC
CIT

TDA
ITD
UP
GEL
GLU
MAF
INO
SOR
RHA
sucC
MEL
AMY
ARA
oX
Brio-3fla
MOoa-Msn:
Motility
MAC
CAT

API 2QE~blochemical

isolate KCNM1,

Test Substrates
ortho-nitro-
phenyl-galactoside
arginine

lysine

ornithine

sodium citrate
sodium thiosulfate
urea

tryptophane
tryptophane
sodium pyruvate
Kahn*6 gelatin
glucose

maniaital
inositol
sorbitol
rhamnose

sucrose
melibiose
amygdalin
arabinose

HaS or OFPG tube
GLU tube

GLU tube

MacConkey medium

in any negative sugar

tests performed on

Isolate KCIJSIML



Table 24. Utilization of carbohydrates by isolate

KCNM1,

Carbohydrate Isolate KCM1
Glycerol
Erythritol

D~Arab!nose

L-Arabinose +
Ribose +
D-Xylose +
L-Xylose
Adonitol

j3-raethylxyl oxide
Galactose +
D-Glucose
D-Fructose +
D-Iannose
L~Sorbose
Rhamnose
Dulcitol
Inositol
Mannitol
Sorbitol
x Methyl-D-amoside
a Methyl~D-glucoside
Acetyl glucosamine

Amygdaline



Carbohydrate
Arbutine
Esculine
Salicine
Cellobioae
Maltose
Lactose
Melibiose
Saccharose
Tx~ehalose
lnuline
Melezitose
D-Raffinose
Amidon
Glycogene
Xylitol

B Genti obiose
D~Turanose
D-Lyxose
D-Tagatose
D-Fucose
L-Fucose
D-Arabitol
L-Arabitol

Gluconate

2 ceto-gluconate

5 ceto-gluconate

Isolate KCISIML



D~glucase, D-mannose, H-acetyl glucosamine, esculin,

trehalose and D-fucose.

3.5.6.3 Growth inhibition of KCH1l by antibiotics.

In order to provide another criterion for
characterisation of KCJSIMl, antibiotic resistance was
investigated. A washed cell suspension <0.5 ml)
containing approximately 10® nutrient broth grown cells
was spread and dried onto the surface of nutrient agar
plates, onto which were placed absorbent discs
containing specified doses of antibiotics. The seeded
plates were incubated at 30°C for 48 hours and the
isolate was termed resistant if no zone of inhibition
was seen. The isolate KCNMl1l was found to be resistant
only to sulphamethoxazole/trimethroprlm <25pg>,
nitrofurantoin (300/j.g) and mecillinam <25pg). KC2BIl1l was
found to be sensitive to penicillin G <10iu), ampicillin
<25/ig> , tetracycline <10pg>, kanomycin <30pg>,
sulphonamide <300pg), bacitracin <10iu>, gentamycin
<30pg>, chloramphenicol <10pg> , streptomycin <25pg),
carbenicillin <100pg>, erythromycin <30pg>, nalodixic
acid <30pg) and neomycin <30pg), KCHM1l was found to be
very sensitive to the action of antibiotics and was

resistant to only 3 of the antibiotics tested.



3*5.7 The effect of temperature on the growth of
KCM'1 ¢

Isolate KCH1 was grown in shake flask cultures at
25, 30 and 35®C in minimal medium containing 0,5g 1 1
UMA and at 200rpm. Growth was followed by measuring the
change in the optical density of the cultures at 530nm
against an uninoculated blank. Table 25 gives the
specific growth rates at the temperatures investigated.
There was very little difference in the specific growth
rates for KCWMl at either 25, 30 or 35'C, The pH of the
culture fluid at 30aC remained fairly constant at about
PH 7.1 throughout the 72 hours of the growth curve.
Although stationary phase was achieved the isolate did
not enter death phase during the 72 hours of the growth
curves. It was noticed that discarded flasks if not
autoclaved immediately began to develop a purple pigment

in the culture medium.

3,5.8 Plasmid detection in KCSTM1.
Detection of plasmids was attempted by the method of
Kado and Liu C1981), but no plasmids were detected from

KCNM1 by this method.



Table 25. The effect of temperature on the specific

growth rate of KCMMi.

Temperature (°C) Specific Growth rate @'"'1>



3.6 Degradation of tetrahydrofuran-2,3,4,5~

tetracarboxylie acid (THFTCA).

3,6.1 Removal of THFTCA in the SCAS test,

THFTCA was added to the SCAS unit at a rate of 20mg
I'-'1 (as total organic carbon) per day. The amount of
THFTCA remaining after 23 hours aeration was determined
a®© dissolved organic carbon (DOC), Figure 22a shows no
convergence of the test and control DOC values until day
90 of the test. After this time the DOC values for both
units were very similar indicating biodegradation of
THFTCA by activated sludge,

The same data were used to calculate the parameter
degradation/daily addition. Figure 22b shows the daily
percentage removal above that abserved in the control
SCAS unit aver a period of 115 days. The data show
little degradation during the 23 hour aeration period
over the first 60 days of the test, After this time an
increase in degradation was observed during each period
of aeration until the addition of THFTCA was
discontinued at day 115. Afer this time no further
THFTCA was added to the SCAS unit and no further
measurements of DOC made. The SCAS unit was
periodically used as a source of inoculuan for die-away

tests after day 115 to observe decacclimatination,
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Figure 22a. Removal of THFTCA in the SCAS unit.
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3.6.2 Removal of THFTCA in die-away tests.

Negative removal of THFTCA (-19%) was observed. for
the die-away test set up with an inoculum which had
previously been exposed to THFTCA for only 2 days (Table
26) . The die-away test set up with SCAS inoculum taken
at day 30 showed negative degradation between day 7 of
the die-away test and day 21, but by day 28, 89%
degradation was observed. The day 57 inoculum brought
about removal (18%) after 14 days and 100% by day 21,
and the day 85 inoculum was even more active, since by
day 7 19% was removed and 50% by day 14, After this
time 100% degradation was observed by day 28 of each
die-away test. Complete degradation by day 28 of the
die-away test continued to foe observed with inocula
taken from the SCAS unit up to 83 days after withdrawal
of THFTCA (Day 198 of test), No degradation was
observed at the THFTCA abiotic control. Figure 23 shows
the maximum degradation measured during each die-away
test, 100% degradation was measured, in the die-away test
set up with inoculum taken from the SCAS unit on day 57
of the SCAS test. No decrease in the 100% level of
degradation was measured. No deacclimatization of the
sludge inoculum was observed in the die-away tests up to
83 days after the last exposure to THFTCA in the SCAS

test (the source of inoculum) ,



Table 26, THFTCA ? die-away test results.

Period for which 8CAS
test sludge inoculum
had been exposed to
THFTCA (days)

15

142

170

Days

0,-2
Mil ,4)

-8,30

(11%26,9)

-15,-10
(12,5*3,5)

26,13
(19,5%9,2)

27,11
(19*11,3)

N.D,

N,D,

Abiotic control - 2% removal

N,D, a Not determined

Values in brackets * Cx*<r«-i)

of sampling die-away tests and %

biodegradation observed

2 28
-9,3 -8,0 -24,-14
03*8,5)  (-3*4.2) (-19*7,1)

-13,-22 -34,-22 95,83
(-17,5*6,4)  (-28*8,5)  (89*8,5)

15,20 100,100 100,100
(17,5*3,5)  (100%0) (100*0)

51,48 81,81 100,100
(49,5*2,4)  (81*0) (100*0)
54,33 78,82 100,100

(43,5*14,8)  (80*2,8)  (100*0)

100,100 M, 100,100
(100%0 ? (100%0)
M,D, .D, 100,100
(100*0)
100,100

(100%*0 )

Oeacclimatization started on day 115 of the SCA8 test,
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Figure 23. Maximum measured removal of carbon from die-away
tests performed with THFTCA, determined as DOC.
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Table 27, Number of viable microorganisms ml™'l found
in activated sludge after varying periods

of exposure to THFTCA in the SCAS unit,

Day of SCAS test lumber of viable microorganisms ml™l (x1QT)
Control unit THFTCA dosed unit

0 2.62 2.62

28 1.32 6.00

56 2,20 2.50

85 3.00 3,00
115 2,10 2.00
149 6,85 2.80
160 3,33 2.40
200 3.10 2,30

Table 28. Inhibition of activated sludge growth by THFTCA,
Values represent 9 reduction in 0.D. (530nm)

relative to the control after 6 hours incubation.

Concentration <mg I"*1)
1.0 3.2 10.0 32.0 100.0

% Inhibition 0 1 3 6 19



3.6,3 Viability of microorganisms in activated
sludge treated with THFTCA.

The numbers of viable microorganisms present in the
activated sludge exposed to THFTCA remained relatively
constant at 2-6x10'? viable microorganisms ml""'l (Table
27), The fluctuation in total microorganisms present in
the control and exposed activated sludge were very

similar throughout the duration of the test.

3.6,4- Inhibition of activated sludge growth by THFTCA,
Table 28 shows the effect of THFTCA on the ability of
activated sludge to gx~ow on acetate/nutrient broth
medium. It can. be seen that THFTCA was not inhibitory
at low levels <1-*3.2mg 1 1) although the maximum
inhibition was only 19% at 100mg 1 1, The EC50 for

THFTCA is greater than 100Omg I™1,

3,6.5 1Isolation of a THFTCA degrading microorganism.
One species of microorganism (KCTl) was isolated by
enrichment of activated sludge with 1.0g I"'1 THFCTA at

30 °C and 2,00 rpm in batch culture.



3.6.6 Identification and chai-acterizatioii of KCT1l ; a

THFTCA degrading microorganism.

3.6.6,1 Identification of KCTI by EICIMB,

Table 29 lists the results obtained from the MCIMB
for the identification of KCTI. The Isolate appears to
be a Gram-positive, non-motile, coryneform rod which
does not grow at 37°C and appears to have a rod/coccus

life cycle.

3.6.6.2 API 20E-biochemical tests performed at 35°C,
Table 30 lists the results obtained for the
biochemical tests using API 20E strips for the isolated
organism KCTI, The isolate was found to use sodium
pyruvate to produce acetoin, and was cytochrome oxidase-
positive and converted nitrate to nitrogen gas. KCTI
utilized only glucose of those sugars present in the API

20E strip,

3.6.6.3 Carbohydrate utilization by isolate KCTI.

Of the 49 carbohydrates tested only 'I0 were found, to
be utilized by KCTI at a temperature of 305C after 72
hours incubation. The utilised carbohydrates were ; L~
arabinose, D-xylose, galactose, D-glucose, D-raannose, EHI-

acetyl glucosamine, esculine, melibiase, saccharose and

D-fucose (Table 31).



Table 29. EICIMB first stage identification of

isolate KCTI.

Isolate

SC incubation

Gram

Spores

Motility

Colonial morphology

- 4 days

T, growth

Catalase
Oxidase, Kovacs
O-F glucose
First stage

identification

KCTI

30 *C

Confluent growth only.
Off-white, smooth, raised
opaque, Growth positive
on modified cytophaga and
glucose agar.

37 *C

41 °c

+

Coryneform rod, showing a

rod/coccus life cycle,

Morphological descriptii ns are from growth on LABM

nutrient agar except as stated.



Table 30, API 20E-biachemical tests performed. o1:

isolate KCTI,

Test Test Substrate Isolate KCTI
OHPG ortho-nitro- -
phenyl-galactaside

ADH arginine -
LDC lysine -
oDC ornithine -
CIT sodium citrate +
Hs»S sodium thiosulfate -
URE urea t
TDA tryptophane -
1sT) tryptophane -
Up sodium pyruvate +
GEL Kahn's gelatin -
GLU glucose +
MAH mannitol -
IMO inositol -
SOR sorbitol -
RHA rhamnose -
sucC sucrose -
MEL melibiose -
AMY amygdalin -
ARA arabinose -
oX H:;<&S or OHPG tube t
HO3 4D::;: GLU tube -
MOs -H3 GLU tube +
Motility -
CAT in any negative sugar +
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Table 24. Utilization of carbohydrates by isolate

KCTT.
Carbohydrate Isolate KCTI
Glycerol
Erythritol
D-Arabinose
L-Arabinose +
Ribose ~
D-Xylose +
L-Xylose
Adonitol
J3-methy lxy loxide +
Galactose +
D-Glucose
D-Fructose +

D-Mannose

L-Sorbose W

Rhamnose

Dulcitol

Inositol

Mannitol

Sorbitol

a Methyl-D-amoside

a Methyl-D-glucoside
Acetyl glucosamine +

Amygdaline

136



Carbohydrate
Artoutine
Escullne
Salicine
Cellobiose
Maltose
Lactose
Melibiose
Saccharose
Trehalose
lnulixe
Melezitose
D~Raffinose
Amidon
Glycogene
Xylitol

B Gent iobiose
D-Turanose
D-Lyxose
D~Tagotose
D-Fucase
L-Fucose
D-Arabitol
L-Arabitol
Gluconate

2 ceto-gluconate

5 ceto-glucanate



3,6.6, &4 Growth inhibition of KGT1l by antibiotics.

In order to provide another criterion for
characterization of KCTI, antibiotic resistance was
investigated, A washed cell suspension (0.5ml)
containing approximately 10® nutrient broth-grown cells
was spread and dried onto the surface of nutrient agar
plates, onto which were placed antibiotic-containing
discs. The seeded plates were incubated at 30 °C for 438
hours and the isolate KCTI was termed resistant if no
more inhibition was seen. The isolate KCTI was found to
be resistant to kanomycin (30pg), streptomycin (25pg)
nitrofurantoin (300p.g) , erythromycin (30pg) and
mecillinam (25p.g) . KCT'l was found to be sensitive to
penicillin G (1Oiu), ampicillin (25pg), tetracycline
(10pg) , sulphonamide (SOOpg) , bacitracin (10iu),
sulphamethoxazole/trimethroprim (25pg>, gentamycin
(30pg) , chloramphenicol (10pg), carbenicillin (100pg),

nalodixic acid <30pg) and neomycin (30pg),

3.6,5 The effect of temperature on the growth of
KCT'l.
Isolate KCTI was grown in shake flask cultures at 25,
30 and 35 °C in minimal medium containing 1, Og I""i THFTCA
and at 200 rpm. Growth was followed by measuring the
change in the optical density of the cultures at 530nm
against an uninoculated blank. Table 32 gives the

specific growth rates of KCTI at each of the



temperatures investigated at the tirne of isolation. As
the temperature of incubation increased the specific
growth rate of KCTI decreased. The isolate grew fastest
at 25°C with a specific growth rate of 0, 01sh""! and grew
slowest at 35 °C with a specific growth rate of 0,008h 1,

The specific growth rate of KCTI at 30°C was 0.0lh 1.

3.6,8 Change of pH during' growth of KCTI at 30 °C.

After 18 months subculturing on minimal agar slants
containing 1, Og I"'* THFTCA, the specific growth rate of
KCTI had become 0. 014h 1. Figure 24 shows the increase
in pH of the culture fluid from pH6.4 to pH 7.1 over an
82 hour period at 30°C, 200 rpm and 1.0g I™1 THFTCA in
the presence of isolate KCTI. The change in pH appears
to be directly proportional to the growth of the

isolate,

3.6.7 Plasmid detection in KCTI,

Detection of plasmids was attempted by the method of
Kado and Liu C1981), but it was found that KCTI did not
contain any plasmids which could be isolated by this

method.



Table 32. The effect of temperature on the specific

growth rate of KCTI.

Temperature <°C) Specific growth rate <&"")
25 0. 013
30 0.010

35 0. 008



Change of pH during growth of KCTI at 30°c .

Figure 24.
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3,7 Degradation of S-chlarobenisaic acid (3CBA)

4

3.7,1, Removal of 3CBA in the SCAB test.

3CBA was added to the SCAS unit at a rate of

20mg 1 7 (as total organic carbon) per day. The amount
of 3CBA remaining after 23 hours aeration was determined
as dissolved organic carbon (DOC). Figure 25a shows
that the DOC values for the test and control units did
not converge until day 54. After this time the control
and test units gave very similar values, showing removal
of 3CBA indicating biodegradation of 3CBA by activated

sludge,

The same data were used to calculate the parameter
degradation/daily addition. Figure 25b shows that
little degradation/daily addition was observed during
the first 28 days of the SCAS test. Between day 30 and
day 60 of the SCAS test the amount of degradation
increased dramatically and after day 60 up to 100%
degradation was seen during each 23 hour period. The
level of degradation remained at 100% until addition of
3CBA to the SCAS unit was discontinued at day 68, After
this time no further measurements of DOC in the SCAS
unit were made. The SCAS unit was periodically used as

a source of inoculum for the die-away tests after the
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Figure 25a. Removal of 3CRA. in the SCAS test
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discontinued addition of 3CBA.

3.7.2 Removal of 3CBA in die-away tests.

It can be seen from Table 33 that in all the die away
tests a high level of 3CBA removal was measured, This
high level of removal was observed with an inoculum of
activated sludge which had never previously been exposed
to 3CBA (Table 33). High levels of 3CBA removal were
measured even after the activated sludge used as an
inoculum had not been exposed to 3CBA for 178 days.
Figure 26 shows how the maximum level of degradation
remained fairly constant at between 90 and 100% in all
the die-away tests performed. The abiotic control
showed only 20% removal of 3CBA during a 28 day die-away
test (Table 33), Ho change in pH was detected during

the 28 day test period.

3.7.3 Viability of microorganisms in activated
sludge exposed to 3CBA,

The number of viable microorganisms present in the
activated sludge exposed to 3CBA remained relatively
constant at 2-6x107' viable microorganisms ml” 1 (Table
34), The fluctuation in total microorganisms present in
the control and exposed activated sludge were very

simi lair throughout the duration of the test.



Table 33, 3CBA ; die-away test results.

Period for which SCAS Days of sampling die-away tests and 2%
test sludge inoculum biodegradation observed
had been exposed to
3CBA (days)
7 14 21 28
0 34,38 34,32 91,91 93,96
(36*2,8) (93%1,4) (91*0) (34,5*2,1)
2 86,32 91,91 91,103 106,106
(83,5%2,1) (31*0) (97*8,5) (106%0)
42 81,83 100,100 96,96 94,38
(82%1,4) (100%0) (96*0) (96*2,8?
68 92,93 91,93 100,100 87,31
(92,5%0,7) (92*1,4) (100*0? (83*2,8)
A 104 97 101 A
113 70 94 % 95
143 36 99 98 100
176 84,83 90,31 92,91 85,88
(83,5*0,7) (90,5%0,7) (31,5%0,7) (86,5*2,1)
204 N,D, N,D. M.0, 88,30
(89%1,4)
246 100,100 87,87 96,96 88,88
(100%0) (87*0) (96*0) (88*0)

Abiotic control 20*2% removal

Deacclimatization started on day 68 of SCAS test
N,0, - Hot determined
Values in brackets - (xIffn-i)



Figure 26. Maximum measured removal of carbon from die-

away tests performed with 3C3A, determined

as DOC.
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3.7.4 Inhibition of activated sludge growth by 3CBA,
Table 35 shows the effect of 3CBA on the ability of
activated sludge to grow on acetate/nutrient broth
medium. It can be seen that no inhibition of growth of
activated sludge was observed. The EC50 for 3CBA is

therefore greater than 100rag I"'l.

3.7.5 1Isolation of 3CBA degrading microorganisms.

Four different microorganisms capable of utilising
3CBA as their sole source were isolated by enrichment of
activated sludge with 0.5g I” 1 3CBA at 30°C and 200rpm
in batch culture. These isolates were designated KC13,

KC1l6, KC20 and KC21l respectively.

3.7.6 Identification and characterization of KC13,

KC1l6, KC20 and KC21.

3.7,6.1 API 20E-biochemical tests performed at 35°C,

Table 36 lists the results of biochemical tests
performed on the four 3CBA utilizing isolates using the
API 20E test system.

KC1l3 is a (jfram—negative motile rod, which is catalase
- positive, converts nitrate to nitrite, is cytochrome
oxidase-positive and can grow in MacCankey medium at
37°c. The isolate can utilize the fallowing compounds

as substrates : ortho-nitro-phenyl-galactoside,



Table

Day of

28
42
85
110
160

212

Table

34. Number of viable microorganisms ml""'l found
in activated sludge after varying periods

of exposure to 3CBA in the SCAS unit,

SCAS test Number of viable microorganisms ml""l <x!0r)
Control unit 3CBA dosed unit
2.10 2,10
1.32 4,87
3.20 4.00
3,00 4.78
4.87 6,85
3.33 3.09
4.87 2.15

35, Inhibition of activated sludge growth by 3CBA,
Values represent % reduction in O.D. (530nm)

relative to the control after 6 hours incubation.

Concentration (mg I” 1)

1.0 3,2 10.0 32.0 100.0

% Inhibition -17 -11 -3 -3 -15



arginine, 1lysine, ornithine, sodium citrate urea and
glucose. KC13 was unable to utilize any other sugars
apart from glucose in this test. This isolate has been
identified as Pseudomonas putrefaclens with a 92,9%
reliability of identification.

KCl6 is a Q'ramnegative motile rod which is catalase-
positive, converts nitrate to nitrite, is cytochrome
oxidase-positive and can grow in MacConkey medium at
37%*0, Isolate KCl6 was found to be able to utilize the
following compounds as substrates, arginine, sodium
citrate, urea and glucose. Mo other sugars in this test
were utilized by KC16. The Isolate has been identified
as Pseudomanas fluorescens/putlda with an 87%
reliability of identification.

KC20 has been identified as being a “ram-negative,
motile rod which is catalase-positive, converts nitrate
to nitrite, 1is cytochrome oxidase-positive and can grow
in MacConkey medium at 37 °C, The only substrates this
organism could utilize were sodium citrate and the two
sugars, glucose and melibiose, This isolate was
identified only to genus level and was found to be a
Pseudomonas spp.

The last of the isolates which could utilize 3CBA as
its sole carbon source was KC21, This organism is a
G;ram-negative, motile rod which is catalase-positive,
converts nitrate to nitrite and is cytochrome oxidase-

positive. KC21 was found to utilize the following
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compounds as substrates, arginine, sodium citrate and
three sugars, glucose, melibiose and arabinose. Kc21
has been identified as a Pseudomonae fluorescens/putida

with a 91% reliability of identification,

3.7.6.2 Carbohydrate utilization by the 3CBA-
utilizing isolates,

All four isolates were tested for carbohydrate
utilization to help differentiate further between
similar isolates, and to observe the diversity of
carbohydrate utilization, KC13 could utilize 9 of the
49 carbohydrates, against which it was tested, after 72
hours incubation at 30*0 (Table 37), The carbohydrates
utilized by KC1l3 were : L-arabinose, D-xylose,
galactose, D-glucose, D—mannose, N-acetyl glucosamine,
esculine, melibiose and D-fucose,

KC1l6 could also utilize 9 of the 49 carbohydrates it
was tested against (Table 37). The 9 carbohydrates
utilized were : L-arabinose, ribose, D-xylose,
galactose, B-glucose, D~mannose, N-aeetyl glucosamine,
esculine and D-fucose, The third isolate KG20 could
utilize 10 of the 49 carbohydrates it was tested against
after 72 hours incubation at 30°C (Table 37). The
carbohydrates utilized were D-arabinose, L-ax'-abinose,
ribose, galactose, D-glucose, D~mannose, M-acetyl

glucosamine, esculine, trehalose and D-fucose, The



Table 36.

Test

OIPG

01
IQ3-IG=
Motility
CAT

API 20E-biochemical tests performed on

isolate KC1l3, KG16,

utilize 3CBA.

Test Substrates

ortho-nitra-
phenyl-galactaside
arginine

lysine

ornithine
sodium citrate
sodium thiosulfate
urea

tryptophane
tryptophane
sodium pyruvate
Kohn's gelatin
glucose

inannitol
inositol
sorbitol
rhamnose

sucrose
melibiose
amygdalin
arabinase

HsS or OIPG tube
GLU tube

in any negative sugar

KG20 and KC21 whicli

151

KC13
+

+ + + +

+ + + +

Isolates
KC1l6 KC20
+ -—
+ +
+ -
+ +
- +
+ +
+ +
+ +
+ +

KC21

+ + + + +



final isolate KC21 could utilise 10 of the 49
carbohydrates it was tested against, they were L~
arabinose, ribose, D-xylose, galactose, D-glucose, P-
mannose, esculine, melibiose, saccharose and D-fucose.
The differences found between the four isolates with
respect to carbohydrate utilization were as follows
KC1l3 was the only isolate which did not wutilize ribose;
only KC21l was unable to utilize 1l-acetyl glucosamine but
was the only isolate which could utilize saccharose;
melibiose was utilized by KG13 and KC21 but not by KG16
and KC20; trehalose was utilized only by isolate KC20.
All the other results obtained for each isolate were

identical to one another,

3.7,6.3 Growth inhibition of the 3CBA utilizing
isolates by antibiotics.

Antibiotic resistance was investigated in order to
provide a further method of characterizing and
distinguishing the four 3CBA~degrading isolates f£fx"om one
another. A washed cell suspension (0.5ml) containing
approximately 10e nutrient broth-grown cells was spread
and dried onto the surface of nutrient agar plates, onto
which were placed antibiotic-containing discs. The
seeded plates were incubated at 30°C for 48 hours and
resistance recorded if no zone of inhibition was seen.
Table 38 represents the results obtained for growth

inhibition by antibiotics of KC13, KC16, KC20 and KC21.
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Table 37. Utilisation of carbohydrate©® by isolates

KC13, KCl6, KC20 and KC21.

Isolates
Carbohydrate KC13 KC1l6 KC20 KcC21
Glycerol
Erythritol

D-Arabinase
L-Arabinose

Ribose

D-Xylose

L~Xylose

Adon.itol
J3~Methylxyloxxde
Galactose

D-Glucose

D~Fructose

D~Maimase

L-Sorbose

Rhamnase

Dulcitol

Inositol

Matmitol

Sorbitol

a Methyl-D-amoside

a Methyl-D-glucaside
R-Acetyl glucosamine

Amygdaline



Carbohydrate
Arbutine
Escullne
Salicine
Cellobiose
Maltose
Lactose
Melibiose
Saccharose
Trehalose
Inuline
Melezitose
D-Raffinose
Amidon
Glycogen
Xylitol

# Gentiobiose
D-Turanose
D~Lyxase
D-Tagatose
D-Fucose
L-Fucose
D-Arabitol
I,-Arabitol
Gluconate

2 ceto-gluconate

5 ceto-gluconate



Table 38. Growth of isolates KC13, KCl1l6, KC20

and KC21 in the presence of antibiotics.

Isolates

Antibiotic KC13 KC1l6 KC20 KC21
Pencillin G 1Oiu - - +
Amplcillin 25pg - - +
Tetracycline 10pg - - -
Kanomycin 30pg + - + -
Sulphonamide 300pg + + + -
Bacitracin 10Oiu + & + +
Sulphanethoxazole/ + + + +
Trimethroprim 25pg

Gentamycin 30pg + + + +
Chloramphenicol 1lOpg + - - -
Streptomycin 25pg + + -
Nitrofurantoin 300pg + + + +
Carbenici.ilin 100pg - - - -
Erythromycin 30pg - ~ +
Mecillinam 25pg + + + -
Naladaxic acid 30pg + + + -
Neomycin 30pg + + + _

+ - Resistance (growth)

- - Inhibition <110 growth)



Only KC21 was resistant to pencillin G <10iu),
ampicillin (25pg) erythromycin <30jug) and sensitive to
sulphonamide (300pg), gentamycin <30pg), streptomycin
(25jag) , nalodixic acid (30pg) and neomycin <30/Jtg) . All
isolates were sensitive to tetracycline (1l0Opg),
carbenicillin (100pg) and mecillinara <25jj.g) , All
isolates were found to be resistant to bacitracin
(10iu), sulphamethozamole/trimethroprim (25pg> and
nitrofurantoin C300pg)* KC1l3 was the only isolate
resistant to chloramphenicol (10pg>, and only KC13 and

KC20 were resistant to kanomycin (30pg),

3.7,7 The effect of temperature of the growth of the
3CBA-utilining isolates.

The isolates were grown in shake flask cultures at
25, 30 and 35 °C in minimal medium containing 0,5g I™1
3CBA and at 200 rpm. Growth was measured by following
the change in the optical density of the cultures at
530ma against an uninoculated blank. Table 39 gives the
specific growth rates of the 3CBA-utilis;ing isolates at
the temperatures investigated at the time of isolation.
For KC13 the specific growth rates at 25 and 30°C were
identical but the rate was lower at 35°C. The change in
incubation temperature had no effect on the specific
growth rate of KCl1l6, which was higher than KC13 at each
tempei'ature investigated, KC20 had the lowest specific

growth rates of all the isolates at each temperature, it



Table 39. The effect of temperature on the specific

growth rate <h 1> of the 3CBA utilizing

isolates.
Isolate Temperature Specific growth rate [©"'1>
KC13 25 0, 067
30 0. 067
35 0, 043
KC1l6 25 0. 075
30 0. 075
35 0. 075
KC20 25 0. 060
30 0. 060
35 0. 037
KC21 25 0. 077
30 0, 077
35 0. 060
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Table 40, The effect of storage on 3CBA minimal

media slants (4°C) on the specific growth rate

(@"'1l> at SOX of the 3CBA utilising

isolates.
Time (months) after Specific growth rate <h ">
isolation that of isolates

specific growth rates

were determined KC13 KG1l6 KC20 KC21
0 0.067 0.075 0.060 0.077
20 0,080 0,080 0,080 0.150
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grew equally well at 25 and 30 °C but more slowly at
35°C. KC21 had the highest specific growth rate of all
the isolates at 25 and 30"C, but its specific growth
rate was reduced at 35'G,

After the isolates had been subcultur-ed and stored on
minimal medium agar plus 0,5g I"1 3CBA slopes at 4°C for
20 months the specific growth rates of each organism at
30°C had increased. The specific growth rates of KC13,
KCl6 & KC20 had. risen to the same value namely 0. 080h""
at 30 °C (while the specific growth rate of KC21 had
almost doubled to 0.150h 1 at 30°C (Table 40). Ho
change in the pH of culture fluids was detected during
any growth determination on isolates KC13, KC1l6, KC20

and KC21 with 3CBA.

3.7.8 Plasmid detection in isolates KC13, KC16, KC20
and KC21.

Detection of plasmids was attempted by the method of
Kado and Liu (1981). Isolates KC13, KCl6 and ICC20
contained one plasmid each which appeared to be the same
one. KC21 contained 3 plasmids* two with smaller
molecular’ weights than those found in the other isolates
and one heavie7r, The plasmid with the middle molecular

weight appeared to be the most prevalent of the three.



3,7,9 Growth, dehalogehation and ring cleavage of 3CBA,

Ring cleavage was measured by following the change in
absorbance of U.V. 1light at 275nm in culture fluid
against time. A decrease in the amount of U.V, 1light
absorbed corresponded to a decrease in the amount of
aromatic ring structures present in the culture f£fluid,
Dehalogenation could be followed by monitoring halide-
ion liberation (chloride) from 3CBA in the culture
fluid,

Figure 27 show©® that as KC1l3 grew a corresponding
reduction in the U.V, absorbance is seen, After 14
hours incubation a 50% reduction in U.V, absorption of
the maximum observed decrease was observed. The
liberation of halide-ions into the culture fluid did not
reach 50% of the maximum value observed until the
culture had been growing for 29 hours. Figure 28 shows
that as KC1l6 gx-ows a corresponding reduction in
absorbance at 275nm is observed as with KC13. After 13te
Jiours incubation a 50% reduction in T,V. absorbance of
the maximum observed decrease was observed. The
liberation of halide-ions into the culture fluid did not
reach 50% of the maximum value observed until the
culture had been growing for 20 hours,

It can be seen from Figure 29 that as with KG13 and
KC'l6 as KC20 grows there is a corresponding reduction in
absorbance at 275imm, As with KC1l6 50% reduction in U.V,

absorbance was observed 13& hours after the start of



Figure 27 Ring cleavage and chloride release during grcwth
of KC13 on 3RA. (0.5g I*1) at 30°C and 200 pm*.
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Figure 28. Ring cleavage and chloride release during growth

Iog 0 0.0.

of KC16 cn 3CBA (0.5g 1 1) at 30°C and 2Q0 rpm.
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log 10 0.0.

Figure 29. Ping cleavage and chloride release during growth
of KC20 on 3CBA (0.5g 1"1l) at 30°C and 200 rpn.
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log 10 O.D.

Figure 30. Ring cleavage and chloride release during growth of

KC21 on 3CBA (0.5g 1*1) at 30°C and 200 rpm.
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incubation but 50% halide-ion liberation was not
observed, until 30 hours after the start of incubation.
KC21 gave a 50% reduction in absorbance at 275nm of
the maximum observed, decrease within 11 tours of the
start of incubation and 50% of the maximum halide

release within 24 hours (Figure 30).

3.7.10 The effect of 3CBA concentration on
dehalogenation.

Each isolate was incubated at three different
concentrations of 3CBA namely, 0,5, 0.75 and '1,0g 1'%
and the halide-ion liberation measured. Figure 31 shows
the results with isolate KC13 and it can be seen that as
the concentration of 3CB.A increases so does the lag
before dehalogenation begins. The theoretical maximum
values for halide-ion release from 0.5, 0,75 and
1. Og I'"'l 3CBA were achieved by this isolate.

With KC16 (Figure 32), as the concentration of 3CBA
increased the lag before halid.e ion release did not
increase as was observed with isolate KG13. Maximum
halide release from all concentrations was observed when
KCl6 was incubated with 3CBaA,

KC20 (Figure 33) behaved similarly to KC13 but the
lag before halide ion release was less at 0.75 and 1.0g
I''1 3CBA, As for the previous two isolates maximum
halide ion release from all concentrations was observed

when KC20 was incubated with 3CBA.
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KC21 behaved in a very similar manner to KC1l6 when
incubated with increasing concentrations of 3CBA. KG21
(Figure 34) achieved maximum theoretical halide release

faster than KC16,

3.7.11 Growth of 3GBA utilizing isolates on other
compounds as their sole carbon source,

Table 41 1lists the isolates which could grow on the
compounds used in the respirometry experiments. The
isolates were plated out onto minimal agar plates plus
test compound and incubated at 30 for upto 7 days.

The only compounds on which all the Isolates were
observed to grow, wers 3CBA, acetate, chlorosuccinate,
fuiarate, glucose and pyruvate. In addition KG13 could
grow on chloropropionate, the other isolates only showed
weak growth on this compound. Similar weak growth was
observed by all isolates on chloroacetate. 1lone of the
isolates grew on plates containing 2CBA, 4-CRA,
acetaldehyde, chloroacetaldehyde and gentisate. Fo

growth was observed in the absence of carbon source,

3.7.12 Gilson respirometry with KC13, KG16, KC20 and
KG21,
Respirometric studies were performed with all the
isolates capable of utilizing 3CBA in a Gilson
respirometer. Various possible intermediates were

supplied as substrates in an attempt to identify the



Table 41, Growth of 3CBA utilizing isolates on other

compounds as sole carbon sources in minimal

agar,
Carbon source .Isolates

KG13 KC1l6 KC20 KC2
2CBA - - ~ -
3CBA 4 4 4 4
4CBA - ” - -
Acetaldehyde - - ~ -
Acetate 4 4 4 4
Chioroacetaldehyde - - - -
Chloroacetate /4 —/4 —/4 —/4
Chloropropionate 4 ~/4 —/4 —/4
Chiarosuccinate 4 4 4 +
Furaarate 4 4 4 +
Gentisate - - ~ -
Glucose 4 4 + +
Pyruvate 4 4 4 +
Hone - - -
4 Growth

-/4 Doubtful growth

- Fo growth
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Table 42. Maximum oxygen uptake rates for isolate®

KC1l3, KC16 KC20 and KC21.

Substrate Max. oxygen uptake rate (piQ;: min'"'l mg""H

dry weight cells.

KC13 KC16 KC20 KC21
2CBA 0.0 0.0 0.0 0. 009
3CBA 0. 037 0. 052 0. 054 0. 127
4-CBA 0.0 0, 025 0. 026 0. 022
Acetaldehyde 0. 109 0. 093 0. 049 0. 103
Acetate 0. 366 0. 269 0. 296 0. 352
Fumarate 0, 589 0. 560 0, 496 0, 391
Gentisate 0,0 0.0 0,0 0.0
jS-Ketoadipate 0. 543 0. 756 0. 607 0, 599
Pyruvate 0, 366 0. 366 0. 338 0, 307

Sodium bensoate 0, 360 0« 414 0, 248 0. 301



mechanism of 3GBA degradation. All cells were initially
grown on 3CBA and harvested in mid-exponential phase,
concentrated and washed in 0.1M phosphate buffer, pH
7.2, Table 42, shows the initial (maximum) uptake rates
corrected for dry weight wvariations by the isolates
KC13, KC1l6, KC20 and KC21 when attempting to metabolise
various organic compounds. The rate with which the
isolates took up oxygen in the presence of gentisate and
2CBA was zero with one exception, KC20 had a very low
oxygen uptake rate with 2CBA. KC13 did not take up
oxygen in the presence of 4CBA but KC1l6, KC20 and KC21
all exhibited low oxygen uptake rates in the presence of
4CBA, All four isolates had uptake rates at least twice
as fast in the presence of 3CBA than in the presence of
4CBA. Of the remaining compounds tested only
acetaldehyde had low uptake ratef5 for each of the four
isolates. The other compounds acetate, fumarate, j3-
ketoadipate, pyruvate and sodium benzoate all had faster
oxygen uptake rates than those compounds already
mentioned.

The theoretical and total observed oxygen uptake can
be seen and compared (Table 43). Only KC21 had any
measured oxygen uptake in the presence of 2CBA but this
was only 22% of the maximum passible. Same oxygen
uptake was observed with KC16, KC20 and KC21 in the
presence of 4CBA, 23%, 13% and 23% of the theoretical

total respectively. With 3CBA between 83% (KC13) and



99% (KC21l) of the theoretical maximum oxygen uptake was
observed for all the isolates, KC1l6 and KC20 having
oxygen uptake levels of 88% and 94% respectively. All
the isolates took up oxygen in the presence of
acetaldehyde up to 47% for KC21, but not a® much as when
incubated with acetate, although the levels of oxygen
uptake by KC21 in the presence of acetaldehyde (47%) and
acetate (51%) were similar. Oxygen uptake was high by
all isolates for fumarate up to 83% for KG21. Only K.C21
showed any oxygen uptake in the presence of gentisate,
43% of the theoretical oxygen uptake, All isolates
showed oxygen uptake in the presence of j3-ketaadipate
between 36 and 50% of the theoretical maximum as they
did for pyruvate 60-73%, Sodium benzoate showed almost

maximum theoretical oxygen uptake for all isolates.

3.8 Degradation of hexamethylenetetramine (hexa),

3.8,1 Removal of hexa in the SCAB test,

Hexa was added to the SCAB unit at a rate of 20mg 1"1
(as total organic carbon) per day, The amount of hexa
remaining after 23 hours aeration was determined as
dissolved organic carbon (DOC). Figure 35a shows the
DOC values for the hexa test unit to be very erratic
and, with only a few exceptions, high compared to the

control wunit. Ho convergence of the DOC values for



Table 43, Experimental and theoretical total oxygen
uptake values for isolates KC13, KC'lée>

KC2Q and KC21.

Substrate Experimental oxygen uptake (fliOa) Theoretical ay"
KC13 KC16 KC20 KC21 uptake (plOs)

2CBA ] 0 0 34(22) 156,8

3CBA 130(83) 138(88) 148(34) 155(93) 156,8

4CBA 0 36(23) 20(13) 36(23) 156,8

Acetaldehyde  231(41) 200(36) 220(39) 264(47) 560

Acetate 231(65) 290(66) 295(66) 228(51) 448
Fumar&te 453(67) 480(71) 440(65) 560(83) 672
Bentisate 0 0 0 62(43) 145,6

JB-ketoadipate ~ 431(44) 634(57) 521(46) 678(60) 1120
Pyruvate 350(62) 350(62) 407(73) 335(60) 560

Sodium Benzoate 130(100) 127(98) 133(102) 127(98) 130

Values in brackets « oxygen uptake as $ of the theoretical maximum,



the two units was observed, indicating no removal of
hexa by activated sludge over a 24 hour aeration period.

Degradation was also expressed as degradation/daily
ad-dition (Figure 35b> . The data points show a great
deal of scatter and range from values of t'100%
degradation down to -50% over the 205 day period of the
experiment. The average observed, removal of hexa was
16.8+43% during the SCAS test. There is little evidence
to suggest that hexa may be degrading in the SCAS test.
After 205 days, addition of hexa was discontinued and
the SCAS unit continued, to be used as a source of

inoculum for die-away tests until day 302.

3.3.2 Removal of hexa in die-away tests,

Jfo degradation of hexa was observed in the abiotic
die-away test. For all the die-away tests the amount of
degradation increased steadily throughout the period of
the tests (Table 44); although on no occasion was 100%
removal achieved. The maximum degradation observed was
81.5% by day 28 of the die-away test set up with
inoculum taken from the SCAS unit on day 208,

Figure 36 ©hows the maximum observed degradation in
each of the die-away tests performed. It can be seen
that a general increase in degradation is observed until
addition of hexa to the SCAS unit was discontinued at

day 208, the only exception being the die-away test set



Figure 35a. Removal of hexa on the SCAS test.
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up at day 68 of the SCAS test which only showed 45%
removal of hexa, This was the only deviation in the
trend of increased degradation.

After* addition of hexa to the SCAS unit was
discontinued, a decrease in degradation was observed in
the die-away tests performed. Even though the inoculum
used for the die-away tests set up at day 246 and 302 of
the SCAS test had not been exposed to hexa for 38 and 94
days respectively, degradation was observed in the die-
away tests between 66,5 and 62%, The pH of the die-away
test flasks decreased from pH 7,2 down to pH 6.95 over

the 28 days of the test,

3,8,3 Use of the SCAS unit as a die-away test,

At day 302, 94 days after the addition of hexa had
been discontinued, a single dose of hexa C20mg I”1) was
added to the SCAS unit. Ho further synthetic sewage was
added to the unit. The SCAS unit was sampled at various
times upto 28 days, the amount of hexa remaining
determined as DOC, and the percentage carbon removal
calculated, Figure 37 shows the percentage carbon
removal plotted against time, A steady increase in the
amount of carbon removed was observed until day 10 at
which point the maximum observed removal of carbon <75%>
was measured and a plateau reached. Ho further carbon

was removed from the test before it was stopped after* 28
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Table 44. Hexa

Period of which SCAS
test sludge inoculum
had been exposed to
hexa (days),

0

42

147

176

208

302

die-away test results.

Days of sampling of die-away
tests and % biodegradation observed,

7 14 21 28
28,29 35,35 47,44 54,53
(28,510,7)  (3510)  (45,512,1) (56,513,5)

.28,-18 23,23 44,46 54,64
(-2317,1)  (2310) (4511,4)  (5917,1)
-33,-33 15,12 15,13 45,45

(-3310)  (13,512,1)  (1411,4)  (4510)

18,22 29,33 44,43 64,58
(2012,8)  (3112,8) (43,510,7)  (6114,2)

39,30 31,22 38,44 58,56
(34,516,4) (26,516,4)  (4114,2)  (5711,4)

41,35 38,31 47,49 64,64
(3814,2) (34,514,9)  (4811,4)  (6410)
N,D, N,D, N,0, 82,81
(81,510,7)
28,32 28,33 63,65 63,70

(3012,8) (30,5*3,5)  C64%l.4) (66,514,9)

32,43 41,52 48,58 61,63
(37,517,8) (46,517,8)  (5317,1)  (6211,4)

Abiotic control 0 % removal

N,D, » Not determined

Values in brackets ® (xicrn-i)
Oaaeeiimatization started on day 208 of SCAS test,
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days. The 75% removal of carbon corresponds to

15mg C 1 *, (29, 2mg Il of hexa).

3.8.4 Viability of microorganisms in activated
sludge exposed to hexa.

The number of viable microorganisms present in
activated sludge exposed to hexa fell from an inijitial
level of 2. Ixl0'7' microorganisms ml " before exposure to
3.8x10s microorgaBisms ml ! during the first 28 days of
exposure (Table 45), The level of microorganisms
present in the activated sludge remained relatively
constant after this initial large decrease in numbers.
The number of microorganisms present in the control unit
remained relatively constant at the order of 104
microorganisms ml"”1 although the actual number
fluctuated between 1.32 and 4.87x10"* microorganisms

n]l' 1”1 .

3.8.5 Inhibition of activated sludge growth by hexa.
Table 46 shows the effect of hexa on the ability of
activated sludge to grow in acetate/nutrient broth
medium. At 32.0mg I”™1> 37% inhibition was observed and
46% inhibition at 100,0mg I™1 of hexa though no
inhibition was observed, at 1lOmg 1 1 of hexa or below.
Although inhibition was observed at the higher
concentrations after 6 hours incubation it was observed

that after 24- hours there was no difference in optical



Figure 37. Removal of carbon fas DOC)

used as a die-away test.
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Table 45. Number of viable microorganisms ml 1
found in activated sludge after wvarying

periods of exposure to hexa in the SCAS

unit.
Day of SCAS test Number of viable microorganisms
ml " Cx1CP)
Control unit Hexa dosed unit
0 2,10 2, 10
23 1. 32 0. 033
35 3. 00 0, 036
110 4. 27 0. 035
160 3, 33 0, 033
212 4. 87 0, 032

Table 46. Inhibition activated sludge growth by
hexa. Values represent $% reduction in
0.D. (530 nm) relative to the control

after 6 hours incubation.

Concentration mg 1 1
1.0 3.2 10,0 32.0 100.0

% Inhibition 0 0 0 37 46



density between the control and test flasks indicating
that the effect of hexa was to retard the growth rate
rather than reduce the final cell papulation. The ECS50

for hexa is greater than 100mg TI"'1l.

3.8.6 TIsolation of hexa-degrading microorganisins.

Two microorganisms were isolated by enrichment of
activated sludge with 0,5g I'™1 hexa at 30 *C and 200 rpm
in batch culture using baffled flasks. These two

isolates were designated KGH1 and KCH2 respectively,

3.8.7 Identification and characterization of

KCH1 and K.CH2,

3.8,7,1 Identification of KCH1 and KCH2 by NCIMB,

The isolates were found to be very similar and have
been identified by NCIMB as being Metbylobacterium
species. Thesis organisms are Gram-negative, non-spore
forming* motile rods, catalase positive, oxidase
negative by Kovac's reagent, capable of growing on
methanol as their sole carbon source and can grow at
37 *C. The colony morphology of KCH'l on Lab M nutrient
agar at 30°C after 4 days was found to be round,
regular, entire, smooth, semi-translucent, pink, low
convex, punctiform colonies of less than 1mm in
diameter. KCH2 was found to be very similar except that

the coloxiies were much paler, almost white in colour.
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3,8.7.2 API 20E~hioohemical tests performed an KCH1
and KCH2 at 35*C.

Table 47 lists the results of biochemical tests
performed Cat 35*C) on. the two isolates KCH1 and KCH2
using the API SOB test system* ICCH1 was found in these
tests to be motile, catalase-positive, used sodium
pyruvate to produce acetain and was able to utilize
glucose, reduce nitrate to nitrogen gas and may be able
to utilize tryptophane by production of tryptophane
deaminase. ECH2 gave similar results to KCH'l except
that it showed no indication of utilizing tryptophane by
any method, Both isolates grew at 37aC on MacConkeys

medium,

3.8.7,3 Carbohydrate utilization by KCH1 and KGH2.
Both isolates were tested for carbohydrate
utilization in an attempt to differentiate further
between them. Table 47 lists the results for
carbohydrate utilization for both isolates, and it can
foo seen that both have identical utilization profiles.
Of the 49 carbohydrates tested both isolates were found
to be able to utilize 10. The carbohydrates which were
utilized by KCH'l and KCH2 after 72 hours incubation
were; L-arahinose, rihose, D-xylose, galactose, D-
glucose, D-mannose, M-acetyl glucosamine, esculine,

melihiose and D-fucose. The other 39 carbohydrates were



Table 47. API 20E-biochemical tests performed on

isolate KCH'l and KCH2.

Isolates
Teat Test Substrates KCH1 KCH2
ONFG ortho-nitro-
phenyl-galactoside
ADH arginine
LDC lysine
oDC ornithine
CIT sodium citrate
HsmS sodlum thiosulfate
URE urea
TDA tryptophane +/m
IHD tryptophane
UP sodium pyruvate + +
GEL Kahn"s gelatin
GLU glucose
MAH manni tol
INO inositol
SOR sorbitol
RHA rhamnose
SuC sucrose
MEL melibi ose
AMY araygdalin
ARA arabinose
ox HaS or ONPG tube +
HOa-SrOa GLU tube
Ncs-Jffss  GLU tube +
Motility
MAC MacConkey medium

CAT in any negative sugar +



Table 24, Utilisation of carbohydrates by isolates

KCH1 and KCH2.

Carbohydrate
Glycerol
Erythritol
D~Arab!nose
L-Arabinose

Ribose

D-Xylose

L~Xylose

Adonitol
J3"inethylxyl aside
Galactose
D-Glucose
D-Fructose
D~Mannose
L—Sorbose

Rhamnase

Dulcitol

Inositol

M&xmitol

Sorbitol

& Methyl-D-amoside
x Methyl-D-glucoside
I~Aocetyl glucosamine
Amygdaline
Arbutine

Esculine

Salicine
Cellobiose

Maltose

Lactose
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Carbohydrate

Melibiose
Saccharose
Trehalose
lnull lie

Me less'hose
D-Raffinose
Amidon
Glycogene
Xylitol

3 Gentibiose
D~Turan. ase
D-Lyxose
D-Tagotose
D-Fucose
L-Fucose
D-Arabltol
L-Arabitol
Gluconate

2 ceto-gluconate

5 ceto-gluconate



Table 49. Growth of Isolates KCH1 and KCH2

presence of antibiotics.

Isolates
Antibiotic KCH1 KCH2
Fencillin G 10iu + +
Ampiclllln 25pg + +
Tetracycline 1lOpg + +
Kanomycin 20pg + +
Sulphonamide 300/ig - -
Bacitracin 1lOiu - —-/+
Sulphame thoxazole/ + +
Trimethroprim 25pg
Gentaraycin 30pg + +
Ghloramphenicol 10pg - -
Streptomycin 25pg t +
Mitrofurantoin 300pg + +
Carbenicillin 100pg + +
Erythromycin 30pg + +
Mecillinam 25pg + +
Nalodixic acid 30pg - -
Neomycin 30pg + +

+ - Resistance (growth)

- = Inhibition (no growth)



3,8,7.4 Growth inhibition by antibiotics of KCH1 and
KCH2.

Antibiotic resistance was investigated in order to
provide further criteria for characterising and
distinguishing between KCH1 and ICCH2. A washed cell
suspension (0.5ml) containing approximately 10®
nutrient-broth grown-cells were spread and dried on to
the surface of nutrient agar plates, on to which were
placed antibiotic containing discs, The seeded plates
were incubated at 30%C for 48 hours and resistance
recorded if no zone of inhibition was observed. Table
49 represents the results obtained for growth inhibition
by antibiotics of KGH1 and KCH2. Apart from bacitracin
to which KCH1 was sensitive and the result for KCH2
which was inconclusive, the results for all of the
different antibiotics were identical for both isolates.
The two isolates were found to be sensitive to only
three antibiotics sulphonamide (300pg) , chloramphenicol

(10pg) and nalodixic acid (30pg),

3.8,8 The effect of temperature on the growth
characteristics of KCH1 and KGH2.
The isolates were grown in shake flask cultures at
25, 30 and 35*C in minimal medium containing 0.5g I"'1
hexa in baffled flasks shaken at 200rpm. Growth was
measured by following the change in the optical density

of the cultures at 530nm against an uninoculated blank.
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The change in temperature had no effect on the
specific growth rate of KCH'l Cp=0.030h 1), (Table 50),
The temperature did affect the specific growth rate of
KCH2, however, an increase in temperature bringing about
an increase in the specific growth rate. The biggest
increase was between 30°C, (p=0. 028h™1) and 35°C
(p—0. 040h'*1) ; the specific growth rate at 25°C was

0,025h-'* (Table 50).

3.8.9 Effect of storage of KCH1 and KCH2 on hexa-
minimal medium agar slants at 4°C on growth
rates,

As the length of time the isolates were stored
increased so did their specific growth rates. The
initial specific growth rate of KCH1 was 0.Q30h 1, but
on re-testing after 32 months maintenance and
subculturing on hexa the specific growth rate had
increased to 0, 140hY" (Table 51), A similar increase
was observed with KCH2 although Initially it had a lower
specific growth rate than KGH1 at the time of isolation
(0,027h 1). After 32 months storage, KCH2 had a greater

specific growth rate (0, ISOh™1) than KCH1 (0, 140nh"“*) ,

3.8.10 Growth of KCH1 and KCH2 on other' compounds
as sole carbon source.
KCH1 and KCH2 were tested for growth in liquid

culture with a variety of compounds as the sole source



Table 50. The effect of temperature on the specific

growth rate of the hexa-utilizing isolates

KCH1 and KCH2.

Isolate Temperature Specific growth rate <'')
ICCH1 25 0,030
30 0,030
35 0.030
KCH2 25 0, 025
30 0, 028
35 0. 040
Table 51. The effect of storage on hexa minimal

media slants

(4°c)

on the specific growth

rate at 30°G of the hexa-utilizing

isolates KCH1 and KCH2.

Time (months) after isolation

that specific growth rates

were determined

0

18

26

32
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Specific growth rate

(h”1) isolates

KCH1

0, 030
0. 038
0, 113

0. 140

KCH2

0. 028

0. 042

0. 125

0. 150



Table 52. Specific growth rates of KCH1 and KCH2

with wvarious carbon sources.

Specific growth rate (h~"1)

Compound KCH1 KCH2
Hexac" 0,140 0.150
Hexa<: 0.130 0,135
Formaldehydec3 i 0.080 0.090
Sodium formate 0 0
Methanol 0.135 0.130

(1) Hexa as sole source of carbon.

(2) Hexa as sole source of both carbon and nitrogen,

(3> Formaldehyde growth rate was determined by using
sealed flasks containing formaldehyde and

sacrificing flasks to measure 0. D.



of carbon; Table 52 gives the calculated specific growth
rates for KCH'l and KGH2 on these compounds. Both
isolates could utilize hexa as both the sole source of
carbon and nitrogen. Ammonia release has been
demonstrated (by Kessler’s reaction) when hexa was the
sole source of carbon and nitrogen. The specific growth
rates with no extra source of nitrogen present were only
©lightly lower than with an addtional nitrogen source.
Growth with methanol as the ©ole source of carbon for
KCH1 and KCH2 was almost a® good as with hexa as the
sole source of carbon. The growth rates of KCH1 and
KCH2 were lower when grown on formaldehyde as the sole
source of carbon, 0.080 and O0.0GOh""'l respectively,
compared with 0. 140h " for KCH1 and 0.150h 1 for KCH2
when grown on hexa. No growth was observed when formate

was the sole source of carbon.

3.8.11 Resplrometric studies with KCH1 and KCH2.

Respirometric studies were carried out with KCH1 and
KGH2 in a Gilson respirometer in an attempt to indicate
the possible mechanism of hexa degradation. All cells
were initially grown on hexa minimal ©alts medium and
harvested in mid-exponential phase, concentrated by
centrifugation and washed in 0.1M phosphate buffer, pH
7.2. Table 53 shows the initial (maximum) oxygen uptake
rate® by KCH1 and KCH2 with a series of organic

compounds. No oxygen uptake by either isolate was
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observed in the presence of hexa and a similar
observation was made with sodium formate. However,
oxygen uptake rates were observed with methanol and
formaldehyde for both isolates; the rates for methanol
were less than those with formaldehyde. KCH1 had a
lower oxygen uptake rate <0,98pl @;: min""'l), than KCH2
<1, 1SplOsK: min""'l my""'l) when metabolizing formaldehyde,
Table 54 gives the values for total oxygen uptake by
experiment and the theoretical maximum values. Both
sodium formate and hexa gave negligible values for total
oxygen uptake with KCH1 and KCH2, With methanol both
KCH1 and KCH2 gave the same percentage uptake of the
theoretical maximum, 74%, and with formaldehyde KCH1
utilized 77% of the theoretical maximum oxygen uptake

whilst KCH2 used 80%.

3,8.12 Utilization of hexa by KCHl1 and KCH2,

The two isolates were inoculated in triplicate into
minimal medium containing 0. 1g Il of hexa and grown at
30°C and 200 rpm. Samples were taken at intervals and
optical density, pH and residual hexa determined. The
amount of residual hexa was determined as formaldehyde
present when samples of supernatant were hydrolysed with
acid and the formaldehyde present due to hydrolysis of
hexa determined colormetrically by a modified Riker

method, (see section 2.9,2.1), It is passible to



Table 53,

and KCH2,

Substrate Max,

Hexa
Formaldehyde
Sodium formate

Methanol

Table 54.

Maximum oxygen uptake rates for KCH1

oxygen uptake rate <pl 0® min"7 mg"'l

dry weight of cells)

KCH1
0

0.98

0,79

KH.2

1.18

0.78

Experimental and theoretical total oxygen uptake

values far KCKl and KCH2.

Substrate

(pH)

2pH Hexa

I0pM Formaldehyde
I0pH Sodium formate

150M Methanol

Theoretical

O£ uptake (pi)

268,8

224

386

Observed (s uptake
KCHI KCH2

pi % Theoretical pL t Theoretical

1 0 3 1
174 w 173 80
15 7 6 3
243 74 248 74



Table 55, Removal of hexa (mg I'"1l) by KCH'l and

KCH2 against time.

Calculated removal of hexa (ng 1

from culture fluids

Time (h'~'7) KCH1 KCH2
0 0 0
6 0 0

7.5 - 0,8
10 2.3

17 23. 4 35. 9
24 50. 0 60. 9
30 69. 4 71. 9
48 73, & 75, 0
55 76. 6 75, 0
72 85. 9 84. 4

Initial concentration of hexa - 100mg I1
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relate directly the amount of residual hexa removed by
the isolates to the amount of formaldehyde detected,
This is because one molecule of hexa will breakdown
under acid conditions into six molecules of
formaldehyde. Table 55 shows the calculated wvalues for
the removal of hexa (mg 1.1 hexa) during the growth of
KCH1 and KCH2 on 0, 'lg T"1 hexa.

Mo removal of hexa was detected during the first 6
hours of incubation by either KGH1 <Figure 88) or KCH2
(Figure 39). A small decrease in the amount of hexa
(measured as formaldehyde), in the cultures was recorded
between 6 to 10 hours for KCH1 and 6 to 7,5 hours for
KGH2. A rapid decrease in the level of detected hexa
(measured as formaldehyde) was detected in the
hydrolysed supernatant samples of both isolates until 30
hours of incubation. After 30 hours incubation 69, 3mg
1 7 of hexa had been removed by KCH'l and 71,9mg I"™ ¥ of
hexa had been removed by KCH2 (when measured as
formaldehyde) see Table 55. A slower removal of hexa
(measured as formaldehyde) was observed after 30 hours
of both KCH1 (Figure 38) and KCH2 (Figure 39), This
slower removal of hexa almost corresponded to the onset
of the stationary phase for KCHl1 (26 hours)> stationary
phase for KCH2 having started at about 18 hours. From
the growth cui'ves for both KCH1 (Figure 38) and KCH2
(Figure 39) the specific growth rates can be calculated,

It was found that KGH2 had a slightly higher specific
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growth rate 0, 042h 1) than KCH1 (0, 038h~'' >. The
percentage removal® of hexa over a 72 hour incubation
period for KCH1 and KCH2 were almost identical at 85.9

and 84,4% respectively as calculated from Table 55,

3,8,13 Determination of growth using 1
radiolabelled hexa.

Hexa universally labelled with carbon 14 <1-'"C) was
diluted with unlabelled hexa (1843tl) and KCH1 and KCH2
grown an this mixture at 307”0 and 200 rpia in sealed
baffled flasks, The removal of ¥ activity from
supernatants was measured along with the increase in (1G
activity within the cell mass produced during growth,
The release of radiolabelled carbon (“CQsa) was also
determined by collection in Carbo-sorb. In addition to
monitoring radioactivity in each fraction, growth was
determined by measuring optical density at 530nm,

As the optical density of KGH1 increased, the level
of 1 activity in the supernatant decreased slowly
during the first 8 hours (Figure 40), This decrease in
activity was equivalent to a decrease in hexa
concentration of 4mg I"* (Table 56), A faster removal
of hexa was measured over the fallowing 16 hours which
gave a total removal after 24 hours of 38rag I"'l, This
faster reduction of 1nC activity (and therefore hexa

removal) continued until 32 hours of incubation at which
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Figure 40. Removal of (U-14C) hexa during growth of KCHI1.
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point 53mg I"* had been removed from the supex-natant
(Table 56), The rate of removal of 1dC activity
decreased after 32 hours but removal continued slowly
until the experiment was discontinued after 72 hours.
The calculated amount of hexa removed ater 72 hour® was
86mg 1 . As %AC activity was removed from the
supernatant an increase in optical density was observed.

A gradual increase in the level of 1 activity
within the cell mass was measured over the 72 hour's of
the experiment (Figure 40), After 72 hours, 3,12% of
the 1AC labelled,hexa removed was measured as labelled
carbon within the cell mass of KCHI. Only a small
amount of labelled 14COs was measured over the first 24
hours incubation, but subsequently the cumulative amount
increased with time until the experiment was
discontinued (Figure 40), KCH1 removes labelled hexa
from the culture fluid almost from time O0; this removal
corresponded with an increase in activity of the cell
mass of KCHI1. Growth of the isolate KCH1 corresponded
to the increase in 1*C activity in the cell mass and
decrease in the 1 activity of the supernatant. Little
labelled 17°COsa was measured until 24 hours after
incubation of KCHI.

When KCH2 was grown in the presence of radiolabelled
hexa the optical density was observed to increase as the
wA<Z activity of the supernatant decreased over the first

8 hours (Figure 41). This decrease in activity was



Table 56, Removal of hexa calculated by isotope

dilution with KCH1 and KGH2,

Removal of hexa (mg I"1)

Time (h) KCH1 KCH2
0 0 0
2 3,5 N.D
4 7.5 6.5
8 4,0 8.0

24 38 15

26 40 28

32 53 42

48 66 51

55 70 50

72 86 75

N, D. = Not determined

Initial concentration of hexa was 500mg 1"



14
Figure 41. Removal of (U- C) hexa during growth of KCH2,

120

100 0-5

90
80
-10

70

60

B % 00@

50 -1-5
40

30

20
20

10 1

10 20 30 40 50 60 70 80

Tim* (hour)
ISupematant activity (DPM X 1000)

14
EHE3Activity of CO” collected frcm exhaust gases (DPM X 1000)
eelll+Cell mass activity (DPM X 1000)
0~3Cptical density (hog.” 0.D.)

- 205



equivalent to a removal of 8mg I""l of hexa (Table 56)
The level of activity decreased more rapidly between 8
and 24- hours with 15mg I"1 hexa having been removed., and
after 32 hours 42mg I” 1 hexa had been removed (Table
56) . Figure 41 shows removal of activity in the
supernatant continued until the experiment was
discontinued after 72 hours, Table 56 shows that after
72 hours 75mg I"'1l of hexa had been removed from the
culture fluid by KCH2.

A gradual increase in the level of activity within

the cell mass was measured over the 72 hours of the

experiment (Figure 41). After 72 hours, 3,13% of the
1"G-labelled hexa removed was measured on 1 within the
cell mass of KCH2, Only a small amount of labelled

1/®:;e: was measured over the first 24 hours incubation,
after which time the cumulative amount increased wit3a
time until the experiment was discontinued (Figure 41),
The efficiency of 17COa collection method used in all
radioisotope experiments has been determined by
experimentation to be 38%4%.

With the efficiency of the 17COsa collection method
determined it is possible to calculate mass balances for
isolates KCH1 and KCH2 after 72 hours incubationin the
presence of CU-'l14C3 hexa.

The mass balance equation is described below;



,40B> activity , collected Cell mass Supernatant Supernatant

x efficiency correction _ activity activity time t activity t-o,

The mass balance for KCH1 after 72 hours Incubation

with CU~ 1r'C3 hexa is?

(5275 x 2.66+0.28) + 3724 + 98783 = 115061 to 118016 dpm
Co5 Cell Supt

Mass

The actual activity of supernatant at t-0 was 1%*18001
dpm.

It can be seen after correction for 17COss collection
efficiency, the calculated limits of the mass balance
Include the original supernatant activity.

The mass balance for KCH2 after 72 hours incubation
with (TJ-'+C) hexa is:

(5529 x 2.66+0.28) + 3651 + 99000 - 115810 to 118906 dpm

The actual activity of supernatant at t-0 was 116500
dpm.

It can be seen that after correction for 14(Q0s:
collection efficiency the calculated limits of the mass

balance include the original supernatant activity.



3.8.14 Removal of hexa at low concentrations.

3.8,14.1 Removal of hexa by activated sludge.
Previously unexposed activated sludge containing
5. 5x1 Qe microorganisms ml""*1 and at pH 7.2 was dosed with
uniformly labelled 14C hexa in sealed fermentation
units, at levels of 530/j.g hexa r~1 and 54p.g hexa I""1.
During these experiments the pH of the activated sludge
was measured at intervals and no significant wvariation
from pH 7.2 was observed. With 530pg I'"l of hexa
present in the test units, a lag of 4 days was observed
before removal of * activity from the supernatant was
detected. A rapid removal of W,C activity was measured
between days 4 and 14 (Figure 42), and after this time a
steady although slower removal of activity was observed
in the test units until the test was discontinued after
63 days. The total removal of *JC activity was
equivalent to 67% which corresponds to a removal of
407pg hexa I (Table 57). From Table 57, it is
possible to observe the initial 1lag in degradation; the
rapid removal of hexa corresponded to 212p.g 1™ in 10
days. Over the succeeding 49 days until the test was
discontinued, 195/ig I"'l was removed. This shows that
over half of the removal of hexa occurred during the
first 14 days. A small increase in the activity of the
cell mass (corrected for adsorption) was measured as

shown in Figure 42.



M X 1000)

Figure 42. Removal of low levels of hexa

by activated sludge.
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When collection of radiolabelled 17COs is considered
it can be seen that after an initial lag of 9 days, a
rapid increase in the accumulative amount of 1”COsa
collected occurred until day 18, after which a slower
increase in the amount of 17CCb: was measured until the
test was discontinued, The efficiency of 1

collection for this apparatus was determined to be

23.75%6.25%. The mass balance equation for activated
sludge exposed to hexa (530pg I"'l) for 63 days
is: -

<36821 =x 4.52%1,2) + 2514+ 26463 = 151590 to 238857 dpm

CO=: Cell Supt
Mass
The actual activity of the supernatant att-0 was

114614 dpm. The originalactivity present in the
supernatant was observed to be within the limits of the
mass balance.

When the initial amount of hexa was 52/ig I'"'l no lag
period was observed before removal of 1AQ activity from
the supernatant was detected. A rapid removal of
activity occurred during the first 11 days which
corresponded to 70% of the initial activity present at
time 0 (Figure 43) , Over the succeeding 28 days a
further 19.6% of the activity was removed giving a total

removal of activity of 89.6%. After day 28 only a very



Figure 43. Removal of lew levels of hexa

by activated sludge.
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small amount of hexa was removed, The removal of hexa
In /ig IT"™1 over the first 11 days was 36,8/Jtg 1 1 and
9.8pg I"'1l over the following 28 days until the test was
discontinued (Table 57). A total of 46,6/jig I"'1l of hexa
was removed by the activated sludge over a 39 day
period.

During the first 4 days 1little 17COx was detected*
but after this time until day 18 a rapid increase in the
amount of ""CCh: was measured. There then followed a
gradual tailing off of 1ACOs evolution. The mass
balance equation of activated sludge exposed to CU-1'C.1

hexa (53/j.g I""1l) for 39 days is

(2384 x 4,52%1,2> + 116 + 1164 - 9219 to 14869 dpm
CGa Cell Supt

Mass

The actual activity of the supernatant at t-0 was
11149 dpm. The original activity present in the
supernatant was observed to be within the limits of the
calculated mass balance, The 1 activity in the cell
mass (corrected for adsorption) initially increased
slightly as the * activity of the supernatant
decreased. After this initial increase the 14C level

remained almost static,



The activated sludge exposed to the higher level of
hexa appeared to remove the compound more slowly than

when exposed to the lower level of hexa,

3,8,14.2 Removal of hexa by a soil suspension.

A soil suspension (10g I'"'1l) at pH 7.5 previously
unexposed to hexa was dosed with labelled hexa in sealed
fermentation units at levels of 553pg I""l and 52. Ipg
I™1, During these experiments the pH of the soil
suspension was measured at intervals and no significant
change was observed. The number of viable
microorganisms per ml” 1 of the final volume of the test
suspension was 1.5x10%**. With 553pg I™'1 hexa present in
the test units no lag period was observed before removal
of ,,& activity was measured in the supernatant. A
rapid removal of 1 activity was measured in the
supernatant, A rapid removal of 1AC activity was
measured over the first 17 days of the test, but after
this the rate slowed considerably (Figure 44) until the
test was discontinued after- 61 days, The observed total
removal of 14C activity corresponded to 441pg I"'1
equivalent to 80% of that initially present (Table 58),
It is possible to calculate from Table 58 that 249pg I "
of hexa was removed during the first 17 days of the test
which is more than half (56%) of the total hexa removed.
Figure 44 shows that the level of i activity in the

cell mass (corrected for adsorption) increased initially
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Table 57, Removal by activated sludge of hexa added

at low concentrations.

Time (days) Amount of hexa pg 1 1 remaining
0 530 52
2 547 N. D.
4 531 43
7 509 22,2
9 510 N. D,
11 434 15, 2
14 318 12,1
16 330 H, D.
18 318 10 2
21 312 9.8
23 276 . D.
25 279 7,0
28 266 6.6
30 252 H. D.
32 243 6. 4
35 224 6,0
37 221 N. D,
39 217 5.4
42 203
44 207
46 192
49 187
51 176
53 173
63 123

ST.D, ~ Hot determined
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Figure 44. Removal of lew levels of hexa (530ug 1"1)
by soil.
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<24 days) and then remained steady until the end of the
test.

It can be seen that a lag of 7 days occurred before
any 1l4(Qsa was detected (Figure 44), After this time the
accumulative level of 1 Increased until the end of

the test at day 61.

The mass balance equation for soil exposed to CU-KLC3

hexa <530pg 1 1> for 61 days is :-

<14950 x 4.52%1.2) + 5021 + 25111 = 79916 to 115347 dpm
CO; Cell Supt

Mass

The actual activity of the supernatant at t=Q was
118026 dpm. The original activity present in the
supernatant was observed to be just outside the upper
limit of the calculated mass balance.

When the initial amount of hexa was 52, 1lpg I"'1l a
slight lag of 3 days was observed before any significant
removal of I1AC activity was detected (Figure 45). After
this time a rapid removal of activity was measured until
day 17 equivalent to 58.5% removal of 14C activity
added. The removal of hexa over the first 17 days was
21.6pg I"'1l and 15,9pg I''l was removed over the following
44 days (Table 58). A total of 37.5pg 11 of hexa was

removed by the soil over a 61 day period (Table 58).
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Table 58, Removal by soil of hexa added at two

concentrations,

Time (days) Amount of hexa (Jjag 1™") remaining
0 553 52. 1
3 4-95 50, 6
7 464 44. 5

10 N. D. 49, 0
14 414 39, 4
17 304 30.5
24 259 29, 3
40 207 21. 9
47 169 18, 7
61 112 14. 6
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During- the first 10 days of the experiment no 1%COsa
was detected, but after this time an increase in the
accumulative 1°®ss: level was measured until the
discontinuation of the experiment (Figure 45). The mass
balance equationof soil exposed toCU-'~'C] hexa (53/jtg

1-i) for 61 days is :-

(1155 x 4.52%1.2> +558 + 3251 =7655 tol0393. dpm
Co® Cell Supt

mass

The actual activity of the supernatant at t=0 was
11025 dpm. The original activity present in the
supernatant was observed to be juSt outside the upper
limit of the calculated mass balance. An increase in
the cell mass activity (corrected for adsorption) showed
an increase from time 0 until the test was the end of
the experiment at day 61. Both soil experiments gave

very similar results in terms of the trends observed.

3.8.14.3 Removal of hexa by river water.

River water was dosed with 530pg 1“" hexa. The
number of viable microorganisms in the river water was
2x10*- microorganisms ml""l. The pH of the river water
fell from pH 7.6 down to pH 6.3 over a 63 day period
with fastest drop over the first 23 days (Figure 46).

This corresponded with a rapid drop, in supernatant 1*C
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Figure 46. Removal of low levels of hexa 530 ug 1 1)

by river water.
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activity during which 84% of the original activity
disappeared from the supernatant (Figure 46). After
slow Initial evolution the level of accumulative 14COa
measured increased rapidly from day 10 until day 21 at
whicli time the rate of increase slowed considerably.
Very little increase in the accumulative 1WDe level
occurred after day 32 (Figure 46). The mass balance
equation for riverwater exposed to CU-'“Cl hexa (530pg

1'”71) for 63 days is:-

(69527 x 4.52+41.2) + 3740 + 2155 =237402 to 402199 dpm
QOsa Cell Supt

mass

The actual activity of the supernatant at t=0 was
116158 dpm, The original activity present in the
supernatant was not observed to be within this 1limit.
The amount of activity measured in the cell mass
(corrected for adsorption) increased slowly at first
then more rapidly until reaching a plateau at day 28.
After day 42 a gentle decrease in activity was measured

until the end of the test (Figure 46),

3.8,14.4 Biodegradation rates at low levels of hexa.
Table 59 gives the calculated first order
biodegradation rates for hexa with different

environmental samples determined from the decrease in



Figure 47. Effect if pH value on the degree of hydrolysis

over 6 hours.
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Table 59, First order biodegradation rates (d"~%)
of activated sludge, soil and river

water with liexa,

Level of hexa

10 1™ 10 -g 1I-"
Activated, sludge 0,367 0,4-50
Soil 0.271 0.276
River water 0.728 N. D,

H,D, - Rot determined



the activity of the supernatant (Figures 42-46), Soil
behaved almost identically at both levels of hexa,
whereas activated sludge had a much higher
biodegradation rate at the lower level of hexa. Both
values for activated sludge were faster than those
obtained with soil. River water had a "biodegradation

rate” much greater than any of the other samples at

0,728 d X.

3,8. 15 Acid hydx-olysis of hexa,

To duplicate flasks of varying pH was added 0.1g 1 (
of hexa and these flasks were incubated at 25°C
and200rpm for 6 hours. It can be seen from Figure 47
that after 6 hours incubation no detectable hydrolysis
was measured at pH 6.8 and above. As the pH fell the
amount of hydrolysis increased; at pH 6,5 - 33%
hydrolysis occurred after 6 hours incubation rising to

100% at pH 5.0.

3,8,16 Plasmid detection in KCH1 and KCH2.
Detection of plasmids was attemirfced by the method, of
Kado and Liu (1981) but none were found in either KCH1l

or KCH2 by this method of isolation,



3.8.17 Cell-free extract activity of KCH1 and KCH2
towards hexa.
Cell-free extracts prepared, from KCHl1 and KCH2 showed
no activity towards hexa when, measured as a function of
oxygen uptake in a Gilson respirometer over a period of

5 hours,

3.8.18 Vertical gel electrophoresis of cell free
extracts of KCH1 and KCH2.

Electrophoresis of cell-free extracts was performed
as described in section 2.9.18, After staining and
destaining no significant differencee in protein banding
between the two isolates KGHl1 and KCH2 were found

showing that the two isolates were very similar,



4.0 DISCUSSION.

4.1 Introduction.

The eight compounds tested during this study have
previously been shown in degradation teats to exhibit
aberrant behaviour and/or have given conflicting data
about their degradability. It was this inconsistent
behaviour which has made these chemicals of particular
interest and therefore the subject of this study. It is
intended to discus© the results obtained for each
chemical separately relating them to previously reported

work.

4.2 Degradation of BDSA.

BDSA was not degraded in the SCAS test during the 85
days of its operation. This is in agreement with Gerike
and Fischer <1979) and Painter et al., <1988) and also
with results they obtained for the degradation of BDSA
in screening tests, Painter et al., <1983) also
reported that in a SCAS test they performed for 5 months
<150 days) no degradation of BDSA was observed. Again,
this agreed with the SCAS test results obtained in this
study (Figures 18a and 18b)

In die-away tests performed with BDSA-exposed
activated sludge as the inoculum, positive values (25%)

for degradation were observed only with inoculum which



had not previously been exposed to BDSA. After exposure
to BDSA the activated sludge used as inoculum for die-
away tests gave negative values. This increase in DOC
may be explained by lysis of the inoculum cells during
the test. As the period o:f exposure of activated sludge
to BDSA increased (acclimatization) no increase in
degradation of BDSA was observed. On the contrary as
already mentioned effluent DOC values increased giving
negative values of removal. This disagree® with Gerike
and Fischer (1981) who observed that activated sludge
acclimatized in a Husmann unit dosed with BDSA <4

weeks) , could degrade this compound, in the closed bottle
and modified OECD tests, Gerike and Fischer (1981) go
on to say that this proves that degradation of BDSA is
"just a matter of acclimatization". In the Husmann
simulation test these authors obtained 84% DOC removal
after a lag of 4 weeks, while Painter (1985) reported
only 25% after 8 weeks. Pitter (1976) after
acclimatizing activated sludge for 21 days with BDSA
alsp reported that it was degraded but at a very 'low
rate (3.4mg COD g"'l h'"'l) . It is possible that the
difference in the results for degradation of BDSA (i.e.
Gerike and Fischer, Pitter, Painter and the present
study) may be due to the basic difference in the
activated sludge used as an inoculum, The activated
sludge used by Gerike and Fischer (1981) needed to be

acclimatized, to BDSA before it would degrade it and the



same need for acclimatization was observed with Pitter
(1976) .

However the activated sludges used tooth in this study
and that of Painter et al., (1983) did not acclimatize
to degrade BDSA and the assertion made toy Gerike and
Fischer (1981), that degradation of BDSA is "just a
matter of acclimatization" needs to be qualified for the
inoculum and the conditions ofthe tests used in their
determinations, Ho mention ismade by either Gerike and
Fischer (1981) or Pitter (1976) about the source of
activated sludge they used. The activated sludge used
in both the two British studies was obtained from water
reclamation plants treating predominantly domestic
sewage, If Gerike and Fisher’s activated sludge had
come from water reclamation plants treating greater
proportions of industrial effluent, the predominant
organisms may have been more susceptible to
acclimatization to degrade BDSA. In this connection, it
is of interest to note that ina ring test of the
manometric method (King and Painter, 1983) only one
laboratory reported, tolodegradation of BDSA with 95% ThOD
and 99% DOC removal. This laboratory had used as
inoculum activated sludge known to be constantly
receiving aromatic sulphonic acids of wvarious types.

During the operation of the SCAS unit it was observed
that the number of viable microorganisms present fell

dramatically when exposed to BDSA over the first 28



days, Then followed a slower decrease over the next 57
days (Table 15), The reduction of viable cells in the
activated sludge is thought to be only marginally due to
inhibition of microorganisms present by BDSA because the
maximum calculated inhibition of bacterial growth was
28% at 100mg I*"! BDSA. This level of inhibition when
applied to the viable microorganisms in the SCAS unit
would not give the reduction in viable microorganisms
observed. No plausible reason for the reduction in
viable cells can be put forward.

From this investigation it has been concluded that
BDSA is not readly biodegradable. It is not suprising
that no microorganism capable of degrading BDSA was
isolated. No information about the environmental fate
of BDSA is available and so environmental hazard

assessment is not passible.

4.3 Degradation of NMA.

Whether NMA can be classed as readily biodegradable
in the strict OECD sense is doubtful. Gerike and
Fischer <1979, 1981) found it to degrade in screening
tests only when acclimatized inocula were used and King
et al., <1985) achieved positive degradation in the 1ISO
test on only 3 out of 13 occasions. NMA was, however,
observed to be degraded in the SCAS unit after a lag of
77 days (Figures 20a and 20b) thus confirming the

results of King et al., <1984, 1985) who used the SCAS



test and Gerike and Fischer <1979) who used the Husraann
simulation method, Thus, NMA is inherently degradable
and treatable. Figures 20a and 20b demonstrated
graphically the lag with little degradation followed by
a dramatic increase in degradation between day 60 and
day 77, By contrast degradation was observed in die-
away tests performed with activated sludge taken from
SCAS unit dosed with NMA, even after the activated
sludge used as the inoculum had only been exposed to NMA
for 2 days. The initial level of degradation of HA
after 28 days in the die-away test using 2-day exposed
sludge was 86% this increased to 100% after the sludge
used as the inoculum had been exposed to NMA for 85
days.

The abiotic die-away test result showed a 55% removal
of NMA by a non—biological mechanism, It is obvious
that not all of the removal of NMA in the die-away tests
is due to degradation although almost half of it is.

After the SCAS unit has been in operation for 115
days the addition of NMA was discontinued to observe if
the activated sludge became deacclimatlzed to NMA. It
was found that in. die-away tests, performed during the
following 83 days that 100% removal of NMA was still
observed during the 28 days of each test performed as
shown in figure 21.

This indicates that once the activated sludge has

been acclimatised to NMA it does not lose its



degradative ability during an 83 days period. King and
Painter (1985) demonstrated that JBIMA acclimatised
activated sludge was not deacclimatized during a 202 day
period of time. It is suggested that IMA will be
degraded in water reclamation works becuase it is
degraded in SCAS units during a 24 hour period after
accllmatization.

The viability of microorganisms in activated sludge
treated with IMA remained similar to the number found in
untreated activated sludge. This is consistent with the
data for inhibition of growth of activated sludge
microorganisms by EfMA which showed little or no
inhibition upto 100mg I"™1 of NMA,

It has been possible to isolate a microorganism
capable of utilizing NMA as its sole carbon source.

This microorganism, a “ram negative bacterium, has been
identified with an 86,6% reliability of identification
as being an Acaligenes species. The isolated bacteria
KCNM1 was found to be very sensitive to antibiotics,
being resistent to only 3 of those tested namely
sulphamethoxazole/lrimethroprim, nltrofurantoln and
mecillinam. The growth rate of KCII1 varied only
slightly at the temperatures tested, 25, 30 and 35°C.

It is believed that with a doubling time of 2 days that
the isolate would be retained in the activated sludge
process. The pH of the growth medium remained constant

during growth of KCNMl. It was observed that a purple



colour formed if the growth flasks were left longer than
72 hours. It is thought that the catabolic function
associated with the degradation of WMA is not plasmid
borne because no plasmids were isolated from KCNM1,

IMA is synthesised from aniline by the addition of
methylchloride. Several bacteria that can utilize
aniline as a sole source of carbon and energy have been
isolated (Aoki et al., 1983, 1984; Helm and Rebar 1979;
and Zeyer et al., 1985), The degradative pathways
involved have not all been fully elucidated, but all
those studied so far have involved oxidative deamimation

to catechol, followed by either ortho- or meta-

cleavage. Few reports have been published concerning
bacterial metabolism of toluidines, (ring methyl-
anilines) , Pseudomonas strain J.IT is capable of growth

on o-toluidine via meta-cleavage pathway (Latorre et

al,. 1984). Growth has also been observed on m~ and p~
toluidine. Other reports of toluidine metabolism also
involved meta-cleavage pathways. Rhodoccus rhodocoecus

Sb4 has been shown to degrade o-toluidine via 3 methyl
catechol (Appel et al., 1984) and Pseudomonas
testosteronl has been shown to degrade p-toluidine via
4-methylcatechol (Raafoe et ..al., 1984) ,

FMA is a secondary amine with the methyl group on the
nitrogen (Figure 10) unlike the other methylanilines
where the methyl group is on the benzene ring, thus

making MMA less susceptible to microbial attack. Ho



microorganism has been reported in the literature able
to degrade NMA. Although during this study, no
investigation of the metabolic pathway of degradation of
NMA was undertaken, it is possible to speculate about
the pathway of NMA degradaton.

It is very unlikely that degradation is through
methyl catechol as proposed for the degradation of m~
toluate and p-toluate by Acallgenes eutrophus (Hughes
al., 1984) who proposed that the first degradation step
was deamination. This is because demethylation of NMA
by KCNK1l must occur before deamination can occur
therefore methyl catechol cannot be formed since the
methyl group would already have been removed. What is
more likely is that NMA is demethylated resulting in the
formation of aniline which is then degraded via catechol
and j3-~ketoadipate as shown in Figure 48. It has been
observed that ammonia is released during growth of KCNM1
on NMA although no quantitative data was obtained.

The speculated model of NMA degradation (Figure 48)
utilizes a known pathway for aniline degradation after
the initial new step of deamination, Microorganisms
very rarely create new pathways of assimilation/
dissimilation but develop existing pathways. The

speculated pathway in Figure 48 is put forward based on
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Figure 48. Speculated pathway for the biodegradation of
IMA by KCKiMI1, <I> HMA; CII> Aniline; <III) Catechol;
(IV) cis, cis-Iuconic acid; (V) Muconolactone and (VI)

$-Ketoadipate,
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Future work with KCH1l might include an investigation
into the degradative pathway of HA wutilized by KCM1
using the speculated pathway (Figure 48) as a starting
point. This would be of academic value because no work
has been published about the degradation, of f£fflA, In
addition to determining the pathway of MA degradation
by KCHJI1 it would be of interest to determine
degradation rates for environmentally realistic
concentrations of UMA using 1 labelling. It would
also foe worth investigating degradation of UMA by
activated sludge and KCNK1l at realistic environmental
temperatures to assess the true likelihood of JSIM being

degraded in the environment,

4,4 Degradation of 2 and 3CBA,

4,4.1 Degradation of 2CBA.

It is generally accepted that 2CBA is not readily
biodegradable even when ready tests were performed with
acclimatized inocula (Gerike and Fischer, 1981), In
this study 2CBA was not degraded in a SCAS test during
the whole 275 days of the test (Figures 19a and 19b),
but King et al., (1985) using only 2mg 2CBA C I"'1
instead of 20mg I'"'l, found that the compound was
degraded. Inocula taken from the SCAS units degraded
2CBA by 90% in 14 days in DOC die-away tests. Lund and

Rodriguez (1984) reported that they found no adaptation



of activated sludge to 2CBA <1lg 1 1> in a modified SCAS
procedure over more than 30 days. However, Haller
(1978) observed degradation of 2CBA <lémg I"'l) after a
lag of only 25 days in waste water at 30 °C,

Gerike and Fischer (1979) found 2CBA to be degraded
<97% removal of DOC) in a simulation test (Husmann)
using synthetic sewage, but King et al., (1984) wunder
the same conditions found only 30-40% DOC removal,
although when the experiment was performed with domestic
sewage 100% degradation was observed after a lag of 4
weeks. Incidentally, King et al., <1984) found
virtually no difference in either the percentage
removal, or standard deviations of the percentage
removal when using the Husmann units in "singlel or in
"coupled" mode, as used by Gerike and Fischer <1979).

No acclimatization of activated sludge to 2CBA was
observed in the present study over the 245 days of the
SCAS test and no degradation was observed in any of the
die-away tests performed with inoculum taken from the
SCAS test.

2CBA had little effect on the total number of viable
microorganisms present in the SCAS unit. Neither did it
have any affect on growth of sludge derived
microorganisms below 32mg I"'l 2CBA. It did show 30%
inhibition at 100mg TI"'l 2CBA indicating a weak
inhibitory effect; the EC50 value for 2CBA was

calculated to be greater than 1l00Omg I''l. No further



investigation into the inhibitory properties of 2GBA
were made as it did not appear to toe degradable so did
not have) any further interest to this project. It is
thought that 2CBA would have little effect on activated
sludge if it entered water reclamation works at levels
below 100mg 1 1, At higher concentrations 2CBA is known
not to be easily soluble and so may not be soluble at a
level equivalent to its EC50 value.

From the information about the biodegradatoility of
2CBA it is clear that it is not readily biodegradable
but under certain conditions it exhibits inherent
biodegradatoility. When simulation tests were performed
on the 2CBA it was found to be degraded by two separate
groups of workers, Gerike and Fischer <1979), and King
et al., <1984). These, data indicate that 2CBA should
not present an environmental problem as it will be
degraded under environmental conditions.

There is uncertainty about how degradable 2GBA is,
which may be due to the different sources and types of
inoculum used in the test methods employed by various
workers. This study used activated, sludge from a water
reclamation plant treating predorainaiitly domestic
effluent and did not degrade 2CBA under the test
conditions employed, Other workers may have used
activated sludge or sewage from water reclamation plants
treating industrial effluents which would have a greater

likelihood of having previously been exposed to 2CBA or



similar compounds. This would increase the chances of
the activated sludge containing microorganisms with the
ability to degrade 2CBA.

It has been demonstrated by Sharaat and Maier (I960)
that enriched activated sludge in continuous culture can
be adapted to produce a population of predominantly
Pseudomonas species capable of degrading 2GBA,
Coraetabolism in continuous culture has been demonstrated
by Veerkamp et al.. <1983). This information helps to
substantiate the idea about the effect the source and
type of inoculum may have on degradation of 2CBA,

Under normal conditions of use it is not believed
that 2CBA would enter the environment directly, but
rather it would appear in the environment because of the
breakdown of the products of which it is an intermediate
or key component. These products include glues and
paints where it is used as a preservative, it is also
used as an intermediate in the manufacture of fungicides
and dyes.

From this study it would appear that 2GBA is not
degradable at 20mg C I"'1 <36.3mg 1 '), but it is
degradable at lower 1levels, Painter <1985) 2mg C 1™"
<3.7mg I and Haller <1978) 1lérag I"'l, This
observation would warrant further investigation and
could perJaaps be coupled with investigation of the
behaviour of environmental 1levels of 2CBA <pg I"1l) using

1 labelled 2CBA with assorted environmental samples.



4,4,2 Degradation of 3CBA,

It took 54 days for the convergence of the SCAB unit
being dosed with 3CBA and the control SCAS unit,
indicating complete degradation of 3CBA during each 24
hour cycle of the SCAS test (Figure 25a), This result
indicates that activated sludge requires a finite length
of time to acquire the ability to degrade 3CBA in the
SCAS test (acclimatization), With the die-away tests
performed with activated sludge from the SCAS unit being
dosed with 3CBA, very high removals of 3CBA were
observed; however, even with previously unexposed
activated sludge as the inoculum high removals were
obtained. This indicates that the ability to degrade
3CBA is already present in activated sludge before
exposure to the compound,

Zahn and Wellens (1980) found 3CBA to be readily
biodegradable using river water as the inoculum source.
It was also found to be readily biodegradable by Painter
et al., (1983) using the ISO die-away test, King et
al,, (1984) reported that 3CBA was removed extensively
in simulation tests using both synthetic and domestic
sewage. Mot all workers have found 3CBA to be as easily
degradable as already described. Two groups of workers
found that 3CBA did not degrade unless the inoculum had
previously been acclimatized to the compound, namely
Gerike and Fischer (1979 and 1981) and also Lund and

Rodriguez (1984), It would appear that these workers



are in the minority with the majority of workers finding
3CBA easily degradable.

In the die-away tests it was observed that 3CBA was
still degraded even when the inoculum had not been
exposed to 3CBA for up to 178 days (Figure 26). This
indicates that the ability to degrade 3CBA is not 1lost
even when the activated sludge has not been exposed to
the compound for long periods, that is, it is not
deacclimatized. It is clear that the 3CBA d.egradative
mechanism is very stable. It is also clear from the
die-away tests that it is a biological mechanism which
removes the 3CBA because only about 20% removal was
observed in the abiotic control,

The ability to degrade 3CBA would appear always to be
present and does not need time for the activated sludge
to acclimatize. Time is required for the activated
sludge to select for organisms which can degrade 3CBA
fastest, This is why there was a 54 day lag before 3CBA
was completely removed during each 24 hour cycle of the
SCAS test.

The viability of the microorganisms found in
activated sludge was not affected by 3CBA during the
operation of the SCAS unit, Neither was inhibition due
to 3CBA observed during inhibition tests performed on
activated sludge, the EC50 value for 3CBA on activated

sludge being greater than 100mg TI™'l.



4.4,2.1 Competent Isolates.

It was possible to isolate four .microorganisms
capable of utilising 3CBA as their sole source of carbon
at 0,5g 3CBAa 1"-'. The four isolates KC'l3, KCl6, KC20
and KC21l were found to be very similar and were
identifed by using the API 20E test system; all four
were found to be Pseudomonas species. isolate KC13 was
identified as Pseudoaonas putrefacens with a 92,9%
reliability of identification, isolates KC16 and KG21
were identified as Pseudomonas fluorescens/putida with
87 and 91% reliability of identification respectively.
Isolated KC20 was identified only to species level and
was found to be a Pseudomonas species.

Although KC1l6 and. KC21 were Identified as the same
type of organism they were found to be different from
one another in several respects. KC21 utilized
mellbiocoae and trehalose, and in addition was found to be
resistant to kanomycin, while ECl6 was not able to
utilize the two sugars and was sensitive to kanomycin.
This information shows that all four isolatesare not
the same and are independent of each other.

Isolate KC21 had the highest specific growth rate
followed by KC16, KC13 and KC20. While specific growth,
rates were unaffected by temperature between2b and
30*C, they were 1lower at 35%0,

Storage of the isolates on 3CBA minimal salts medium

over 20 months with continuous subculturing, resulted in



selection of mutants with higher specific growth rates
because of continuous selection pressure, After 20
months isolates KC1l3, KC1l6 and KC20 all had, the same
specific growth rate as one another and higher than
originally determined, KC21 had in the same time almost
doubled its original specific growth rate and grew much
faster than the other three isolates.

All four isolates were found to contain plasmids,
indicating thaéqiype of catabolic function could be
either plasmid borne or chromosomal. Isolates KC13,
KC1l6 and KC2G contained one plasmid which appeared to be
common fox- all three, but KC21 had 3 plasmids all
different to those observed in the other isolates.

Other workers have isolated 3CBA-degrading organisms
with possibly the most documented being Pseudomonas B1l3
isolated by Dorn et al,, <1974), Other 3CBA-utilising
pseudomonads have been isolated by Johnstone et al.,
(1972) and Hartman et al., (1979), In addition to
microorganisms which can utilize 3CBA as their sole
source of carbon, organisms which can degrade 3CBA by
cometabolisra with benzoate have been isolated. Examples
of these organisms are an Arthrobacter species isolated
by Horvath and Alexander (1970) and a Pseudomonas
species isolated by Veerkamp et al., <1983).

It has been established in the present work that all
four 3CBA degrading isolates degx~ade 3CBA by causing

cleavage of the benzene ring before chloride is released



(Figures 27 to 30). Bach isolate released the maximum
theoretical available chloride present, although at
different rates. KC21 released chloride the most
rapidly after ring cleavage, followed by decreasing rate
of chloride release by KC1l6, KC13 and KG20, This
difference is presumably due to differences in the
activities of the enizym.es which cause dehalogenation.
The dehalogenation of 3CBA may not be due to specific
dehalogenases but rather to enzymes which metabolize
halogenated intermediates formed by ring cleavage to
unstable compounds which in turn spontaneously liberate
halide ionms. This idea was proposed by Knackmuss (1979)
after* he demonstrated that benzoate-grown cells of
Pseudomonas B1l3 possessed enzymes with only low levels
of activity towards chlorocatechol, but did observe
release of chloride ions.

During this study it was shown that all four 3CBA-
utilizing isolates could grow on 3CBA upto 1.0g Il
releasing the theoretical maximum available chloride.

It was observed that the amount of 3GBA present affected
chloride release differently in each isolate. With KC16
an increase in 3CBA present during growth increased the
rate of chloride release, whereas with KG13 and KC20 an
increase in 3CBA produced a lag before chloride release
was observed. Overall for isolates KC'l3 and KG20 a
reduction in the rate of chloride release was observed

compared to KC1l6 indicating an initial temporary



inhibition of isolates KC13 and. KC20 only“increased
levels of 3CBA. With isolate KC21l chloride release was
faster at 0,75g 1 " 3CBA than at Q,5g 1 1 but it was
slower at 1. 0g I"1 than at 0,75g I"'l though faster than
at 0.5g I'"1l. This would indicate that between Q.75g I"'1l
and 1.0g I"'l the optimum concentration for growth of
3CBA has been passed and is now beginning to inhibit the
rate of chloride release by KC21,

If was found that none of the Isolates could grow on
2 or 47CBA, indicating that the mechanisms to degrade
these chlorobenzoates were not present in the 3CBA-
degrading isolates. Growth of the four isolates on
other chlorinated compounds was investigated and only
chlorosuccinate gave growth of all four isolates, All
four isolates grew weakly on chloroacetate and
chloxopropionate with the excef>tion of KC13 which could
grow well on chloropropionate, 1lone of the isolates
could grew on chloroacetaldehyde,

Three degradative ring fission pathways for benxoid
rings are possible, the ortho or J3-ketoadipiate pathway,
the meta. and gentisate-pathways. Each pathway has
sx->ecific intermediates associated with them, the ortho-
pathway having acetate and furaarate, the meta-pathway,
acetaldehyde and pyruvate and the gentisate-pathway
gentisate, pyruvate, furaarate and maleate. Each isolate

was tested for growth on all of these compounds except



maleate. The four' isolates grew on pyruvate, furaarate
and acetate, tout none grew on acetaldehyde, These data
would appear to discount the met&~pathway because
acetaldehyde is an intermediate of this pathway.

Further evidence to discount the meta-pathway comes from
the fact that all the isolates exhibit ring cleavage
followed by dehalogenation, while in the meta~pathway
ring cleavage and dehalogenation appear to occur
simultaneously rather than sequentialy. This would
strongly indicate that the meta-pathway is not used toy
the four isolated microorganisms. In addition it has
been reported that the meta-pathway produces toxic and
inhibitory metabolites (Knackrauss, 1979; Murray et al.,
1972) causing' self inhibition.

With respect to the gentisate-pathway the starting
compound, gentisate, is not utilized by any of the
isolates, which almost cei-tainly indicates that this
pathway is not responsible for the degradation of 3CBA
toy the four isolates. Some contradictory evidence
arises from the fact that tooth furaarate and pyruvate,
intermediates in this pathway, are tooth utilized. These
are commonly utilized compounds and it is proposed that
the isolates utilize the compound]£t:y some other $>athway
such as the trica.r'boxylic-pathway in the case of
furaarate and pyruvate. Glucose was tested to show that

the isolates were viable at the time of the experiment.



As yet no microorganisms have been isolated toy any
workers which can utilize the gentisate-pathway. This
is most probably due to the production of toxic and
inhibitory metabolites.

The final pathway not yet discounted is the ortho-
pathway; the intermediates studied which are part of
this pathway wei'e acetate and furaarate. Both these
compounds were utilized toy all four isolates, which is a
good indication that this is the pathway utilized to
degrade 3CBA toy the four isolates.

This hypothesis was further tested by respirometry of
the four isolates with acetate, acetaldehyde, furaarate
gentisate and j3-ketoadipate, In addition to the
compound previously tested, J3-ketoadipate was also
tested as this is the key intermediate in the ortho-
pathway, Gentisate was not utilized by any of the
isolates, which is further evidence for this not being
the pathway for 3CBA degradation. All isolates were
shown to utilize oxygen in the presence of acetaldehyde
(all less than 47% of the maximum theoretical wuptake).

It is true that pyruvate the other important metabolite
associated with the meta-x->athway was utilized toy all the
isolates which is evidence for this pathway. However,
when the maximum oxygen uptake rates were calculated it
was found thaggiate was much lower for acetaldehyde than
for any of the other' intermediates. This appears to

indicate that the acetaldehyde is toeing transformed into



toxic or inhibitory metabolites resulting in the oxygen
uptake observed. Dagley and Chapman <1971) suggested
that low oxygen, uptake such as obtained with
acetaldehyde indicates that it does not lie on the
pathway of oxidation. £~Ketoadipate was utilized by all
the isolates consuming between 44 and 60% of the
theoretical oxygen uptake. In addition it was
calculated that the maximum oxygen uptake rates were
very high indicating; the compound was being actively
metabolized. All the isolates utilized both acetate and
furaarate the two Important intermediates of the ortho-
pathway. Between 51 and 66% of the theoretical maximum
oxygen demand possible from acetate was observed, this
together with the high calculated oxygen uptake rates
indicates that the Isolates are actively metabolising
acetate. For furaarate, 65-83% of the maximum
theoretical oxygen uptake was observed for the all
isolates, and was coupled with very high maximum oxygen
uptake rates, The combination of all these data 1leads
to the conclusion that the pathway by which the isolates
utilize 3CBA is the ortho-pathway (Figure 49). One
possible reason for intermediates associated with the
other two pathways being oxidised readily e.g. pyruvate
is that the enzymes for its metabolism may be

constitutive (Stanier, 1947).



Figure 49. Compound Index

(1) 3~chlorobenzoic acid

(2) 3-chlorol-dihydroxy benzoate
(3) 5-chloro-dihydroxy benzoate
(4) 3-chloro-catechol

(5) 4-chloro-catechol

(6) a-chloro-muconic acid

(7) j3-chloro-muconic acid

(8) J3-ketoadipate

(9) acetate

(10) furaarate

I, II and TIII are hypothetical unstabl

intermediates.



Figure 49.

Ortho {0O-ketoadipate) pathway

COOH
@)
COOH
LoH
@)
OH OH
(4)
COOH OOH
A COOH COOH
(6)
cC L,
COOH COOH
0
X6 COOH
III
COOH
®) CI°
, CH3 (9)
o// \OH
H COOH (io)
NC=CN
HOOCT H

249

(3)

kI



The maximum theoretical oxygen uptake was not
observed except on a few occasions namely for sodium
benzoate and 3CBA. The short-fall was most probably due
to only a proportion of the substrate being completely
oxidized, the remainder being assimilated as
intracellular metabolites (Barker, 1936; Clifton and

CbfW eW., C«S6)
Logan, 1939,' A > Dagley and XTicholson (1970)
proposed entry into the tricarboxylic acid cycle for the
biosynthesis of amino acids. Fewson, (1980) proposed
that only two-thirds of an aromatic compound is
mineralized, whilst the remaining third is converted
into new cell material under aerobic conditions.

It is not a surprising conclusion that the ortho or
J3-ketoadipate-pathway is involved in the degradation of
3CBA, both on consideration of the data and the fact
that it is one of the major microbial pathways for the
dissimilation of aromatic and hydroaromatic compounds,
(Stanier and Ornston, 1973),

It might foe appropriate to discuss here why only the
3-isomer was found to be degraded, The literature has
other examples of organisms capable of degrading 3CBA
which have already been discussed, but examples of 2 and
4CBA~degrading organisms are much less common, Hartman
et ale, (1979) and Marks et ale, (1984) have detected
growth on 4-CBA in some species of Pseudomonas, while the
wox-k of Hartman et al., (1979) showed isolates capable

of growing on either 3 or 4CBA, but with a lower growth



rate on 3CBA. Marks et al,, <1984) isolated a strain of
Arthrobacter species capable of utilizing 4CBA as the
sole carbon source but not 2 or 3 CBA, This organism
dehalogenated 4CBA as the initial step in the
degradative pathway in a similar manner to the strain
isolated by Johnston et al., <1972),

It is significant that 2CBA was not degraded by
activated sludge neither was it utilized by the 3CBA
degrading isolates. These same isolates were found to
be unable to utilize 4CBA. The most probable reason for
the lack of 2CBA utilization is steric hindrance at the
2 or ortho-ring position making dehalogenation very
difficult, Vhen the chlorine is in the 4 or para ring
position a negative inductive effect reduces the
reaction rate to a negligible value. Consequently only
the 3 or rneta substituted chlorobenzoic acid is readily

bi odegracldo't

4,4.2,2 Future work.

3CBA is clearly degradable both on the evidence of
this study and that of other workers. Further work on
this compound therefore might include an investigation
into the dehalogenation mechanism of the isolates, to
determine if chloride release is spontaneous or due to a

specific or non-specific dehalogenase.



4.5 Degradation of CPTCA. and THFTCA.

4,5.1 Degradation of CPTCA,

The cis, cis, cis, cis isomer of CPTCA was not found
to be degraded in the SCAS test during the 175 days of
its operation. This result is in agreement with those
of Painter <1986) who also performed an activated sludge
simulation, Gerike <1978) did not find any evidence for
either ready or inherent biodegradability of this
compound, and further work <Gerik.e and Fisher, 1979)
showed that in seven tests in which they investigated
CPTCA, no degradation was observed, Gilbert and Lee
<1980) found that the cis, trans, cis, trans isomer of
CPTCA was degraded by 85% in the SCAS test after an
eight week lag, They also reported 0-30% removal in a
ready test depending on the sterioisomer but the isomers
investigated were not recorded in their paper,

The activated sludge in the SCAS unit in the present
work was found not to have acclimatised to CPTCA and did
not develop) the ability to degrade CPTCA as shown by
only negative DOC values for degradation after 28 days
incubation in die-away tests <Table 7).

CPTCA had little effect on the total number of viable
microorganisms present in the SCAS test unit compared to
the control <Table 8), The compound was found to be
non-inhibitory to microorganisms and had an EC50 value

of greater than 100mg I"'1l, Painter (personal



communication) has found that the inherent error of the
test for inhibition of microorganisms maybe as much as %
20%, It is not surprising that microorganisms capable
of degrading CPTCA were not isolated since the compound
was not found to be inherently biodegradable by this
investigation.

The intended use of CPTCA was as a phosphate
substitute in detergent powders to combat hardness of
water. It is because detergents are widely used that
the potential problem is very large. Substitution of
phosphate is on first consideration a good idea because
phosphate can be a px-oblem in water courses causing
algal blooms which on decomposition may release toxic or
noxious substances.

However, the available data indicates that the cis,
cis, cis, cis isomer of CPTCA is not biodegradable and
the cis, trans, cis, trans isomer is blodegrable but
only after an 8 week lag per*iod. Would the replacement
of phosphates by CPTCA in detergents create a different
but equally important problem namely the accumulation of
CPTCA ~°. Some CPTCA is at best degraded only after a
lag period of 8 weeks, or not at all, depending on the
isomer. It may prove to be a greater environmental
problem than the phosphates it is supposed to replace,
even if sufficient quantities of the degradable isomer
could commercially be produced. It is true that it has

an EC50 value of greater than 100rag I™'l but nothing is



known of its behaviour in the environment or its
accumulation in the environment. More work must be
performed to determine what environmental impact CPTCA
would have if it were to be used as a phosphate
substitute in detergents,.

It would ax”091" from the data available for this
compound that it may not be a suitable replacement for
phosphates in detergents. This is because CPTCA appeal's
only to degradable in the cis, trans, cis, trams form
after an 8 week acclimatization period and other
available information is very limited, It is not known
if the degradable isomer would be removed during
effluent treatment in water reclamation works. Further
work is required including simulation tests and
investigation of the environmental toxicity of this

compound.

4.5,2 Degradation of THFTCA.

THFTCA did not initially degrade in the SCAS test
during the first 57 days, but a gradual increase in
degradation from negligible to approxinnately 100%
degradation was observed between day 57 and day 90
(Figures 22a and 22b) . This shows that the 20mg C 1™f
of THFTCA present in the SCAS unit at the start of each
aeration could be totally degraded during a 24 hour
aeration period. Complete acclimatization of activated

sludge to THFTCA took 90 days; a similar observation was



made by Painter, (1986) in SCAS tests. This is strong
evidence to suggest that adaptation of the activated
sludge population requires an extended period of
exposure to THFTCA Cll to 13 weeks),

Ho removal of THFTCA in 28 day die-away tests was
observed with activated sludge exposed to THFTCA for
only 2 days as inoculum, although 89% removal was
observed with inoculum which had been exposed to THFTCA
fo 30 days. All further die-away tests showed 100%
removal of THFTCA. Figure 23 graphically shows the lag
in degradation in die-away tests, and also that it was
not passible to deacclimatize the activated sludge over
a 3 month period. Painter (1986) reported an 11 week
acclimatization period of the activated sludge inoculum
for 100% removal to occur. The degradation of THFTCA
has been demonstrated to be due to a biological function
as no degradation was observed in the abiotic control.

It is believed that the ability of activated sludge once
acclimatized to degrade THFTCA is stable as it was not
lost over a three month attempt to deacclimatize it.

Painter (1986) indicated that THFTCA may be
inhibitory, at least initially, to activated sludge in a
Porous Pot simulation test} no degradation of the
compound was observed during the 9 week period of the
test. No difference in the growth of activated sludge
on sodium acetate/nutrient broth was observed between

dosed and undoaed activated sludge with THFTCA during



this study. The inhibition test on activated sludge
showed that THFTCA was not inhibitory.

A microorganism capable of utilizing THFTCA as its
sole source of carbon has been isolated and designated
KCTI. This microorganism has been identified as a non-
pathogenic, gram positive, coryneform rod, exhibiting a
rod/coccus life cycle by the MCIMB. There is no
evidence in the literature of any other microarganism(s)
capable of utilizing THFTCA.

KCTI was shown to be temperature sensitive; as the
temperature increased the specific growtli rate
decreased. It was also observed that over an 82 hour
period the pH of the culture fluid increased from pH 6,4
to pH 7.1. This increase in pH was presumably due to
decarboxylation of THFTCA, Indeed, Smith and Tricket
(personal communication) have recently reported high
levels of decarboxylase in KCTI, although no pathway for
THFTCA has yet been proposed. The catabolic function
for THFTCA degradation is not thought to be plasmid
borne as no plasmids were isolated from KCTI.

It is not envisaged that THFTCA would provide an
accumulative environmental hazard in sewage treatment
works at levels upto 1l00mg 1 1, The reasons for this
are 1) it is broken down in SCAS tests within 24 hours
once the activated sludge has acclimatized at 20mg
C I"! and il) it is not inhibitory up to this

concentration.



From the environmental point of view, THFTCA would be
a better substitute for phosphate in detergent
Bformulations than CPTCA, which, is not readily degradable
in the cis, cis, cis, cis form.

Future work with THFTCA would involve the use of 1*C
radioisotope to investigate degradation of THFTCA at
environmental levels </ig I”"l> and at realistic
environmental temperatures. Attempts to elucidate the
metabolic pathway of THFTCA degradation should also be

attempted.

4.6 Degradation of t--butanol.

Reports of the biodegradation of this compound are
confused because of its volatility, which most authors
appear to have ignored. From its structure ie tertiary
carbon atom, it would be expected to present
difficulties, The majority of workers report that t-
butanol is not readily biodegradable, since for example,
in a ring test using a respirometric method only 2 of
the 11 participants rej>orted more than a 60% theoretical
oxygen demand (King et al,t 1985). The oxygen demand in
these two cases indicated that t-butanol was being
degraded within the enclosed test vessels. In the
present study t~butanol was removed from the SCAS unit
(23 hours aeration period) from the start of the SCAS
test without the need for an acclimatization period

(Figure 15a and. 15b) and continued to be removed until



the end of the test on day 118. This is in contrast to
results of simulation tests (3-hour retention period)
with activated sludge; neither Gerike and Fischer (1981)
nor King et al., (1984) found much removal of t-butanol
in the 9 weeks duration of the test, although Gerike and
Fischer (1981) did observe removal of t-butanol when
using the more lenient “square wave feed"“ version of the
Husmann test. In the study by Gerike and Fischer (1981)
acclimatized sludge failed to degrade t-butanol in a
"ready test" but Painter et al., (1983) found SCAS
acclimatized sludge did not degrade t-butanol after 18
days.

Volatilization of t-butanol was demonstrated in a
SCAS unit containing only 20mg C 1"“1 of t-butanol in
aqueous solution and aerated at the same rate as in a
normal test (0.5 1 min¥1l). During a 24-hour period 92%
of the t-butanol present at the start of aeration had
been removed. The only passible mechanism for this
occurrence was volatilization. This idea of
volatilization is in direct contradiction to the results
reported by Horn et al., (1970), who reported that only
1% of the t-butanol removed was lost by evaporation (air
stripping) and the remaining 99% by biodegradation in an
activated sludge plant. King and Painter (1983>
reported that in aerated Husmann units receiving t-
butanol in the presence of no biological agent, only 8%

of the t-butanol originally present disappeared due to



volatilisation, in the normal 3 hour aeration period,
Gerike and Fischer <1981) measured 0% CO > production
with t-butanol in the 28 day-Sturm (ready) test, but
observed 32% DOC removal which would indicate removal by
volatilisation.

Removal of t-butanol was observed in all the die-away
tests from the first one set up with inoculum taken on
day 2 of the test (Figure 16) . The removal of t-butanol
continued even when the inoculum was activated sludge
which had not been exposed to t-butanol. It was
interesting that the abiotic control exhibited 63%
removal of t-butanol during the 28 days of the die-away
test, Obviously the removal of t-butanol was not due to
any biological agent.

It was proposed that t-butanol may have been morwe
volatile in aqueous solution than previously thought.
This idea was tested by conducting a series of further
die-away tests (Table 11). This data shows that shaken
flasks closed with porous bungs have slightly more t-
butanol removed than static flasks that is, 89 and 81%.
With similar flasks sealed with silicone bungs the
proportion removed was much less, namely 35% in shaken
flasks and 29% in static flasks. In abiotic controls
removal of t-butanol was observed in all flasks although
less than in the flasks with viable activated sludge,
Thus the majority of t-butanol removal was by

volatilisation and less than 20% of the removal observed



could be related to biodegradation. A further set of
abiotic control flasks containing no activated sludge,
gave very similar results to flasks containing sterile
activated sludge showing that loss of t-butanol was not
due to adsorption.

As a direct result of this study, Painter (1986)
performed further die-away tests using the method
developed, during' this invest!gation and described in
section 2.4.4 and found that up to 63% of t-butanol was
lost by volatilisation in unsealed flasks normally used.
This method of using sealed flasks could perhaps be used
to help determine the biodegradability of volatile
chemical® which is difficult to do using current
methods, It is a simple, cheap and effective method
which are important factors when testing large number®
of volatile compounds.

During the operation of the SCAS unit slightly lower
viable counts were obtained for the unit exposed to t-
butanol than for the control unit. The reason fox- this
is unclear’ but it is not thought to be due to inhibition
of microorganisms in the activated sludge as the counts
are within acceptable experimental error.

I» microorganism capable of utilizing t-butanol was
isolated even though there was evidence to suggest t-
butanol is degraded to some extent by activated sludge.
It has however been reported by Romadina et al,, <1984)

(English abstract) that two Pseudomonas specie®© have



been isolated which could degrade t-butanol and they
continued to do so when added to activated sludge units.

The data from this study indicates that majac-
mechanism of t-butanol removal is volatilization.
However, the fact that other workers (Romadina et al,,
1984) have isolated microorganisms which can degrade t-
butanol must not be discounted. It is suggested that
discrepancies between the data of different workers may
be arise from uneven distribution of competent
microorganisms globally. This may foe due to the fact
that the reservoirs of microorganisms used by workers
have been exposed to t-butanol prior to use in
experimentation, pei'hap?s allowing acclimatization tD the
test compound,

In conclusion t-butanol has been demonstrated to be
removed from teats although the mechanism is unclear.
In this study removal has been attributed to
volatilisation although other* workers have demonstrated

a biological mechanism.

4.7 Degx-adation of hexa.

In a SCAS unit being dosed with 20mg C 1 1 of hexa
daily, it was not possible to detect any significant
daily removal of the compound; with only approximately
17% removal on average over the 24 hours aeration
period. The SCAS unit was operated for 205 days without

the removal of hexa altering significantly. This agrees



with the results (.15-20% DOC removal) of Painter and.
King (1986) for simulation tests performed on hexa.
These results suggest that hexa is neither inherently
degradable nor treatable. However when the daily
addition of hexa and synthetic sewage to the SCAS unit
was discontinued and removal of hexa followed for' a
number of days, it was found that 75% DOC was removed
over a subsequent 10 day period indicating at least
inherent biod.egrad.ability.

Further, Painter and King (1986) reported that 100%
removal of hexa was obtained in die-away tests when
acclimatized activated sludge was used as the source of
inoculum. Similarly, high levels of hexa, up to 87%,
after 28 days were obtained in die-away tests during
this investigation, though when the activated sludge
used as inoculum had been exposed to hexa for as long as
205 days in a SCAS unit, 100% removal was not observed
as reported by Painter and King (1986), The ability to
degrade hexa in die-awy tests was not lost even after 3
months deacclimatization.

The viability of microorganisms in the SCAS unit
being dosed with hexa, fell from 2. IxICF' microorganisms
ml” 1l to 3,8x103 microorganisms ml""7 over the first 28
days after which it remained constant, whilst the
control SCAS unit viable count remained unaltered in the
order of 10" microorganisms ml 7. No satisfactory

explanation for this reduction in the viable count has



been found during this study. Inhibition of activated
sludge growth due to hexa has been measured; 37% at 32mg
1*" hexa after 6 hours incubation although after 24
hours no apparent inhibition could be detected. In
light of this explanation it is difficult to point to
inhibition as the sole reason for the reduction in
viable microorganisms. Further work in this area might
include an investigation into the inhibitory effect on
the component species of activated sludge by hexa, in
conjunction with a study of the growth kinetics of these
component species. There may well be a link between
inhibition of activated sludge microorganisms and their
growth rates to account for the reduction in the viable
count of activated sludge exposed to hexa.

It is known that hexa can be hydrolysed under acid
conditions to ammonia and formaldehyde (Strom and Von
Jun, I960; Tada, 1I960) and this study has shown that
little hydrolysis can be measured colorimetrically above
PH 6.9. The lowest pH value measured over the 28 day
period of any die-away tests performed on hexa was pH
6,95. Thus it may confidently be proposed that
significant removal of hexa in die-away test is not due
to acid hydrolysis, This idea can be further
substantiated by the fact that no abiotic removal of
hexa was observed, and that Painter and King (1986)

calculated from the data of Strom and Won Jun (1980) and



-those of Tada (I960) that the half life of hexa at 30 °C

and pH 7.0 is as high as 160 days.

4.7.1 Utilisation of hexa by competent isolates.

Two microorganisms KCH1 and KCH2 have been isolated
from activated sludge which had been exposed to hexa.
These two Isolates were found to be very similar and
have been identified as being Methylobacterium species.
The isolates were shown to be different species by the
use of specific biochemical, carbohydrate utilisation
and antibiotic resistance tests. The two isolates can
conveniently be described as pink pigmented
facultatively methylatrophic bacteria (PPFM's),

Mo significant differences in protein banding was
observed by vertical gel electrophoresis of cell-free
extracts from the two isolates. Mo plasmids were
detected in either isolate by the method of Kado and Liu
(1981), The growth rates of isolate KCH1 at 25; 30 and
35°C were at 0.03 H"'1l; with KCH2, however, the specific
growth rate increased with increasing temperature having
the highest growth rate at 35*0 (0.04 h'™),

Storage of the isolates over a period of 32 months on
minimal medium agar slants plus 0.5g I'"1 hexa resulted
in higher specific growth rates, This increase in the

specific growth rates of KCHl1 and KCH2 (to 0,14 and 0,15



h™> respectively) was probably due to natural strain
selection of isolates during storage.

There are four possible assimilatory pathways found
in methylotrophs CZatman, 1980), ribulose monophosphate
pathway (RuMP), xylulose monophosphate pathway (XuMP),
ribulosebiphosphate carboxylase pathway (RuBPC) and
serine pathway (Figure 50). If methane is the carbon
source to be utilized it is metabolized via methanol to
formaldehyde. Methanol is metabolized directly to
formaldehyde which is the common starting point for the
four metabolic pathways (Attwood and Quayle, 1984) shown
in Figure 50. It is proposed that the initial breakdown
of hexa to formaldehyde and ammonia is enzymatic because
the pH observed during growth never drops low enough to
allow acid hydrolysis as discussed earlier.

The XuMP cycle can be discounted as the probable
pathway because it is found only in methylotrophic
yeasts (Zatman, 1980) and so will not be found in either
KCH1 or KCH2. Of the remaining three potential pathways
for hexa degradation, the RuBPC cycle can be discounted
because it requires conversion of formaldehyde to
formate. It has been demonstrated that neither isolate
grew on or consumed oxygen when sodium formate was the
sole source of carbon.

When hexa was the sole source of both carbon and
nitrogen, the specific growth rates of each isolate was

slightly less than with supplemented nitrogen (Table



52). Methanol was used by the two isolates as a carbon
source with similar rates as those observed when hexa
was both the sole carbon and nitrogen source. This is
strong evidence that isolates KCH1 and KCH2 are
facultative methanol users, one of the properties used
by Byram <1980) to classify methylotrophs. As would be
expected both isolates grew on formaldehyde as their
sole carbon source, but slower than when hexa was the
sole carbon source.

Although no specific enzymatic studies were performed
with either isolate during this study it has been
demonstrated by Zatman <1981) that lack of the enzyme
formate dehydrogenase in methylotrophs has been linked
with the utilization of the dissimilatory cycle of the
RuMP pckthwé&iy. Thus of the two remaining possible
pathways, the RuMP pathway is presumably the moi'e likely
pathway by which the two isolates utilize the
formaldehyde produced by the breakdown of hexa.
Although no enzyme activity was found in cell-free
extracts towards hexa, the existence of such activity
cannot be discounted, Further investigation of this
hypothesis will be discussed later,

When the respirometric oxygen uptake data are
compared to the growth rates of KGH1 and KCH2 on
methanol and formaldehyde the following observation can

be made. The two isolates had higher growth rates on
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methanol than on formaldehyde but during respirometry,
formaldehyde produced a higher oxygen uptake rate by
KCH1 and KGH2 than did methanol. This would indicate
that during growth rate determinations of the two
isolates, the formaldehyde present in the test flasks
may have been Inhibitory to the isolates. It is known
that formaldehyde has an antimicrobial property, which
was not observed during respirometry as the number of
cells present was high and the concentration of
formaldehyde was much lower than in growth rate
determinations.

Hexa itself was not utilized during the 6 hours of
the respirometric test <Tafo.le 53) which is not as
surprising as it may at first appear. This is because
no removal of hexa was measured during the growth of
KCH1 and KCH2 when detected colorimetrically as free
formaldehyde (Table 55). Either no hexa was utilized in
this time or the method of detection was not sensitive
enough. To investigate this CIJ-'W-'C3 hexa was used to
follow the removal of hexa by isolates KCH1 and KCH2,
It was observed that over an initial 8 hour period 4-8mg
I'""1l of hexa was utilized by KGH1 and KCH2 respectively.
Therefore it can be deduced that the colorimetric
detection of hexa as f£ormaldehyde was not sensitive
enough to detect the initial removal of hexa over the
first 6 hours although both methods gave comparable

values for hexa utilization after 72 hours.



Respirometric studies of hexa with the two isolates was
found in light of this data to be too insensitive over
the initial period of investigation and the apparatus
unreliable over an extended time period,

Battersby and Bealing (1988) have indicated that
nitrification is required for hexa degradation and so
they have tentatively suggested that the initial
microbial attack on hexa may be for hexa as a source of
nitrogen rather than a carbon or energy source. This
would appear to be another starting point for further
work on hexa.

Using CU-'1IC1 hexa it was demonstrated that as hexa
was utilised by Isolates KCH1 and KCH2 some of '£fC
accumulated within the cell mass and some passed out of
the cells as 1*(Qss, This demonstrated that the isolates
were actually utilizing the compound, The method of
1ACCht collection was found not to be very efficient and
satisfactory mass balance calculations could not be made
by using the equation in section 3,8.12, The reasons
for using this method of 1 collection and for its
inefficiency will be discussed later.

When previously unexposed activated sludge (pH 7.2)
was dosed with CU~IAC3 hexa at levels of 52 and 530pg
1 the hexa was removed, The lower dose of hexa was
removed more quickly than the higher dose with relative
first order kinetic rates of 0,45 and 0,367 d4d'"1l

respectively for the removal of 14C in solution. If



Alexander’s threshold theory is correct (Alexander,
1985) then the threshold level for hexa is below 52pg
I"'1. The pH of the activated sludge remained constant
at pH 7.2 during these experiments so that acid
hydrolysis can be discounted.

Vhen a similar experiment to that performed with
activated sludge was performed using an alkaline soil
(pH 7.5), removal of CU-WJ-C3 hexa was observed. Both
the higher and lower doses had similar first order
kinetics of removal by soil, 0.271 and 0.275 4d"1
respectively. Again as for activated sludge if
Alexander's threshold theory is correct (Alexander,
1985) then the threshold for degradation of hexa by soil
must be below 52.1 pg 1 1.

Attempts were made to investigate how low levels of
hexa are degraded by river water, but it was found that
the river water became more acidic during the experiment
(Figure 46) and so hydrolysed the hexa to formaldehyde
and ammonia masking any direct microbial attack on hexa.
The formaldehyde was utilized by the bacteria in the
river water hence the observed degradation of hexa, 1
accumulation in the cell mass and eventual 1iC0a
release.

Returning to the point made earlier about the poor
efficiency of 1B*(Qsa collection. Because the reaction
vessel containing the activated sludge/soil or river

water was to be operated continuously for an extended



period (up to 60 days), the only practical way to
collect 1 was by passing CQss-free air through the
reaction vessels (Rubin and Alexander, 1983). This
served two functions, firstly to drive out any 14COa and
secondly to replace the oxygen content of the reaction
liquid and head space of the reaction vessel. In
addition it allowed continuous monitoring of the
experiment without too much disruption of the
experimental set-up associated with other methods. The
least satisfactory part of this experimental set-up was
the collection of 1-''a in the exhaust gases of each
vessel.

Although it has been demonstrated that the 1 Qre-
collection was inefficient and did not allow accurate
mass balances to be calculated, production of 17COss has
been demonstrated as has the removal of hexa and build
up of 1EEC in microbial cells. The combination of these
and other factors demonstrated the biological nature of
hexa degradation.

In concluding this discussion on hexa the following
points can be made.*-

1) Hexa is inherently biodegradable but requires longer
to degrade than is allowed during the 24 hour aeration
period of the SCAS test. This does not explain why
other workers obtained aberrant results in a ring test
of the enclosed manometric method far ready

biodegradability, where only 5 out of 24 participating

-271 -



laboratories reported >70% DOC removal after 28 days
(Painter and King, 1985a),

2) The two isolated bacteria probably breakdown hexa to
formaldehyde and ammonia by some as yet unknown
enyzmatic reaction. The formaldehyde is then utilized
by either the RuMP cycles or serine cycle with the
former being the more probable. Further Investigation
into the pathway of hexa degradation is required,
perhaps starting with the initial break up of the hexa
molecule followed by an enzymatic investigation of the
two possible pathways.

3) Hexa is degraded by naturally occurlng microbial
samples e.g. activated sludge and soil at 1levels as 1low
as 10 Bg I'"l. This level of hexa more closely
represents levels 1likely to foe found in the natural
environment and so will give far more relevant data than
normal degradation tests performed at concentrations as
much as 1000 times greater than this. It is proposed
that further work at environmentally realistic
temperatures be carried out. This would allow a
reliable model of the environmental fate of hexa to be

produced and evaluated.



4.8, Further comments,

4.8.1. Test Results,

Of the eight chemicals tested, BDSA, 2CBA and CPTCA
were found not to be inherently biodegradable and were
not degraded in any of the tests performed during this
study. Bo other worker's have reported B.DSA to be
degradable with 3 exceptions, King and Painter <1983),
Gerike and Fischer (1981) and Fitter <1976) all of whom
observed some degradation with inoculum which had been
acclimatized to BDSA,

It is agreed that 2CBA is not readily degradable and
reports on its inherent biodegradability are
Inconsistent. 2CBA has been reported as not being
inherently biodegradable by Painter et al,, <1983), Lund
and Rodriguez and in this study in which no degradation
was observed even after 245 days in the SCAS test.
However, degradation 'has been reported by Gei~lke and
Fischer <1979) in the Zahn-Wellens tests <inherent) and
in an activated sludge simulation test after
acclimatization, but not with synthetic sewage. This
would indicate that 2CBA is treatable and therefore
inherently biodegradable.

In this study cis, cis, cis, cis CPTCA was found not
to be inherently biodegradable, which is in agreement
with Gerike and Fischer <1979) and Painter <1986).

However, the cis, trans, cis, trans Isomer was found to



be inherently biodegradable after 8 weeks
acclimatization in the SCAS test (Gilbert and Lee,
1980),

3GBA was found to be readily biodegradable in this
study and also by Zahn and Weilens (1980) and Painter et_
al., (1983), Two other groups of workers reported that
3CBA required an acclimatized inoculum for degradation
and so was only inherently biodegradable (Gerike and
Fischer, 1979, 1981; Lund and Rodriguez, 1984), Nearly
all of the studies indicate that 3CBA is degradable and
King et al., (1984) demonstrated that it was degraded in
a simulation test, Gerike and Fischer (1979, 198.0
surprisingly found that 3CBA degraded in the Zahn-
Weilens test (therefore inherently biodegradable) but
did not degrade in a simulation test,

NMA was found to be degraded by activated sludge
after a period of acclimatization (70 days) and the
sludge had not lost this ability 3 months after exposure
was discontinued, Gerike and Fischer (1979), and King
and Painter (1985) also found that the inoculum had to
be acclimatized to NMA before being able to degrade it;
both groups of workers observed it to be treatable in
simulation tests.

In the only reported study of THFTCA Painter (1986),
showed that activated sludge required a period of
acclimatization (11 weeks) for degradation in the SCAfS

test. This was also the case in the present study



although the period was slightly longer <13 weeks), 1In
the die-away test THFTCA was not degraded by activated
sludge exposed to the THFTCA for only 2 days, but was by
activated sludge exposed, for 30 days, Fainter <1986)
reported no degradation during a 9 week simulation test.

Removal of t-butanol was observed inboth the SCAS
and die-away tests. Volatilization has been shown to be
the main route of removal of t-butanol, not
biodegradation, by this study, Most workers found it
not to be readily biodegradable although Horn et al.,
(1970) reported degradation after 8 weeks
acclimatization in activated sludge units. Bacteria
which can degrade t-butanol have been Isolated by
Rom&dina et al., (1984), showing that it can be
degraded. It is the conclusion of this study that t-
butanol is lost mainly by volatilization although there
is evidence that it can be degraded,

Hexa has shown aberrant behaviour, In the EEC
respirometry ring test Painter and King, C1985a)
reported only 8 out of 24 participants found hexa to
degrade, determined as oxygen uptake over 60% of
theoretical oxygen demand (ThOD), In the Husmann
simulation test less than 25% hexa was removed during
the 9 weeks of the test. In this study hexa was found
not to degrade in the SCAS unit except over an extended
period <10 days) of exposure. It was however degraded

in die-away tests without acclimatization. In addition



hexa was found to be degraded by unacclimatized
activated sludge and soil at realistic environmental
levels as low as 10 3g 1 1.

Disparity of results with other chemicals have been
observed by Painter and King (1985a) in the EEC
respirometry ring test. Apart from aniline, only 2-—
phenyl phenol was degraded in the tests carried out in
all laboratories in the ring test. For 1 methyl-
propylamine, sodium benzene sulphinate, 1l~nap>hthal, 1-
naphthoic acid and pentaerythritol over 50% of the
participants reported greater than 60% ThOD while for M-
methylpjyrrole, diphenie acid and thioglycollic acid the
proper!tion finding the compounds readily biodegradable
was only 40-50%, In the remaining cases
(tetrahydrofuran, t-butanol, hexa, 3-aminophenol and
sulphanilic acid,) as little as 20-34% of the
laboratories reported ready biodegradability.

There was clear evidence in the case of suphanilic
acid that the only laboratory reporting definite ready
biodegradability had used inoculum taken from an
activated sludge plant constantly receiving aromatic
sulphonic acids. This was also the case with BDSA as
reported in an earlier ring test, King and Painter
(1983),

Bacteria capable of utilizing 3CBA, hexa, MMA and
THFTCA as their sole carbon source have been isolated

and no previous reports of such bacteria able to degrade



the latter three chemicale have been seen, Both CPTCA
and THFTCA have been proposed as phosphate substitutes
in detergents, and from this and other investigations it
would appear that THFTCA is a better proposition than
CPTCA with respect to biodegradability. However, much
more work is required before any definite conclusions

can be drawn,

4,8.2 Biodegradation - general.

For a xenobiotic compound to be degraded
microorganisms which possess enzymes with the capability
to breakdown that xenobiotic compound must exist. If a
single microbial species does not contain all the
enzymatic mechanisms required to degrade a xenobiotic
compound on its own, then it is common for communities
of microorganisms to degrade the xenobiotic
collectively, i.e. mutualism. An example of mutualism
is that between Alcaligenes eutrophus and Pseudomonas
Bl3 which individually cannot breakdown 3CBA. In a
mutualistic relationship A,eutrophus can convert 8CBA to
chlorocatechole and accumulation and autooxidation of
these toxic chlorocatechols is prevented by the
metabolic activity of Pseudomonas B'l3. (Knackmuss,
198p, Individual species e.g. Arthrafeacter sp have
been demonstrated to degrade 3CBA while utilizing
benzoate as their sole source of carbon and energy

(Horvath and Alexander, 1970). In this study all the



bacteria isolated in the absence of other substrates
have been able to utilize specific xenobiotics as their
sole carbon and energy source. This is very
advantageous as it reduces the complexity of the
conditions needed for degradation to occur,

It is unlikely that new pathways would evolve to
degrade xenbiotic compounds as this would require many
millions of generations to occur naturally. What is
most probable is the adaptation of existing pathways
which facilitate the initial degradation of xenobiotics
into intermediates which can feed into existing
pathways; some may call these modified pathways "new
pathways".

It is of interest to speculate on the spatial or
geographical distribution of the newly acquired ability
by microbial populations to degrade xenobiotic
compounds. (Such distributions have been demonstrated
in the "ring tests" described earlier). Whereas
competent bacteria for degrading "common" chemicals are
fairly evenly distributed, the distribution of those
species degrading xenobiotic® is very uneven.
Presumably the "new" or modified, pa/bkways necessary for
degrading the xenobiotic chemical are induced at
disparate rates depending on the use pattern and
distribution of the chemical itself. Until a chemical

has been in use for many years and unless it has



widespread use, uneven distributions of the competent

bacteria are inevitable*

4,8.3 Biodegradafoility testing.

There are many factors that affect microbial activity
and therefore, affect biodegradability in a given
sample. These may vai~y from test to test and from
laboratory test conditions to those in nature, Some of
the important variables include : type and numbers of
microorganisms, mineral salts composition, test chemical
concentration, supplementary organic nutrients, oxygen
concentration, temperature and pH. It is these
variations together with the arbitrary time scale of the
various tests which contribute to the disparate results
already discussed.

Variation in test results from different laboratories
using identical test methods such as in the ring test
Painter and King Cl985a), have been observed. For
exarax*le, in this test only 8 out of 24 participating
laboratories found oxygen uptake greater than 60% ThOD
when hexa was the test compound. Essentially the only
difference in the test method at each laboratory was the
inoculum. Ho data were given about the source of the
inocula used or of the type of effluent to which they
were predominantly exposed, This is important as some of
the inocula may have been "pre-acclimatized" to the test

compound before the tests by virtue of the fact that the



sewage works from which, they were taken regularly
received that compound. Other inocula by contrast may
only have been exposed to domestic effluent and
therefore were not "prs-accllmatlzed" to the test
compound and so did not degrade it.

Perhaps when testing “new" or xenobiotic chemicals it
would be prudent to pre-acclimatize inocula taken from a
number of sources before applying a die-away test, In
this way nature is "hurried along” and if ring tests
were done with such inocula better agreement should be
obtained. This scheme would be of more use to the EEC
and to national competent authorities in their
deliberations an estimating the hazardous nature of new
chemicals.

In many tests a high ratio of concentration of test
compound to numbers of microorganisms is required to
allow detection of the test compound, which may in turn
lead to inhibition of the microbial seed. Many tests do
not allow pre-adaptation (acclimatization) of the
microbial seed to the test compound which would allow a
lesser chance of inhibition and a greater chance of

degradation occurring during the test.

4.S.4 Biodegradability testing and this study.
During this investigation it has become clear that
the SCAS test on its own, 1is not very suitable as a

method of monitoring biadegradation of test compounds.



It is true that biodegradation of 3CBA, UMA and. THFTC.A
was detected, but no degradation of BDSA, t-butanol
2CBA, CPTCA and laexa. This would appear to be very
straight forward until the results of the die-away tests
are also considered. Hexa is now found to be degradable
and t-butanol was found to be removed by volatilization.
With the case of hexa, if the SCAS test results were
taken on their own then hexawould appear not to be
degradable, but it was found to bedegradable in die-
away tests. This is a false-negative, and would be
misleading to manufacturers and to competent authorities
if hexa was a new compound to be marketed. On the other
hand the data from the SCAS test performed with t~
butanol would indicate that it is degradable, but the
data from the die-away tests show that t-butanol is
largely removed by volatilization. This is a false
positive, although t-butanolis removed it is not
principally by a biological process.

This study has found that the SCAS test is a very
good method of studying acclimatization/
deacclimatization and biodegradation when in conjunction
with die-away tests which are used to monitor
biodegradation. This study has shown that two of the
eight chemicals tested <25%) gave false results when the
amount of carbon remaining in the SCAS unit after each
24 hour' aeration period was taken on its own as a

measure of biodegradation.



REFERENCES.

Alexander, M, (1965), Biodegradation ; Problems of
molecular recalcitrance and microbial fallibility
Advances in Applied. Microbiology, 2* 35-80.

Alexander, M, (1973), Mon-biodegradable and other
recalcitrant molecules. Biotechnology and
Bioengineering, 15, 611-547.

Alexander, M. (1981), Biodegradation of chemicals of
environmental concern. Science, 211. 132-138,

Alexander, M. <1985) , Biodegradation of organic
chemicals. Environmental Science and Technology, 18.,
Mo 2, 106-111,

Alsop, G.M., Waggy, G.T. and Conway, R,A. (1982),

Bacterial growth inhibition test. Journal of the
Water Pollution Control Federation, 52. Mo. 10,
2452-2456,

Aoki, K., Shinke, R. and Mishira, H, (1983). Metabolism

of aniline by Rhodococcus ervthropolls AM-13,
Agricultural and Biological Chemistry, 47. 1611-1161.

Aoki, K, Ohtsuka, K, and Shinke, R, (1984). Rapid
biodegradation of aniline by Fraleuria spp, AMA-18
and its aniline metabolism. Agricultural and

Biological Chemistry, ML, 865-872,

Appel, M, , Raabe, T. and Lingens, F, (1984).
Degradation of 0O-toluidine by Rhodococcus
rhodococcus. FEMS Microbiology Letters, 24, 123-126,

Attwood, M, M, and Quayle, J.R, (1984), Formaldehyde, as
a central intermediary metabolite of methylatrophic
metabolism : Microbial Growth on Ci Compounds.
Proceeding® of the 4th International Symposium.
Editors, R. L. Crawford and R, S, Sana, American
Society for Microbiology, 315-323.

Barker, H.A. (1936) . The oxidative metabolism of the
colorless alga, Prototheca zopfit. Journal of
Cellular and comparative Physiology. 8, 231-251,

Battor©by, M. (1987). Environmental effects of
chemicals. Report to the D.O.E. June 1987. Report
Mo. 1501/M. Water Research Centre, Medmenham, UK,



Battersby, N, and Healing, D.J, <1988). Environmental
effects of chemicals. Progress report to the D.O.E.
September '1987. Report Mo, 1676-M. Water Research
Centre, Medmenham, UK.

Baughman, G.L. and Paris, D.F. <1981), Microbial
bioconoentration of organic pollutants from aquatic
systems - A critical review. CRC Critical Reviews in

Microbiology, 205-219.

Blok, J., de Horsier, A., Gerike, P., Reynolds, L, and
Weilens, H. (1985) . Harmonisation of ready
biodegradafoility tests. Chemosphere, 14-. 1805-1820.

Borne, B.J. <1976). Report 604-S, Water Research
Centre, Stevenage.

Branmiar, W. J and Clarke, P, H, <1964), Induction and
repression by Peeudomonas aeruginosa amidase.
Journal of General Microbiology, 37., 307-319.

Bunch, R,L. and Chambers, C,W, <1967), A biodegrad-
ability test for organic compounds, Journal of the
Water Pollution Control Federation. 39. 181-187,

Byrom, D, <1980). Taxonomy of methylotrophs : A
reappraisal, Microbial Growth om. C-f Compounds,
Proceedings of the 3rd International. Symposium.
Editor, H. Dalton. 278-284-.

Clifton, C.E., Cahen, S.F. and Marrow, G, <1936).
Metabolic activities of Escherichia coli in synthetic
medium. Proceedings of the Society for Experimental
Biology and Medicine* 35, 40-44,

Clifton, G.E. and Logan, W,A. (1939), On relation
between assimilation and. respiration with suspensions
as in cultures of Esclierichia coll,

Dagley, S. (1978), Microbial catabolism, the carbon
cycle and environmental pollution,
laturwissenschaften 65, 85-95.

Dagley S. and Chapman, P.J, (1971). Evaluation of
methods used to determine metabolic pathways. 6A,
217-268.

Dagley, S. and Nicholson, D,E. (1970) . An introduction
to metabolic pathways. Blackwell Scientific, London.

Dorn, E., Hellwig, M, , Reineke, W, and Knackmuss, H.
(1974) . Isolation and characterisation of a 3CBA-
degrading Pseudomonad. Archives of Microbiology 99.
61-70.



E.E.C, Council Directive. 67/548, 6th. Amendment.
Official Journal of the European Communities. No.
L259/10, 15/0.79.

E.E.C. Directive 79/831 Annex V. DGX1/718/81,
Biodegradation : Modified SCAS Test, Part C
Methods for the determination of Ecotoxicity -
Level 1.

Fewecm, C.A, (1981), Biodegradation of aromatic® with
industrial relevance. Microbial Degradation of
Xenobiotios and Recalcitrant Compounds, FEMS
Symposium No. 12. Editor's; T, Leisinger, R. Hutter,
A.M. Cook and J. Nuesch, Academic Press.

Gale, E,F. <1952), The Chemical Activites of Bacteria.
Academic Press, New York.

Gerike, P, <1978), The biodegradability testing of
water soluble environmental chemical® : A concept arid
its justification on the ground of experimental
results. Tests for ecological effects of chemicals,
Umweltbundesant. Editor, E. Schmidt, Verlag, Berlin,
139-143. *

Gerike, P. and Fischer, W.K. <1979), A correlation
study of biodegradability determinations with various
chemicals in various tests, Ecotoxicology and
Environmental Safety, 5, 159-173.

Gerike, P. and Fischer, Y¥,K. <1981). A correlation
study of biodegradability determination® with various
chemicals in various tests, ii) Additional results
and conclusions. Ecotoxicology and Environmental
Safety. 5, 45-55.

Gilbert, P.A. and Lee, C.M. <1980). Biodegradation
tests ; Use and value. In 5 Biotransformation® and
fate of chemicals in the aquatic environments.
Editors, A,W. Maki, K.G. Dickson and J, Cair.
American Society for Microbiology, 34-45.

Haller, H,D. <1978), Degradation of mono-substituted
benzoates and phenols by waste water. Journal of the
Water Pollution Contr'ol Federation. 5., No 12,
2771-27717,

Haller, H.D, and Finn, R,K, <1979), Biodegradation of
3CBA and formation of a black colour in the presence
and absence of benzoate, European Journal of Applied

Microbiology and Biotechnology, g, 191-205,



.Hanasen, M. and Maz-sden, J'. <3.984). E for Additives,
Thorson*s> Northampton.

Hard.er, W. <1981). Enrichment and characterization of
degrading organisms. Microbial Degradation of
Xenobiotic® and Recalcitrant Compounds. FEM'S
Symposium No, 12, Editors, T, Leisinger, R, Hutter,
A.M, Cook and J.Nuesch, Academic Press, London

Hartman, J,, Reineke, W. and Knackmuss, H.J. <1979).
Metabolism of 3 Chioro-, 4 Ghloro, and 3,5-
Diclilarobenzoate by a Pseudomonad. Applied and
Environmental Micobiology. 32> No. 3, 421-428.

Helm, V. and Reber, H. <1979), Investigation on the
Regulation of Aniline Utilization in Pseudomonas
mulllvarlans Strain Anl, European Journal of Applied
Microbiology, 7, 191-199,

HSB <1982). A guide to the notification of new
substances regulations. HMSQ. London.

HMSO CL974), Control of Pollution Act 1974, Chapter 40,

HMSQ, <1983). Methods for examination of waters and
associatedematerials. Assessment of
biodegradability. HMSO, London,

Horn, J,A., Moyer, J.E. and Hale, J.H. C1970).
Biological degradation of tertiary butyl alcohol.
Proceedings 25th Industrial Waste Conference, Purdue
University, 839-854,

Horvath, R.S, <1972), Microbial co-metabolism and
the degradation of organic compounds in nature,
Bacteriological Reviews, 3., No, 6, 146-155.
Horvath, R.S. and Alexander, M. <1970), Co-metabolism

of m-chlorobenzoate by an Arthrobactor, Applied
Microbiology, 20, No 2, 254-258,

Hughes, D,E. <1965). The metabolism of halogenated-
substituted benzoic acids by Pseudomonas fluoresceins.
Biochemical Journal 96, 181-188,

Hughes, E.J.L., Bayly, R.C. and Skurray, R,A. <1984).
Evidence for isofunctional enzymes in the degradation
of phenol, m~ and p- toluate and p-cresol via
catechol meta- cleavage pathways in Alcallgenes
eutrophuB. Journal of Bacteriology 158. No. 1,

79-83,



Hutzinger> 0, and Veerkamp, W, I, <1981), Xenobiotic
chemicals with pollution potential. Microbial
Degradation of Xenobiotics and Recalcitrant
Compounds. FEMS Symposium Ho 12. Editors, T,
Leisinger, R. Hutter, A,M, Cook and J, luesch.
Academic Press, London,

ISO 7827 (1984). Water quality ~ Evaluation in an
aqueous medium of the "ultimate" aerobic
biodegradability of organic compounds, 1-5.

Jackson, J. and Stamey, T, <1971), The Riker method for
determining formaldehyde in the presence of
rnethenamine. Investigative Urology. 9, Wo. 2,
124-129,

Johnston, H, W, , Briggs, G,G. and Alexander, M. <1972).
Metabolism of 3CBA by a Pseudomonas. Soil Biology

and Biochemistry. 187-190,
Kado, C,I. and Liu, S.T, <1981). Sapid procedure for
detection and Isolation of large plasmids. Journal

of Bacteriology. 145, 1365-1373.

Keith, L.H. and Telliard, W.A. <1979). Priority
pollutants : 1- a perspective review. Environmental
Science and Technology, Iff, 416-423,

King, E.F. CL984) . Biodegradability Testing:- Mates on
Water Research Mo, 28. Water Research Centre,
Stevenage, UK.,

King, E.F. and Painter, H,A. <1983) GBG Report
EUE8631EW. Ring Test Programme 1981-1982, Brussels.

King, E.F,, Painter, H,A, and de L.G, Solbe, J.F,
<1984) . Environmental effects of chemicals.
Progress Report to the D.O.E, April 1984. Report Mo.
730—M, Water' Research Centre, Medmenham, UK,

King, E.F. , Painter, H.A. and de L.G, Solbe, J.F,
(1985) . Environmental effects of chemicals. Final
Report to the D.O.E. March 1985. Report Wo. 934-M.
Water Research Centre, Medmenham, UK,

Kluczewoki, G, CL982), Factors affecting auto-

flocculation of microorganisms. Ph.D. Thesis,
Trent Polytechnic, Wottingham, UK.
Knackmuss, H—J, <1979). Halagenterte und Sulfonierte

aromaten-ein herausforderung fur aroaaten .abbauende
foakterien, Forum Mikrobiologie, 311-317.



Knackmuss, H-J. (1983), Xenobiotic degradation in
industrial sewage : Haloaromatics as target
substrates. Biochemical Society Symposia 48.
Editors C.F. Phelps and F,H. Clarke. 173-190,

Latorre, J,, Reineke, ¥, and Knackmuss, H.J. (1984).
Microbial metabolism of chioroanilines, enhanced

evolution by natural genetic exchanges. Archives of
Microbiology, 14-0, 159-165.

Leisinger, T. (1983). Microorganisms and xenobiotic
compounds. Experiexitia, 89, 1183-1191.

Lund, F.A. and Rodriguez, D.S. (1984). Acclimation of
activated sludge to mono-substituted derivative® of
phenol and benzoic acid. Journal of General Applied

Microbiology. 30, 53-61.

Marks, T.S, , Smith, A.'R. ¥, and Quirk, A. V. (1984-) ,
Degradation of 4-GBA by Arthrobacter sp.Applied and
Environmental Microbiology. Ail, Mo, 5, 1020-1025.

Maugh, T,H, (1978) . Chemicals : How many are there *?
Science, 199. 162,

Murray, K., Duggleby, C.J., Sala-Trepat, J.M. and
¥illiams, P.A, (1972), The metabolism of benzoate
and methylbenzoates via the meta-cleavage pathway by
Pseudomonas arivllla rat-2. European Journal of
Biochemistry. 28, 301-310,

lJeilson, A, H. , Allard, A.S. and Kemberger, M, (1985),
Biodegradation and. transformation of recalcitrant
compounds. From s The Handbook of Environmental
Chemistry, 2- Part C, 31-86. Springer— Verlag, Berlin.

OECD (1979), Environment Committee, Chemicals Testing
Programme, Degradation/Accumulation. Final Report,

OECD (1981). Environment Committee, Guidelines®© for
the Testing of Chemicals. ISBM 92-64-12221-4. Paris,

Painter, H.A, (Personal Communication) ,

Painter H,A. (1985), Inhibition of aerobic growth of
sewage microorganisms, ISO Draft Standard Method,
1130-M ¥Rc Environment. Yater Research Centre,

Medmenham, UK.

Painter, H.A. (1986) . Environmental effects of
chemicals. Report to the D.O.E. September 1986,
Report Mo, 1237-M/1, Water Research Centre,

Medmenham, UK.

- 287



Painter H, A* , Brown, V,M. and King, E.F. (1983) .
Environmental effects of chemicals. Final Report to
the D.O.E. March 1983. Report Mo, 492-M.

Painter, H.A, and King, E.F. (1985) . Biodegradation of
water-soluble compounds. In t The Handbook of
Environmental Chemistry, Editor O, Hutzingar.

2. pPart C, 87-120. Springer Verlag, Berlin,

Painter, H.A. and King, E.F, (1985a) . CEC Report EUR
9962 EH. Ring Test Programme 1983-84, Brussels,

Painter, H.A. and King, E.F, (1986) , The need for
applying stability tests in biodegradability
assessments, Chemosphere. 15, Mo 4, 471-478.

Patterson, J,W, and Kodukala, P.S, (.1981),

Biodegradation of hazardous organic pollutants.
Chemical Engineering Progress. 48-55.

Philipps, M. , Schmid. J., Wipf, H. K, and Hutter, R,A.
(1982) . A Microbial metabolite of TCDD, Experientia
38. 659-661,

Pitter, P. (1975). Determination of biological
degradability of organic substances. Water Research,
10, 231-235,

Raabe, T., Appel, M, and Lingens, F, (1984).
Degradation of p-toluidine by Pseudomonas
testosteroni. FEMS Microbiology Letters, 25, 61-64.

Richardson, M, (1985). Chemical Bio—activity,
Presented at ; Institute of Water Pollution Control,
Metropolitan and Southern Branch, 12/12/85 at 1l'ew
River Head, London.

Romadina, E. S, , Bukhalovskaya, G,M, , Travinikov, U,M.
and Skripuik, G.2, (1984) . Removal of t-butanol
from waste water by a biochemical method, CA 100
(2,4 : 1973080,

Rubin, H.E, and Alexander, M, (1983), Effect of
nutrient® on the rates of mineralization of trace
concentrations of phenol and p-nitrophenol.
Environmental Science and Technology, 131> 104-107,

Schleif, R.F, and Wensin'k, P.C. (1981), Practical
Methods in Molecular Biology, Springer Verlag. Mew
York.



Shamat, H, A. and Maier, Y¥.J. (1980). Kinetics of
biodegradation of chlorinated organic compounds.
Journal of the Water Pollution Control Federation.
52. Mo 8, 2158-2166.

Slater, J.H, (1982) . Mew microbes to tackle toxic
compounds, South African Journal of Science, 78,
101-104.

Slater, J.H, and Somerville, H,J, (1979) . Microbial
aspects of waste treatment with particlar attention
to the degradation of organic compounds, Microbial
Technology, Society for General Microbiology
Symposium 29,

Smith, A. and Trickett, J. (Personal Communication),

Stanier, R. Y. (1947), Simultaneous adaptation : A
new technique for the study of metabolic pathways.
Journal of Bacteriology. §., 339-48.

Stanier, R, Y. and Ornston, L, M. (1973), The J3-
ketoadipate pathway. Advances in Microbial
Physiology. 161, 89-151.

Strom, J. and Won Jun, H, (1980), Kinetics of
hydrolysis of methenamine, Journal of Pharmaceutical
Science, 69, 1261-1263.

Tabak, H.H, and Hannah, S, (1979), "Static procedure
for biodegradability determination". Internal EPA
Report. Municipal Environmental Research Laboratory,

Cincinnati, Ohio, USA.

Tabak, H, H. , Quave, S.A. , Ma.sh.ni, C. I. and Barth, E.F.
(1981). Biodegradabi lity studies with, organic
priority pollutant compounds. Journal of the Water
Pollution Control Federation. 53., Mo, 10, 1503-1518.

Tada, H. (1960), Decomposition reaction of hexamine by
acid. Journal of the American Chemical Society, 82,
Mo 2, 255-263,

Veerkamp, W., Pel, R. and Hutzinger, 0. (1983).
Transformation of chlorobenzoie acids by a
Pseudomonas ©p. Comparisons of batch and chemostat
cultures, Chemosphere, 12, 1337-1343.

Wingerson, L. (1986), Mo more toxic waste. Mew
Scientist, 1lv3/6/87, 54-58,



Zahn, R, and Wellens, II, (1980), Examination of
biological degradability through the batch method
further experience and new possibilities of usage,
Z. Wass Abwass. Forsch, Is.,, p 1-7.

Zatman, L.J. (1980) . A search for patterns in
Methylatrophic pathways. In : Microbial Growth on Ci
Compounds, The proceedings of the 3rd International
Symposium. Editor, H. Dalton,

Zatman, L.J. (1981). In : Microbial growth on Ct
Compounds, Edited by H. Dalton, pp42-54, Heydon
London.

Zeyer, J., Wasserfallen, A. and Timmis, K.M. (1985) .
Microbial mineralization of ring-substituted
aniline through an ortho-cleavage pathway. Applied
and Environmental Microbiology. 50¢ Mo 2, 447-453.

- 290 -



Zatman, L.J. (1980) . A search for patterns in
Methylotrophic pathways. In : Microbial Growth on Ci
Compounds. The proceedings of the 3rd International
Symposium. Editor, H, Dalton.

Zatman, L.J. (1981) . In ; Microbial growth on Ci
Compounds, Edited by H. Dalton, pp42-54, Heydon
London.

Zeyer, J., Wasserfalien, A. and Timmis, K,M. (1985) .

Microbial mineralization of ring-substituted
aniline through an ortho-cleavage pathway. Applied
and Environmental Microbiology, §1, Mo 2, 447-453,

- 290 -



Append!x

Microbial degradation of hexamethylenetratramine,
K,0. COLQUHQUN and A,Smith

Microbiology Section Department of Life Sciences, Trent
Polytechnic, Clifton Lane, Nottingham.

Semi“continuous activated sludge (SCAS) units were
used to study degradation kexamethylenetetramine (hexa).
When SCAS units were supplied daily with substrate,
degradation was not observed over the succeeding 24h
period. Die-away tests (DAT) using inocula from SCAS
units previously fed with hexa showed 60% degradation
within 28 days indicating that the microbial population
had become acclimatised to slowly breakdown the
substrate.

After 208 days no further hexa was added to the SCAS
unit and a study made of deacclimatization, The
microbial population retained the ability to degrade
hexa in DAT for 96 days after cessation of hexa addition
to the SCAS units. When addition of hexa to the SCAS
was discantinuned, the residual hexa decreased by 73%
over the succeeding 13 days, supporting the DAT evidence
that hexa was slowly degraded.

Hexa can be hydrolysed to ammonia and formaldehyde
under acidic conditions. Our data shows that 1little
hydrolysis occurs above pH 6.9 and this wvalue is lower
than the pH measured during the die-away tests on this
compound. Mo degradation of hexa was observed when
sterilized inocula were used in the DAT. Two pink
pigmented facultatively methylotrophic bacteria capable
of utilizing hexa as the sole source of both carbon and
nitrogen have been isolated from activated sludge and
growth rates of both organisms have been determined.

Microbial populations were acclimatized to breakdown
hexa, but the rate of degradation was slow and only
observed in the prolonged DAT. The ability to degrade
hexa was retained after deaccliraatizatlon for 96 days.
Significant degradation of hexa may not occur in sewage
works activated sludge, but accumulation of hexa in the
environment is unlikely as degradation will occur after
prolonged exposure.
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Biodegradability of Hexamethylenetetramine
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In the paper by Painter and King 3 (Chemosphere, Vol 15, No 4,
PP 471-478, 1986) , it was reported that 100% removal of the compound
hexamethylenetetramine (Hex) was obtained in IS0 Die-Away Tests when
activated sludge was used as inoculum. We too obtained a high removal of
Hex, up to 87%, after 28 days incubation when activated sludge was used as
inoculum, but not 100% as reported by Painter and King(a). Even when the

activated sludge wused as inoculum had been exposed to Hex for up to 205
days, in a semi continuous activated sludge (Scas) unit, 100% removal was
still not detected. From our results the length of exposure time to this
compound does not enhance the ability of activated sludge inoculum to
degrade it in an ISO die away test of 28 days duration.

In a SCAS unit dosed with 20mgC/l of Hex daily, it was not possible to
detect any significant daily removal of the compound, only 13% on average
over a 24 hour aeration period. This agrees with the results of Painter and
King for their activated sludge simultation tests on Hex. However, when
daily addition of Hex and synthetic sewage to the SCASunit was stopped, it
was found that over a subsequent 13 day period, 73% ofthe Hex presentwhen
addition was discontinued had disappeared. This observation supports
Painter's assumption that in simultation or SCAS tests, Hex will break down
over an extended period, though it was noted that no further degradation
occurred after 13 days in our test.

Is the removal of Hex due to physicochemical factors in the tests
observed? It is known that Hex can be hydrolysed under strong acid
conditions to ammonia and formaldehyde ® . It is unlikely that any
significant removal of Hex in die away tests is due to hydrolysis for two
reasons. i) 100% removal of Hex was not always detected by Painter and
King(s) and it was never detected m our laboratory on any occasion.

ii) The lowest pH value measured over the 28 days of the die away tests

performed on Hex was 6.95%. In the absence of organisms no hydrolysis was
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observed at pH values above pH 6.9 over a six hour period using a modified
Riker method to detect production of formaldehyde. This value is higher
than the lowest pH value observed in the die away tests. This would
strongly indicate that acid hydrolysis is not responsible for Hex removal in
the tests.

In the SCAS wunits the initial microbial population of the activated
sludge was found to be in the order of 107 micro-organisms /ml but in the
Hex wunit this fell to 10 micro-organisms /ml during the first 28 days of
the SCAS test. The population remained at this 1level until the test was
stopped at day 212. The number of micro-organisms present in the control

7
unit remained at 10 micro-organisms /ml throughout the test.

6)

Using the draft ISO Standard Method we have observed inhibition by
Hex on both sewage and activated sludge and an LD50 of 15mg 1 has been
calculated for this compound. In view of the observed inhibition it is

possible that the reduction in the numbers of viable cells in the SCAS unit
was in fact due to inhibition of the organisms by Hex. Painter found no
evidence of inhibition by Hex on either sewage or activated sludge
organisms.

We have recently isolated two organisms which can wutilize Hex as the
sole carbon source. In the 1light of this fact it 1is possible that Hex can
be metabolised by a fraction of the population and is inhibitory to several

other species.
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