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INTRODUCTION

Dyes can be discharged to the aguatic environment {sew-

ers, rivers, etc.) from three major sources:

{a) From dye manufacturers

(b) From dye users, i.e. from the industrial coloration of
textiles, paper, plastics, etc.

{(c) From diffuse or household discharges as a result of
leaching of dye from manufactured products.

Almost all dischargers from both industrial and domestic

premises within the Thames Water Authority catchment

area discharge to sewers, and hence to sewage treatment

works. However, discharges to rivers can only occur either

by consent or following pollution incidents, such as high-

way accidents, etc. As a result the quality of TWA rivers is

high, many are trout streams much liked by anglers, and

this is important because TWA's freshwater rivers are

widely used as potable water supplies.

STRUCTURE, BIODEGRADARBILITY AND PERSISTENCE OF
DYES

The chemical structure and uses of dyes vary enormously.
There are over 7000 dye structures listed in the Colour
Index, and the major application classes are well known.
The structural variety is such that dyes cannot be readily
classified under conventional chemical headings. Perhaps,
the only thing that they have in common is the fact that they
can absorb light in the visible region. This is due to the
chromophore, a major structural feature of dyes.

Whether or not the chromophore plays a key role in the
biodegradation of a dye is not known and remains to be
investigated. It is probable that other properties of a
molecule (solubility, ionic character, various substituents,
etc.) are relevant in the case of microbial attack. Since
research on microbial degradation of non-food dyes is just
beginning, itis not possible to find a meaningful classifica-
tion that would indicate a correlation between structure
and biodegradability. Hence, dyes need to be considered as
ordinary chemicals, each as an individual species.

Some dyes are extremely persistent, e.g. Rhodamine B
(C.1. Basic Violet 10} and C.I. Acid Blue 1[1], and these will
not be removed by sewage works processes. In the most
elementary sense, sewage works processes are a means of
utilising air and microbial conditions to effect biodegrada-
tion, i.e. a dye, if amenable to biodegradation, is decom-
posed or mineralised to carbon dioxide, water and simple
salts. Alternatively, it may be removed by physico-chemical
adsorption processes. The latter is probably the more
common with some of the newer dyes having compara-
tively large molecules.

Dyes and pigments are usually released into an industrial
effluent either as a dispersion or as a true solution. In order
to judge the effects of pollution and treatability, several
factors require consideration:

— Amounts discharged, i.e. quantity, concentration, vol-
ume

198 JSDC Volume 99 Juiy/August 1983

— Toxicity to fish, etc.

— Microbial toxicity, i.e. effects on sewage works organ-
isms, river organisms, etc.

— Accumulation in various organisms, food chains, etc.

— Acceptability if found in drinking water

— Effects of chlorination in drinking water, disinfection pro-
cesses, etc.

— Effects of metabolites.

it is important to consider concentration and volumes.
Obviously, it is far easier to treat a small volume of a highly
coloured dye-containing effluent than to treat several
thousand cubic metres of, say, a textile effluent. In some
textile dyeing and printing operations much dye wastage
occurs, sametimes as high as 50%. In these circumstances,
as far as water quality is concerned, it would be preferable
to segregate the spent dye-liguor from the dyebath and to
have it disposed of by a toxic waste contractor, rather than
allow such a concentrated mixture of dyes to enter the
sewer.

One example of this type of effluent acceptability is the
case of a small textile dyer based in the East End of London
whose effluent was discharged to a very large sewage
treatment works. At this works its effects were unnoticed
because of the very great dilution involved. The discharger
moved to a rural location where he was the only industrial
discharger to a smail sewage works. The net result of his
discharge of a variety of persistent dyes was that the whole
of the sewage treatment works became coloured, the
effluent even after lagooning was coloured and the receiv-
ing stream likewise. Even the worms in the filters were
coloured. The sewage works performance was also
reduced. An attempt was made to decolorise the spent dyes
with sodium hypochlarite solution. This resulted in further
degradation of the works performance and some negative
biological oxygen demands (BODs) were recorded, indicat-
ing the presence of microbially unacceptable materials.

As a result of discussions we had with the textile dyer and
his supplier, we were able to persuade the former to divert
his highly coloured effluent from the dyeing machine to a
tank, the contents of which were collected by a toxic waste
contractor. A small amount of textile wash water was found
to be acceptable to the small sewage works. The foregoing
shows a good example of collaboration between the user,
his supplier and the water authorities.

Many industrial dye preparations are dispersed in a
variety of organic media, e.g. white spirit is often used in
printing. Water authorities do not approve of such lamm-
able solvents entering their sewage systems — they can
cause explosions in sewers or have toxic effects on sewer
operatives. Hence, itis advised that all such solvents sh ould
be recovered, or if spillages are likely then an adequate and
effective interceptor should be incorporated into the dis-
charger’s drainage system.

ABIOTIC PROCESSES
These fall into two categories:
(a) Decolorisation by removal of the intact dyes {adsorp-
tion)
(b) Destruction of the dye.
The former is usually achieved by precipitation and floc-
culation procedures using lime, alum, ferric salts or organic




TABLE 1

Summary of Effectiveness of Effluent Treatment Processes for Various Dye Classes

Colour removal by treatment processes

Combined
physico-
chemical
Coagulation  Activated and Sludge

Dye class alum carbon Biological biological Ozone adsorption
Azoic o + 0 + +
Reactive 0 + 0 + +(8) 0f{+)
Acid 0 + 0 + + 0
Basic 0 +(S) + + + +
Disperse + 0 [} + 0 0
Vat + ¢ ¢ + +
Sulphur + 0 0 + +
Direct + +

Colour removal: 0 — Unsatisfactory
+ — Good
S — Speciaily suitable

agents. Activated carbons, ion exchange resins, silica gel,
Fullers earth, bauxite, peat and even wood have also been
investigated [2]. High costs can be involved in the disposal
of the adsorbed concentrate. Table 1[2] indicates the
results applicable to certain dye classes.

The second method, that of chemical destruction, is best
undertaken by means of ozonation. However, large
amounts of ozone are required for an extensive degrada-
tion of the dye. The oxidation products are then either
removed by flocculation or subjected to a microbial treat-
ment process. Treatment with chlorine, chlorine dioxide or
chloramine, whilst cheaper, is less satisfactory because of
the formation of reactants. These may be less acceptablein
terms of toxicity or biodegradability. Decolorising azo dyes
with reducing agents such as hydrosulphite is not satisfac-
tory as the reduction can be reversible and generally
involves no real degradation of the dye molecule.

PHOTODEGRADATION

A few dyes can be photodegraded but this is a less-likely
occurrence with the new dyes that have been developed for
their high light fastness.

PLANTS

One novel method described [3] for colour removal is the
use of water hyacinths. A colour removal of 96% has been
recorded with water hyacinths acclimatised to textile finish-
ing waste waters. Much land would, of course, be neces-
sary to make use of such a unique process feasible; it would
also be of littie value during UK winters.

BIODEGRADATION

Of those dyes that are known to undergo biodegradation,
the azo dyes are perhaps the most studied, although they
tend not to be readily biodegradable in sewage treatment
works. Removal usually takes ptace by adsorption and floc-
culation. In exploring the possibilities to achieve genuine
biodegradation the following factors are relevant [4],

In anaerobic conditions several types of micro-
organisms are capable of reducing azo compounds to the
corresponding amines, although such degradation is
incomplete. For complete degradation the introduction of
oxygen appears to be necessary. Under these circurns-
tances the pathway is expected to follow the scheme
described in the literature for aerobic biodegradation of
aromatic intermediates.

In most cases biodegradation does not occur spontane-
ously in aerobic conditions. Lengthy adaptation periods are
necessary to obtain cultures exhibiting an ability to
degrade azo dyes. It is assumed that, despite the presence
of oxygen, the first step of the degradation is a reduction of
the azo bridge to the corresponding amines, which in turn
are degraded according to the foregoing. In long sewers
and in primary settlement tanks anaerobic conditions
occur, and hence azo reduction is likely.

The result is that a dye of low toxicity itself, based on
benzidine or its cangeners, may vield the amine base that is
highly toxic and carcinogenic. Whilst aromatic amines such
as benzidine may subsequently undergo aerobic biodegra-
dation, the kinetics of formation and degradation of such
amines in dilute solutions are unknown. The US Environ-
mental Protection Agency [5] has computed levels of ben-
zidine that produce a lifetime risk of no more than one
tumeour per million peopile exposed, if allowed to reach man
through water; these are estimated to be in the range
0.05-0.8 g/l depending on the data and extrapolation
method employed.

Furthermare, Genin [6] has reported that diphenylamine
dyes can yield benzidine in the urine of workers in the
textile coloration industry due to metabolic decomposition
of the dyes concerned.

Jenkins et al. [7] reported that the action of chlorine on
benzidine occurs in a different manner to that for the
monophenylamines. A deep purple precipitate was formed
almost immediately upon contact of the benzidine with
chiorine in distilled water or secondary effluent. When ben-
zidine was degraded via activated sludge a similarly col-
oured product was observed, which suggests that the oxi-
dation of benzidine may lead to similar products. These
findings show that benzidine does not appear to undergo
ring chlorination to produce a chlorine-substituted product,
but forms a quinone-imine-based copolymer. Hence, the
effective removal of toxic or carcinogenic substances can-
not be inferred. Recently, however, Brown and
Laboureur [8] have indicated that such amines are subject
to biodegradation.

The food dye Brown FK (C.I. Food Brown 1} is manufac-
tured by coupling diazotised sulphanilic acid with 2,4-
diaminotoluene. In fact, the dye is a mixture of six com-
pounds {3, 10]. If a toxicological or biodegradation study
on such a dye is to be undertaken, should it be on the
mixture or on each component, assuming the components
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can be isolated? Brown FK has been found to undergo both
in vitro andin viva metabolism. In the rat gut azo-reductase
fission occurs to yield sulphanilic acid and a phenazine-like
compound. Thisis excreted inthe urine as a blue material. If
such a problem can occur with a food dye, what will happen
with commercial dyes, where the purity is likely to be even
lower? Itis believed that certain liquid dye preparations are
sold as a reaction mixture, without the dye even being
crystallised from its reaction intermediates. During treat-
ment of commercial dyes at a sewage works both
anaerobic and aerobic metabolic pathways and processes
occur. Hence, the number of metabolites is likely to be
prodigious.

Another example of different processes can be seen with
Orange Il (C.l. Acid Orange 7). Laboratory-based biodegra-
dation studies (semi-continuous activated sludge} have
shown that this dye is subject to biodegradation when an
acclimatised inoculum was used. With an inoculum of
acclimatised effluent 99% of dissolved arganic carbon
removal was observed. This showed that this dye is readily
biodegradable after acclimatisation. However, an activated
sewage treatment works was found to be unable to
degrade the dye when it was present in the influent on an
intermittent basis. This indicates that if a dye is not to be
recalcitrant in a sewage works then its discharge should be
continuous. This may be difficult to achieve as many dyes
are used in batch processes.

It should be noted that the simple coloured compound
azobenzene-4,4'-dicarboxylic acid is readily susceptible to
biodegradation but it is necessary for the more complex
Orange il to undergo an adaptation process. It was
found [11, 12] that 400 culture generations were necessary
to produce the bacteria capable of degrading carboxylated
Crange Il.

One important incidental benefit of metabolism and azo
reduction was illustrated with the azo compound Prontosil
in 1935. Prontosil will undergo in vivo azo cleavage to yield
sulphanilamide. The latter was an important
chemotherapeutic agent for the treatment of streptococcal
infections. Hence, the active therapeutic agent was pro-
duced /n situ at the required site by /in vivo cleavage of this
substance.

Fluorescent whitening agents (FWAs) are largely based
on substituted diamino stilbenes. The more simple forms
of such FWAs are known to undergo biodegradation [13].
However, the majority of such FWAs are based on more-
complex molecules often containing s-triazine rings. A
recent "“C biodegradation study at the g/l level has indi-
cated that they are not subject to degradation, showing that
the s-triazine rings are recaicitrant after some 60 days of
laboratory-simulated sewage works treatment. On the
other hand conventional studies sensitive only at the mg/I
level, measuring the biodegradation by dissolved organic
carbon measurements, indicate some FWAs are readily
biodegradable. It would appear that the s-triazine ring’s
recalcitrant behaviour parallels that found in s-
triazine-based herbicides, which are known to take some
100-200 days to degrade in a soil environment.

Games and Hites [14] have examined methylene chloride
extracts from a waste water from a dye-manufacturing
plant by means of gas chromatography and mass spectro-
metry and found some 53 organic compounds to be present.
Some of these are potentially toxic. 1,3,3-
Trimethyloxindole, for example, was found to be increas-
ing in concentration during treatment of waste water.
5-Chloro-3-phenyl-1,2,4-thiadiazole, patented as a nemato-
cide, would appear to be present as an impurity in the raw
material, rather than resulting from any novel synthesis.

During the investigation 1,3,3-trimethyl-2-methene-
indoline standards were found to be changing from
colourless to dark red after a short time interval, which
indicated that reactions were occurring in simple and pure
aqueous media. It was thought that this was due to the
formation of Fischer's Base (Astaphloxin FF) [15]. If this
was so, a methylene donor such as formic acid must have
been present. In addition to potentially toxic substances
such as chlorobenzenes, bramoaniline, nitrobenzene and
nitrochlorobenzene, a number of more complex com-
pounds such as substituted anthraguinolines,
phenylenediamines, etc. were identified.

THE FUTURE

When complicated azo dyes appeared in the environment
100 years ago, the micro-organisms did not have the ability
to degrade such compounds. Some bacteria have since
undergone genetic changes to enable them to degrade
some of these dyes, but only a few. As Patricia Clarke
suggested in 1974; ‘The micro-organisms in soil and water
are being challenged to increase their biochemical
armoury, perhaps we could help them’ [186].

Some experimental work [11] has offered help to the
bacteria by confronting them with a simple natural com-
pound, and then in a series of steps has deveioped their
degradative ability towards more complicated commercial
azo dyes. The resulting strains are highly substrate specific.
There are some 3000 azo dyes currently in use, it is not
feasible to consider breeding or constructing strains to
degrade all of them. Additionally, highly bred strains would
be unlikely to survive sewage treatment works environ-
ments. The latter problem could be solved it the genetic
information were transferred to a fitter organism.

CONCLUSIONS

Dyes are so varied in their structures that no simple scheme
can be developed for their remaoval from waste waters.
Some will undergo biodegradation and metabolites will be
formed of which some are likely to be more noxious com-
pounds than the parent dyes. Hence, if manufacturing pro-
cesses permit, it is preferable to isolate and remove the dye
in a concentrated form rather than allow highly coloured
liquors to be discharged to sewage treatment works, etc. If
treatment has to be considered, that treatment can include
physical, chemical, physico-chemical or biological proce-
dures.

Whatever the problem it is preferable to involve the local
trade effluent officer at an early stage when setting up new
manufacturing facilities, changing a location or consider-
ing a radical change of the dyes to be used.
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