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Abstract

Van der Zee, F.P. 2002. Anaerobic azo dye reduction. Doctoral Thesis, Wageningen University.

Wageningen, The Netherlands, 142 pages.

Azo dyes, aromatic moieties linked together by azo (-N=N-) chromophores, represent the largest class
of dyes used in textile-processing and other industries. The release of these compounds into the
environment is undesirable, not only because of their colour, but also because many azo dyes and their
breakdown products are toxic and/or mutagenic to life. To remove azo dyes from wastewater, a
biological treatment strategy based on anaerobic reduction of the azo dyes, followed by aerobic
transformation of the formed aromatic amines, holds promise. However, the first stage of the process,
anaerobic azo dye reduction, proceeds relatively slow. Therefore, this thesis research aimed at
optimising anaerobic azo dye reduction, by studying the reaction mechanism and by consequently
applying the obtained insights.

In this thesis it is shown that non-adapted anaerobic granular sludge has the capacity to non-
specifically reduce azo dyes. As there was no correlation between a dye’s reduction rate and its
molecular characteristics (i.e. its size and its number of sulphonate groups and other polar
substituents), it is unlikely that the mechanism of azo dye reduction involves cell wall penetration.
Moreover, the presence of bacteria is not a prerequisite: azo dyes can also be reduced by sulphide in a
purely chemical reaction. As dye containing wastewater usually contains sulphate and other sulphur
species that will be biologically reduced to sulphide during treatment in anaerobic bioreactors, azo dye
reduction will be a combination of biotic and abiotic processes. However, it was demonstrated that
under normal conditions in high-rate anaerobic bioreactors (high sludge content, moderate sulphide
levels), chemical azo dye reduction by sulphide hardly contributes to the overall reaction. Anaerobic
azo dye reduction is therefore mainly a biological process, either a direct enzymatically catalysed
reaction involving non-specific enzymes or a reaction with enzymatically reduced electron carriers.
Azo dye reduction by sludge that had not earlier been exposed to dyes was found to relate to the
oxidation of endogenous substrate and, especially, to the oxidation of hydrogen when present in bulk
concentrations. Enrichment was required for the utilisation of electrons from volatile fatty acids for
dye reduction.

Examination of the reduction of twenty chemically distinct azo dyes by anaerobic granular sludge
revealed a large variation in the reaction rates. Especially reactive azo dyes with triazyl reactive
groups were slowly reduced. For these common occurring reactive dyes, long contact times may be
necessary to reach a satisfying extent of decolourisation. Consequently, they pose a serious problem
for applying high-rate anaerobic treatment as the first stage in the biological degradation of azo dyes.
However, this problem can be overcome by using redox mediators, compounds that speed up the
reaction rate by shuttling electrons from the biological oxidation of primary electron donors or from
bulk electron donors to the electron-accepting azo dyes.

It was observed that one of the constituent aromatic amines of the azo dye Acid Orange 7 had an
autocatalytic effect on the dye’s reduction, probably by acting as a redox mediator. Other compounds,

e.g. the artificial redox mediator anthraquinone-2,6-disulphonate (AQDS), a compound that is known
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to catalyse the reductive transfer of several pollutants, and the commonly occurring flavin enzyme
cofactor riboflavin, were found to be extremely powerful catalysts, capable of raising the pseudo first-
order reaction rate constants by orders of magnitude. Moreover, a large stimulatory effect was found
for autoclaved sludge, presumably due to the release of internal electron carriers, e.g. enzyme
cofactors like riboflavin, during autoclaving.

AQDS was successfully applied to improve the continuous reduction of Reactive Red 2 (a reactive azo
dye with a triazyl reactive group) in a lab-scale anaerobic bioreactor that was operated under moderate
hydraulic loading conditions. Without AQDS, the reactor’s dye removal efficiency was very low,
which gave rise to severe dye toxicity towards the biological activity. Addition of catalytic
concentrations of AQDS to the reactor influent caused an immediate increase of the dye removal
efficiency and recovery of the methane production. Eventually, almost complete RR2 colour removal
could be reached.

Though effective AQDS dosage levels are low, continuous dosing has disadvantages with respect to
the costs and the discharge of this biologically recalcitrant compound. Therefore, the feasibility of
activated carbon (AC), which is known to contain quinone groups at its surface, to act alternatively as
an insoluble/immobilised redox mediator was explored. Incorporation of AC in the sludge of lab-scale
anaerobic bioreactors that treated Reactive Red 2 in synthetic wastewater containing volatile fatty acid
as primary electron donor resulted in enhanced continuous dye reduction as compared to the control
reactors without AC. The effect of AC was in large excess of its dye adsorption capacity. In addition,
it was shown that bacteria could utilise AC as terminal electron acceptor in the oxidation of acetate.
Moreover, AC catalysis of chemical azo dye reduction by sulphide was demonstrated. These results
clearly suggest that AC accepts electrons from the microbial oxidation of organic acids and transfers
the electrons to azo dyes, thereby accelerating their biological reduction.

The research presented in this thesis makes clear that the reduction of azo dyes can be optimised by
utilising redox mediators, i.e. either by continuous dosing of soluble quinones or by incorporation of
AC in the sludge blanket. The potential of using redox mediators is probably not limited to enhancing
azo dye reduction but may be extrapolated to other non-specific reductive (bio)transformations, e.g.
reduction of halogenated or nitroaromatic compounds. The potential of using redox mediators is
furthermore probably not limited to wastewater treatment but may also apply to bioremediation of

soils polluted with e.g. polychlorinated solvents or nitroaromatic pesticides.
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Chapter 1

1.1 Dyes, history

Ever since the beginning of humankind, people have been using colorants for painting and dyeing of
their surroundings, their skins and their clothes. Until the middle of the 19™ century, all colorants
applied were from natural origin. Inorganic pigments such as soot, manganese oxide, hematite and
ochre have been utilised within living memory. Palaeolithic rock paintings, such as the 30,000 year old

drawings that were recently discovered in the Chauvet caves in

France, provide ancient testimony of their application >*. O I|_|

Organic natural colorants have also a timeless history of Z N AN
application, especially as textile dyes. These dyes are all

aromatic compounds, originating usually from plants (e.g. the S ITI -
red dye alizarin from madder and indigo (Figure 1.1) from H O

woad) but also from insects (e.g. the scarlet dye kermes from the Figure 1.1 Indigo

shield-louse Kermes vermilio), fungi and lichens.

Synthetic dye manufacturing started in 1856, when the English chemist W.H. Perkin, in an attempt to
synthesise quinine, obtained instead a bluish substance with excellent dyeing properties that later
became known as aniline purple, Tyrian purple or mauveine. Perkin, 18 years old, patented his
invention and set up a production line. This concept of research and development was soon to be
followed by others and new dyes began to appear on the market, a process that was strongly stimulated
by Kékulé’s discovery of the molecular structure of benzene in 1865. In the beginning of the 20"

century, synthetic dyestuffs had almost completely supplanted natural dyes 3,

1.2 Dye classification

All aromatic compounds absorb electromagnetic energy but only those that absorb light with
wavelengths in the visible range (~350-700 nm) are coloured. Dyes contain chromophores, delocalised
electron systems with conjugated double bonds, and auxochromes, electron-withdrawing or electron-
donating substituents that cause or intensify the colour of the chromophore by altering the overall
energy of the electron system. Usual chromophores are -C=C-, -C=N-, -C=0, -N=N-, -NO, and
quinoid rings, usual auxochromes are -NHj3;, -COOH, -SO;H and -OH.

Based on chemical structure or chromophore, 20-30 different groups of dyes can be discerned. Azo
(monoazo, disazo, triazo, polyazo), anthraquinone, phthalocyanine and triarylmethane dyes are
quantitatively the most important groups. Other groups are diarylmethane, indigoid, azine, oxazine,
thiazine, xanthene, nitro, nitroso, methine, thiazole, indamine, indophenol, lactone, aminoketone and
hydroxyketone dyes and dyes of undetermined structure (stilbene and sulphur dyes). Figure 1.2 shows

the structure formulas of several different dyes.
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The vast array of commercial colorants is classified in terms of colour, structure and application
method in the Colour Index (C.1.) which is edited since 1924 (and revised every three months) by the
Society of Dyers and Colourists and the American Association of Textile Chemists and Colorists. The
Colour Index (3rd Edition, issue 2) lists about 28,000 commercial dye names, representing ~10,500
different dyes, 45,000 of which are currently produced. Each different dye is given a C.I. generic name
determined by its application characteristics and its colour. The Colour Index discerns 15 different

application classes:

1.2.1 Acid dyes

The largest class of dyes in the Colour index is referred to as Acid dyes (~2300 different acid dyes
listed, ~40% of them are in current production). Acid dyes are anionic compounds that are mainly
used for dyeing nitrogen-containing fabrics like wool, polyamide, silk and modified acryl. They bind
to the cationic NH,4 -ions of those fibres. Most acid dyes are azo (yellow to red, or a broader range
colours in case of metal complex azo dyes), anthraquinone or triarylmethane (blue and green)
compounds. The adjective ‘acid’ refers to the pH in acid dye dyebaths rather than to the presence of

acid groups (sulphonate, carboxyl) in the molecular structure of these dyes.

1.2.2 Reactive dyes

Reactive dyes are dyes with reactive groups that form covalent bonds with OH-, NH-, or SH-groups in
fibres (cotton, wool, silk, nylon). The reactive group is often a heterocyclic aromatic ring substituted
with chloride or fluoride, e.g. dichlorotriazine. Another common reactive group is vinyl sulphone (as
in Reactive Orange 7, see Figure 1.2). The use of reactive dyes has increased ever since their
introduction in 1956, especially in industrialised countries. In the Colour Index, the reactive dyes form

the second largest dye class with respect to the amount of active entries: about 600 of the ~1050

Cl O — cotton

NAN N/J\N
AL AL
DYE N Cl DYE N~ O —cotton

Figure 1.3 Principle of cotton dying with a triazyl reactive dye

different reactive dyes listed are in current production. During dying with reactive dyes (Figure 1.3),
hydrolysis (i.e. inactivation) of the reactive groups is an undesired side reaction that lowers the degree
of fixation. In spite of the addition of high quantities of salt and ureum (up to respectively 60 and 200
g/l) to raise the degree of fixation, it is estimated that 10 to 50% will not react with the fabric and
remain —hydrolysed— in the water phase. The problem of coloured effluents is therefore mainly
identified with the use of reactive dyes. Most (~80%) reactive dyes are azo or metal complex azo
compounds but also anthraquinone and phthalocyanine reactive dyes are applied, especially for green

and blue.
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1.2.3 (Metal complex dyes)

Among acid and reactive dyes, many Metal complex dyes can be found (not listed as a separate
category in the Colour Index). These are strong complexes of one metal atom (usually chromium,
copper, cobalt or nickel) and one or two dye molecules, respectively 1:1 and 1:2 metal complex dyes.
Metal complex dyes are usually azo compounds. About 1/6 of all azo dyes listed in the Colour Index

are metal complexes >’ but also phthalocyanine metal complex dyes are applied.

1.2.4 Direct dyes

Direct dyes are relatively large molecules with high affinity for especially cellulose fibres. Van der
Waals forces make them bind to the fibre. Direct dyes are mostly azo dyes with more than one azo
bond or phthalocyanine, stilbene or oxazine compounds. In the Colour Index, the direct dyes form the
second largest dye class with respect to the amount of different dyes: About 1600 direct dyes are listed

but only ~30% of them are in current production.

1.2.5 Basic dyes

Basic dyes are cationic compounds that are used for dyeing acid-group containing fibres, usually
synthetic fibres like modified polyacryl. They bind to the acid groups of the fibres. Most basic dyes
are diarylmethane, triarylmethane, anthraquinone or azo compounds. Basic dyes represent ~5% of all

dyes listed in the Colour Index.

1.2.6 Mordant dyes

Mordant dyes are fixed to fabric by the addition of a mordant, a chemical that combines with the dye
and the fibre. Though mordant dyeing is probably one of the oldest ways of dyeing, the use of mordant
dyes is gradually decreasing: only ~23% of the ~600 different mordant dyes listed in the Colour Index
are in current production. They are used with wool, leather, silk, paper and modified cellulose fibres.
Most mordant dyes are azo, oxazine or triarylmethane compounds. The mordants are usually

dichromates or chromium complexes.

1.2.7 Disperse dyes

Disperse dyes are scarcely soluble dyes that penetrate synthetic fibres (cellulose acetate, polyester,
polyamide, acryl, etc.). This diffusion requires swelling of the fibre, either due to high temperatures
(>120 °C) or with the help of chemical softeners. Dying takes place in dyebaths with fine disperse
solutions of these dyes. Disperse dyes form the third largest group of dyes in the Colour Index: about
1400 different compounds are listed, of which ~40% is currently produced. They are usually small azo
or nitro compounds (yellow to red), anthraquinones (blue and green) or metal complex azo compounds

(all colours).




Chapter 1

1.2.8 Pigment dyes

Pigment dyes (i.e. organic pigments) represent a small but increasing fraction of the pigments, the
most widely applied group of colorants. About 25% of all commercial dye names listed in the Colour
Index are pigment dyes but these ~6900 product names stand for less than 800 different dyes. These
insoluble, non-ionic compounds or insoluble salts retain their crystalline or particulate structure
throughout their application. Pigment dyeing is achieved from a dispersed aqueous solution and
therefore requires the use of dispersing agents. Pigments are usually used together with thickeners in
print pastes for printing diverse fabrics. Most pigment dyes are azo compounds (yellow, orange, and
red) or metal complex phthalocyanines (blue and green). Also anthraquinone and quinacridone

pigment dyes are applied.

1.2.9 Vat dyes

Vat dyes are water-insoluble dyes that are particularly and widely used for dyeing cellulose fibres. The
dyeing method is based on the solubility of vat dyes in their reduced (leuco) form. Reduced with
sodium dithionite, the soluble leuco vat dyes impregnate the fabric. Next, oxidation is applied to bring
back the dye in its insoluble form. Almost all vat dyes are anthraquinones or indigoids. Indigo itself is
a very old example of a vat dye, with about 5000 years of application history. ‘Vat’ refers to the vats

that were used for the reduction of indigo plants through fermentation.

1.2.10 Anionic dyes and ingrain dyes

Azoic dyes and Ingrain dyes (naphthol dyes) are the insoluble products of a reaction between a
coupling component (usually naphthols, phenols or acetoacetylamides; listed in the Colour Index as
C.L. azoic coupling components) and a diazotised aromatic amine (listed in the Colour Index as C.L
azoic diazo components). This reaction is carried out on the fibre. All naphthol dyes are azo

compounds.

1.2.11 Sulphur dyes

Qulphur dyes are complex polymeric aromatics with heterocyclic S-containing rings. Though
representing about 15% of the global dye production, sulphur dyes are not so much used in Western
Europe. Dyeing with sulphur dyes involves reduction and oxidation, comparable to vat dyeing. They

are mainly used for dyeing cellulose fibres.

1.2.12 Solvent dyes

Solvent dyes (lysochromes) are non-ionic dyes that are used for dyeing substrates in which they can
dissolve, e.g. plastics, varnish, ink, waxes and fats. They are not often used for textile-processing but
their use is increasing. Most solvent dyes are diazo compounds that underwent some molecular

rearrangement. Also triarylmethane, anthraquinone and phthalocyanine solvent dyes are applied.
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1.2.13 Fluorescent brighteners

Fluorescent brighteners (or bluing agents) mask the yellowish tint of natural fibres by absorbing
ultraviolet light and weakly emitting visible blue. They are not dyes in the usual sense because they
lack intense colour. Based on chemical structure, several different classes of fluorescent brighteners
are discerned: stilbene derivatives, coumarin derivatives, pyrazolines, 1,2-ethene derivatives,
naphthalimides and aromatic or heterocyclic ring structures. Many fluorescent brighteners contain

triazinyl units and water-solubilising groups.

1.2.14 Other dye classes

Apart from the dye classes mentioned above, the Colour Index also lists Food dyes and Natural dyes.
Food dyes are not used as textile dyes and the use of natural dyes (mainly anthraquinone, indigoid,
flavenol, flavone or chroman compounds that can be used as mordant, vat, direct, acid or solvent dyes)

in textile-processing operations is very limited.

1.3 Production and discharge statistics of dyes

Recent statistics on the global production and use of dyes and on the relative distribution between the
different dye classes are not readily available. The most recent readily available data are from the 1993
SRI report, containing data for 1991 25 These data, listed in Table 1.1, show that the relative share of
Western Europe is 13% of the world sale and that this share includes relatively more acid (and
mordant) dyes and relatively less sulphur dyes than the world average. It is reasonable to assume that

the total sale approximately equals the production and the consumption.

Table 1.1 Total sale of dyes —with the exclusion of solvent and pigment dyes— in 1991 (SRI, 1993 **)

Dye class Western Europe World

(1,000 tonnes) (1,000 tonnes)
acid (and mordant) 24 100
azoic 2 48
basic 8 44
direct 9 64
disperse 22 157
reactive 13 114
sulphur 3 101
vat 4 40
sum 85 668
relative share (%) 13

The principal route by which dyes enter the environment is via wastewater *. To judge the relative
share of the different dye classes in the wastewater of textile-processing industries, dye consumption
data should be considered together with the degree of fixation of the different dye classes. These are
listed in Table 1.2. From combining Tables 1.1 and 1.2 it can be estimated that approximately 75% of

the dyes discharged by Western-European textile-processing industries belong to the classes of
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reactive (~36%), acid (~25%) and direct (~15%) dyes, all of which are dye classes with mostly azo
dyes.

Table 1.2 Estimated degree of fixation for different dye/fibre combinations 89

Dye class Fibre Degree of fixation (%) Loss to effluent (%)
acid polyamide 80 -95 5-20
basic acrylic 95-100 0-5
direct cellulose 70 —95 5-30
disperse polyester 90 - 100 0-10
metal-complex wool 90 - 98 2-10
reactive cellulose 50-90 10-50
sulphur cellulose 60— 90 10 -40

vat cellulose 80 -95 5-20

As azo dyes represent the largest class of organic colorants listed in the Colour Index (60-70% of the
total) and their relative share among reactive, acid and direct dyes is even higher, it can be expected
that they make up the vast majority of the dyes discharged by textile-processing industries.
Anthraquinone dyes are second largest class (~15% of the entries in the Colour Index), followed by

triarylmethanes (~3%) and phthalocyanines (~2%).

1.4 Dyes, environmental concern

Many dyes are visible in water at concentrations as low as 1 mg I"'. Textile-processing wastewaters,

typically with a dye content in the range 10 — 200 mg I"" ***

, are therefore usually highly coloured and
discharge in open waters presents an aesthetic problem. As dyes are designed to be chemically and
photolytically stable, they are highly persistent in natural environments. The release of dyes may
therefore present an ecotoxic hazard and introduces the potential danger of bioaccumulation that may

eventually affect man by transport through the food chain.

1.4.1 Bioaccumulation

The bioaccumulation tendency of dyestuffs in fish has been comprehensively investigated in research
promoted by ETAD, the Ecological and Toxicological Association of Dyes and Organic Pigments
Manufacturers. The bioconcentration factors (BCF’s) of 75 dyes from different application classes
were determined and related to the partition coefficient n-octanol/water (Kow) of each different
compound. Water-soluble dyes with low Kow, i.e. ionic dyes like acid, reactive and basic dyes, did not
bioaccumulate (generally log BCF < 0.5). For these water-soluble dyes, log P (log Kow) showed a
linear relationship with log BCF so it was expected that dyestuffs with higher Kow would
bioaccumulate. However, water-insoluble organic pigments with extremely high partition coefficients
did not bioaccumulate probably due to their extremely low water and fat solubilities and also the BCF

values for disperse dyes, i.e. scarcely soluble compounds with a moderately lipophilic nature, were




General Introduction

much lower than expected. In all cases, log BCF < 2, which indicates that none of the dyes tested

showed any substantial bioaccumulation °,

1.4.2 Toxicity of dyestuffs

Dyestuff toxicity has been investigated in numerous researches. These toxicity (i.e. mortality,
genotoxicity, mutagenicity and carcinogenicity) studies diverge from tests with aquatic organisms
(fish, algae, bacteria, etc.) to tests with mammals. Furthermore, research has been carried out to effects
of dyestuffs and dye containing effluents on the activity of both aerobic and anaerobic bacteria in
wastewater treatment systems.

The acute toxicity of dyestuffs is generally low. Algal growth (photosynthesis), tested with
respectively 56 and 46 commercial dyestuffs, was generally not inhibited at dye concentrations below
1 mg/l. The most acutely toxic dyes for algae are —cationic— basic dyes ' '**. Fish mortality tests
showed that 2% out of 3000 commercial dyestuffs tested had LCsy values below 1 mg/l. The most
acutely toxic dyes for fish are basic dyes, especially those with a triphenylmethane structure. Fish also
seem to be relatively sensitive to many acid dyes ®. Mortality tests with rats showed that only 1% out
of 4461 commercial dyestuffs tested had LDs, values below 250 mg/kg body weight . Therefore, the
chance of human mortality due to acute dyestuff toxicity is probably very low. However, acute
sensitisation reactions by humans to dyestuffs often occurs. Especially some disperse dyestuffs have
been found to cause allergic reactions, i.e. eczema or contact dermititis *%.

Chronic effects of dyestuffs, especially of azo dyes, have been studied for several decades.
Researchers were traditionally mostly focused on the effects of food colorants, usually azo
compounds. Furthermore, also the effects of occupational exposure to dyestuffs of human workers in
dye manufacturing and dye utilising industries have received attention. Azo dyes in purified form are
seldom directly mutagenic or carcinogenic, except for some azo dyes with free amino groups *°.
However, reduction of azo dyes, i.e. cleavage of the dye’s azo linkage(s), leads to formation of
aromatic amines and several aromatic amines are known mutagens and carcinogens. In mammals,
metabolic activation (= reduction) of azo dyes is mainly due to bacterial activity in the anaerobic parts
of the lower gastrointestinal tract. Various other organs, especially the liver and the kidneys, can,
however, also reduce azo dyes.

After azo dye reduction in the intestinal tract, the released aromatic amines are absorbed by the
intestine and excreted in the urine. The acute toxic hazard of aromatic amines is carcinogenesis,
especially bladder cancer. The carcinogenicity mechanism probably includes the formation of acyloxy
amines through N-hydroxylation and N-acetylation of the aromatic amines followed by O-acylation.
These acyloxy amines can be converted to nitremium and carbonium ions that bind to DNA and RNA,
which induces mutations and tumour formation *°.

The mutagenic activity of aromatic amines is strongly related to molecular structure. In 1975 and in
1982, the International Agency for Research on Cancer (IARC) summarised the literature on suspected
azo dyes, mainly amino-substituted azo dyes, fat-soluble azo dyes and benzidine azo dyes, but also a

few sulphonated azo dyes "*> *°. Most of the dyes on the IARC list were taken out of production *.
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In Germany, concern about the hazard of dyes resulted per July 1995 in prohibition of dyes and
products containing dyes that yield any of 20 specified aromatic amines listed in Table 1.3
(Lebensmittel- und Bedarfgegenstindegesetz (LMBG) § 5, Sect. 1, No. 6). In 1998, the same
restrictions became valid in The Netherlands (Warenwetbesluit Azo-Kleurstoffen, 1998 Staatsblad
number 339) and Austria (Verordnung der Bundesministerin fiir Frauenangelegenheiten und
Verbraucherschutz {iber das Verbot der Verwendung bestimmter Azofarbstoffe und Azopigmente bei
Gebrauchsgegenstinden (Azofarbstoffverordnung), 1998 Bundesgesetzblatt II, number 241, page
1235, 29 July 1998).

Table 1.3 Specific amines forbidden in Germany, The Netherlands and Austria

compound synonym

aromatic amines with two benzene rings (benzdines/toluidines/dianilines):

benzidine 4,4’-diaminobiphenyl
4,4’-thiodianiline di(4-aminophenyl)sulphide
3,3’-dichlorobenzidine ---

o-dianisidine 3,3’-dimethoxybenzidine
4-aminobiphenyl biphenyl-4-ylamine
3,3’-dimethylbenzidine 4,4’-bi-toluidine

o-toluidine 2-methylbenzenamine
4-chloro-o-toluidine 4-chloro-2-methyl-benzamine
5-nitro-o-toluidine 2-methyl-5-nitro-benzeneamine
6-methoxy-m-toluidine 2-methoxy-5-methyl-benzamine
4.,4’-bi-toluidine 3,3’-dimethylbenzidine
4,4’-methylenedi-o-toluidine 3,3’-dimethyl-4,4’-diamino-diphenylmethane
4-0-tolylazo-o-toluidine 4-amino-2’,3-dimethylazobenzene
4,4’-methylenebis(2-chloroaniline) -

4,4’-methylenedianiline 4,4-diaminodiphenylmethane
4,4’-oxydianiline di (4-aminophenyl) ether
aromatic amines with one benzenering:

4-chloroaniline 4-chloro-benzenamine
2,4,5-trimethylaniline 2,4,5-trimethylbenzenamine
4-aminoazobenzene 4-(phenylazo)-benzenamine
o-anisidine 2-methoxy-benzeneamine
4-methoxy-m-phenylenediamine 4-methoxy-1,3-benzenediamine
4-methyl-m-phenylenediamine 4-methyl-1,3-benzenediamine

aromatic amines with a naphthalene structure:
2-naphthylamine -

Generally stated, genotoxicity is associated with all aromatic amines with benzidine moieties, as well
as with some aromatic amines with toluene, aniline and naphthalene moieties. The toxicity of aromatic
amines depends strongly on the spatial structure of the molecule or —in other words— the location of
the amino-group(s). For instance, whereas there is strong evidence that 2-naphthylamine is a

7. The toxicity of aromatic amines depends

carcinogen, 1-naphthylamine is much less toxic
furthermore on the nature and location of other substituents. As an example, the substitution with

nitro, methyl or methoxy groups or halogen atoms may increase the toxicity, whereas substitution with
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carboxyl or sulphonate groups generally lowers the toxicity *°. As most soluble commercial azo
dyestuffs contain one or more sulphonate groups, insight in the potential danger of sulphonated
aromatic amines is particularly important. In an extensive review of literature data on genotoxicity and
carcinogenicity of sulphonated aromatic amines, it was concluded that sulphonated aromatic amines,
in contrast to some of their unsulphonated analogues, have generally no or very low genotoxic and

tumorigenic potential '**.

1.5 Dye removal techniques

Various physical, chemical and biological pre treatment, main treatment and post treatment techniques
can be employed to remove colour from dye containing wastewaters ' !¢ 120 147 281.308. 329,330 "ppy i
chemical techniques include membrane filtration, coagulation/flocculation, precipitation, flotation,
adsorption, ion exchange, ion pair extraction, ultrasonic mineralisation, electrolysis, advanced
oxidation (chlorination, bleaching, ozonation, Fenton oxidation and photocatalytic oxidation) and
chemical reduction. Biological techniques include bacterial and fungal biosorption and biodegradation
in aerobic, anaerobic, anoxic or combined anaerobic/aerobic treatment processes.

Several factors determine the technical and economic feasibility of each single dye removal technique:
- dye type

- wastewater composition

- dose and costs of required chemicals

- operation costs (energy and material)

- environmental fate and handling costs of generated waste products

In general, each technique has its limitations. The use of one individual process may often not be
sufficient to achieve complete decolourisation. Dye removal strategies consist therefore mostly of a
combination of different techniques. The most important dye removal techniques are briefly discussed

in sections 1.5.1 — 1.5.6.

1.5.1 Membranefiltration

Nanofiltration and reverse osmosis, using membranes with a molecular weight cut-off (MWCO)
below ~10,000 Dalton, can be applied as main or post treatment processes for separation of salts and
larger molecules including dyes from dyebath effluents and bulk textile-processing wastewaters.
Filtration with bigger membranes, i.e. ultrafiltration and microfiltration, is generally not suitable as the
membrane pore size is too large to prevent dye molecules passing through " but it can be successful as
pre treatment for further nanofiltration or reverse osmosis **>. Membrane filtration is a quick method
with low spatial requirement. Another advantage is that the permeate, as well as some of the
concentrated compounds, including non-reactive dyes, can be reused 4.2 This reuse, however,
applies mostly only for smaller waste flows **'. The disadvantages of membrane techniques are flux
decline and membrane fouling, necessitating frequent cleaning and regular replacement of the

modules. Another important drawback is that the generated concentrate must be processed further, for

11
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instance by ozonation **. The capital costs of membrane filtration are therefore generally rather high
70-120.330 Eiltration techniques for the treatment of textile wastewaters are especially widely applied in

South Africa **3%,

1.5.2 Coagulation/flocculation

Coagulation/flocculation is often applied in the treatment of textile-processing wastewater, either to
partly remove Chemical Oxygen Demand (COD) and colour from the raw wastewater before further

5, 186, 238 70, 201, 290
treatment — "7 B

, to polish the final effluents of biologically or otherwise treated wastewater
or even as the main treatment process *>. The principle of the process is the addition of a coagulant
followed by a generally rapid chemical association between the coagulant and the pollutants. The thus
formed coagulates or flocs subsequently precipitate or are to be removed from the water phase by
flotation.

Various inorganic coagulants are used, mostly lime, magnesium, iron and aluminium salts. Inorganic
compounds are, however, generally not very suitable to remove highly soluble (= sulphonated) dyes

12308 ynless rather large quantities are dosed '*°. Coagulation/flocculation with

from solution
inorganic chemicals generates considerable volumes of useless or even toxic sludge that must be
incinerated or handled otherwise. This presents a serious drawback of the process **.

Recently developed organic polymers have been proven highly effective as dye coagulants, even for
coagulation of reactive dyes, while the sludge production associated with polymer dosing is relatively
low ® ** Most of the polymers used for colour removal are, however, cationic and may be toxic to
aquatic life at very low concentrations (less than 1 mg/l) and in biological wastewater treatment plants,

some cationic polymers have been found to inhibit the nitrification process *.

1.5.3 Sorption and ion exchange

Activated carbon or other materials can be used to remove dyes from wastewater, either by adsorption
(anionic dyes) or by combined adsorption and ion exchange (cationic dyes). Sorption techniques yield
waste sludge, i.e. dye-saturated material, that should be disposed off or regenerated. As there are non-
ionic, anionic and cationic dyes, most adsorbents do not remove all different dye types. Activated
carbon is capable of adsorbing many different dyes with high adsorption capacity % "% '8 277 put it is
expensive and the costs of regeneration are high because desorption of the dye molecules is not easily
achieved " *”. Various other (mostly low-cost) adsorbents have therefore been investigated as an

alternative to activated carbon. Those adsorbents include:

91, 231, 240 215

, maize stalks 7, wheat
2,28, 182, 215 209
- 28, 182215 hark 2%

- non-modified cellulose (plant) biomass, e.g. corn/maize cobs

209, 215, 236 128, 240, 267

240 1 28
straw 7, linseed straw “°, rice husks , sawdust

218,219

, wood chips

, coirpith *?’, banana pith ***, bagasse pith *'*2'"-2%-2! salm fruit bunch particles 2% % **,

peat moss 27 215 3¢ peat 2% 128200277 inseed cake '*°, sugar beet pulp **, sugar industry mud **,

2 11
cotton waste 2 and cellulose 0;

. . . s 227 . 149
- modified cellulose biomass, e.g. carbonised coirpith “*’, carbonised coconut-tree sawdust

300 134, 133, 132

chemically modified sunflower stalks , polyamide-epichlorohydrin-cellulose ,

12
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11

355 , quaternised-lignocellulose

104-106, 169, 170

carbamoyl-cellulose , quaternised-cellulose

. . . 168
sugarcane bagasse derived anion exchange resin " ;

130 360

- bacterial biomass, e.g. Aeromonas , activated sludge 2229, dried and

powdered biogas waste slurry *%**°;

: 1,100, 217, 221, 240, 2 1
- fungal biomass 3"+ '0% 27221, 240.263. 313,

, actinomycetes

- yeast biomass %,

- chitin, a material that can be found in e.g. shells, insect shields and fungal cell walls > ''* 1! 20

392. chitosan, deacylated chitin 146.302. oross-linked chitosan fibres >3
- soil material, e.g. sand *'°, silica °, natural clay *', bentonite clay ** *”’, diatomite clay ',

montmorillonite clay **, vermiculite clay ***', fuller’s earth ', synthetic clay *"'%;

- wood charcoal ***, bone charcoal **, barbecue charcoal *'°, magnetic charcoal 287,

- activated bauxite ', activated alumina "**;

- other materials, e.g. pressed sludge cake (pulp mill waste), pyrolysed tire, leather hide powder,

dealginated seaweed, coal dust **, chrome sludge '", steel plant slag, fly ash *”” and hair **.

Some of these materials show high dye removal capacities, comparable or —especially in the case of
disperse dyes *”” —even higher than activated carbon. This depends strongly on the dye class. Many of
the materials listed, e.g. rice husks, bark, cotton waste and hair, have a high capacity for binding
(cationic) basic dyes but hardly remove dyes from other classes **. Acid and reactive dyes are
generally the most difficult to remove: some materials, e.g. bentonite clay, bind several dye types

209, 277

except acid dyes whereas Fuller’s earth, an adsorbent capable of binding dyes from many

classes including acid dyes **’ fails to bind reactive dyes '®. Chitin and chitosan have extremely high
acid and reactive dye binding capacity **.

Based on adsorption capacity for two basic dyes and one acid dye, it was calculated that the use of
natural clay, bagasse pith and maize cob would require only about 2-10% of the costs of activated
carbon, even though the adsorption capacity of these low-cost materials was considerably lower than
that of activated carbon **'. To evaluate the feasibility of a potential dye adsorbent, not only its costs
and its dye-binding capacity should be considered, but also its adsorption kinetics, its regeneration
properties and its requirements and limitations with respect to environmental conditions like pH,
temperature and salt concentration. In a review of the literature on the removal of acid dyes by using
dead plant and animal matter, it was concluded that cross-linked chitosan and quaternised
lignocellulose were the best materials with respect to adsorption or ion exchange capacity, adsorption
kinetics and costs. Most non-modified biological materials had a low adsorption capacity, adsorbents
with a high adsorption capacity like chitin, chitosan and polyamide-epichlorohydrin-cellulose had the
drawback of very slow kinetics, and quaternised cellulose was too expensive '*’.

Despite the large number of publications on dye adsorption, full-scale application is limited to
combinations, e.g. combined adsorption and biodegradation in activated carbon amended activated

71, 203, 335, 334

sludge systems or anaerobic bioreactors '®’, or combined sorption and coagulation by a

synthetic clay slurry '®.
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1.5.4 Electrolysis

Electrolysis is based on applying an electric current through to the wastewater to be treated by using

electrodes. The anode is a sacrificial metal (usually iron) electrode that withdraws electrons from the

electrode material, which results in the release of Fe(II)-ions to the bulk solution and precipitation of

Fe(OH), at the electrode surface. Moreover, water and chloride ions are oxidised, resulting in the

formation of O,, O; and Cl,. The cathode is a hydrogen electrode that produces H, gas from water.

Organic compounds like dyes react through a combination of electrochemical oxidation,

electrochemical reduction, electrocoagulation and electroflotation reactions:

- at the anode sorption onto precipitated iron, direct electrochemical oxidation forming oxidised
radicals and oxidation by the produced O; and Cl, gases;

- at the cathode electrochemical reduction forming reduced radicals and

- in the bulk solution chemical reduction or coagulation by the released Fe(Il) ions, followed (in
case of coagulation) by flotation by bubbles of the produced H, gas.

In several studies, electrochemical methods have been successfully applied to achieve decolourisation

of dye solutions and dye containing wastewaters % 140 184 186,204,235, 243,333,393 ‘However, the process is

expensive due to large energy requirements " and the limited lifetime of the electrodes **.

Furthermore, as radical reactions are involved, uncontrolled formation of unwanted breakdown

products may occur " '2* 1% Another possible drawback is foaming **°.

1.5.5 Advanced oxidation processes

Advanced oxidation can be defined as oxidation by compounds with an oxidation potential (E,) higher
than that of oxygen (1.23 V), i.e. hydrogen peroxide (E, = 1.78 V), ozone (E, = 2.07 V) and the
hydroxyl radical (E, = 2.28 V). Hydrogen peroxide alone is, however, usually not powerful enough *%.
Advanced oxidation processes (AOPs) are therefore mostly based on the generation of highly reactive
radical species (especially the hydroxyl radical HOe*) that can react with a wide range of compounds,
also with compounds that are otherwise difficult to degrade, e.g. dye molecules. The four AOPs that
have been most widely studied are ozonation, UV/H,0,, Fenton’s reagent (Fe*'/H,0,) and UV/TiO, “.

In the ozonation process, hydroxyl radicals are formed when O; decomposes in water:

H,0 + 0; > HO;" '+ OH = 2 HO,

[1.1]
+2 03
HO-+ +2 O,

Though ozone itself is a strong oxidant, hydroxyl radicals are even more reactive. Decomposition of
ozone requires high pH (>10). Ozone treatment of organic molecules proceeds therefore faster in
alkaline solutions than at neutral or acidic pH where ozone is the main oxidant *-*" 2%,

Ozone rapidly decolourises water-soluble dyes but non-soluble dyes (vat dyes and disperse dyes) react

201
much slower

. Textile-processing wastewater furthermore usually contains many refractory
constituents other than dyes (e.g. surfactants) that will react with ozone, thereby increasing the ozone
demand '®. Tt is advised, therefore, to pre-treat the wastewater before ozonation is applied **°. For

example, in Leek, England, ozonation is used as the final stage (after biological treatment and
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filtration) for treating textile-processing wastewater at full-scale . This concept is, however, not
logical as ozonation seldom leads to complete oxidation. Instead, ozone converts the organic
compounds into smaller (usually biodegradable) molecules like dicaroboxylic acids and aldehydes ***
26! The reduction of COD is therefore low, while some of the ozonation products (especially the
aldehydes) are highly toxic. It is better, therefore, to treat the effluent of the ozonation stage, logically
by using inexpensive biological methods '7® 7% 181-261.339,

Fenton oxidation is based on the generation of hydroxyl radicals from Fenton’s reagent (Fe*"/H,0,)
when ferrous iron is oxidised by hydrogen peroxide:

Fe*" + H,0, 2 Fe(OH)*" + HO+ [1.2]
Also higher oxidised iron species like [Fe(OH),(H,0)s]*" may be formed and it may even be possible
that these species are the main oxidants in Fenton oxidation processes . In addition, re-reduction of
ferric iron (redox cycling) can take place, thereby enabling iron to act as a catalyst in the generation of
radicals:

Fe’" + H,0, > Fe*" + HO,» + H' [1.3]
However, reaction (1.3) proceeds much slower than reaction (1.2), unless at very high temperatures >’
or when the reaction is catalysed by UV-light '> ' *"-2*_In the latter case, both Fenton’s reagent and
Fenton-like reagent (Fe3+/H202) can be used. Another enhanced Fenton-like process uses H,O, in
combination with iron powder. The oxidation reaction here is the conventional dark Fenton’s process
but adsorption of dyes to the iron powder increases its effectiveness *>.

Fenton or Fenton-like oxidation can decolourise a wide range of dyes '* % 138 139 131, 165, 187, 183, 236, 270, 290.
305347 In comparison to ozonation, the process is relatively cheap and results generally in a larger
COD reduction, although post-treatment (by for instance activated sludge) may still be required. A
drawback for application of Fenton or Fenton-like oxidation for the treatment of —the usually highly
alkaline- textile-processing wastewaters is that the process requires low pH (2 — 5). At higher pH,
large volumes of waste sludge are generated by the precipitation of ferric iron salts and the process
loses effectiveness as H,0, is catalytically decomposed to oxygen . Fenton or Fenton-like oxidation
will furthermore be negatively affected by the presence of radical scavengers and strong chelating
agents in the wastewater.

Photocatalytic oxidation processes (UV/H,0,, UV/TiO,; UV/Fenton’s reagent; UV/O; and other) are
all based on the formation of free radicals due to UV irradiation. Typically, as UV light does not
penetrate sufficiently in highly coloured waste streams, application of photocatalytic processes is
limited to the post-treatment stage >*°.

When UV is used in combination with hydrogen peroxide, hydroxyl radicals are formed according to
the following (simplified) reaction:

H,0, +hv = 2 HO- [1.4]
Drawbacks of the UV/H,O, process are the relatively high costs and the occasional lack of
effectiveness "> . Faster, cheaper and more effective photocatalytic processes receive therefore
increasing attention, especially those based on catalysis by solid semiconductor materials, mostly TiO,

particles. When this material is irradiated with photons of less than 385 nm, the band gap energy is
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exceeded and an electron is promoted from the valence band to the conduction band. The resultant

electron-hole pair has a lifetime in the space-charge region that enables its participation in chemical

reactions ''*. In general, oxygen is used to scavenge the conduction band electron to produce a

superoxide anion radical (O,*"), while adsorbed water molecules are oxidised to hydroxyl radicals:
hv/TiO,

0, +H,0 > Oy +HO*

With TiO, catalysed UV treatment, a wide range of dyes can be oxidised. The dyes are generally not
d 22,76, 114, 115, 131, 176, 177, 230, 258, 268, 269, 279, 280, 284, 320, 321, 323, 332,

[1.5]

only decolourised but also highly mineralise
359, 361

1.5.6 Biological techniques

Biological dye removal techniques are based on microbial biotransformation of dyes. As dyes are
designed to be stable and long-lasting colorants, they are usually not easily biodegraded. Nevertheless,
many researches have demonstrated partial or complete biodegradation of dyes by pure and mixed
cultures of bacteria (section 1.5.6.1), fungi (section 1.5.6.2) and algae (section 1.5.6.3)

1.5.6.1 Bacterial biodegradation

For a general evaluation of dye biodegradability, the dyes’ chemical structures, rather than their
application classes, should be considered. Investigations to bacterial dye biotransformation have so far
mainly been focused to the most abundant chemical class, that of the azo dyes. The electron-
withdrawing nature of the azo linkages obstructs the susceptibility of azo dye molecules to oxidative
reactions . Therefore, azo dyes generally resist acrobic bacterial biodegradation '* 1323123229 Oy
bacteria with specialised azo dye reducing enzymes (section 1.6.1.1) were found to degrade azo dyes
under fully aerobic conditions. In contrast, breakdown of azo linkages by reduction under anaerobic
conditions is much less specific (section 1.6.1.1). This anaerobic reduction implies decolourisation as
the azo dyes are converted to -usually colourless but potentially harmful (section 1.4.2)- aromatic
amines. Aromatic amines are generally not further degraded under anaerobic conditions. Anaerobic
treatment must therefore be considered merely as the first stage of the complete degradation of azo
dyes. The second stage involves conversion of the produced aromatic amines (section 1.6.2). For
several aromatic amines, this can be achieved by biodegradation under aerobic conditions. Combined
anaerobic and aerobic bacterial biodegradation of azo dyes, as well as its applications in wastewater
treatment processes, will further be discussed in section 1.6.3.

Bacterial biodegradation of non-azo dyes has received little attention so far:

Anthraquinone dyes. Anthraquinone dyes may possibly be aerobically degraded analogous to
anthraquinone *'* or anthraquinone-2-sulphonate *°. At least it has been demonstrated that three
bacterial strains could grow with the anthraquinone dye Acid Blue 277:1 as sole source of energy **°.
Under anaerobic conditions, the transformation of anthraquinone dyes is presumably limited to
reduction of quinone to hydroquinone, a reaction that reverses once the molecule is again exposed to

oxygen **" % Some anthraquinone dyes have been observed to be removed from the water phase by
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formation of an ‘insoluble pigment’ under anaerobic conditions *. This is in line with the observation
that electrochemical reduction of an anthraquinone dye increased its adsorptive properties *’.
Triphenylmethane dyes. Aerobic decolourisation of triphenylmethane dyes has been demonstrated
repeatedly > 2% 2134330 byt it has also been stated that these dyes resist degradation in activated
sludge systems '*. Under anaerobic conditions, the transformation of triphenylmethane dyes is
presumably limited to reversible reactions like the reduction of malachite green (Basic Green 4) to
leucomalachite green '**.

Phthalocyanine dyes. Phtalocyanine dyes are probably not biodegradable. Reversible reduction and
decolourisation occurs under anaerobic conditions ****.

It should be noticed that the brief overview in this section did not include dye degradation by
Sreptomyces and other actinomycetes, i.e. bacteria that produce extracellular oxidative enzymes like
white-rot fungi (section 1.5.6.2). Those extracellular oxidative enzymes are relatively non-specific
enzymes catalysing the oxidation of a variety of dyes '"*'%3%

1.5.6.2 Fungal biodegradation

Lignin-degrading fungi, white-rot fungi, can degrade a wide range of aromatics. This property is
mainly due to the relatively non-specific activity of their lignolytic enzymes, such as lignin
peroxidase, manganese peroxidase and laccase. The reactions catalysed by these extracellular enzymes
are oxidation reactions, e.g. lignin peroxidase catalyses the oxidation of non-phenolic aromatics,
whereas manganese peroxidase and laccase catalyse the oxidation of phenolic compounds *'2.

The degradation of dyes by white-rot fungi was first reported in 1983 ''? and has since then been the
subject of many research papers. An exhaustive review of these papers was recently published '®.
Virtually all dyes from all chemically distinct groups are prone to fungal oxidation but there are large
differences between fungal species with respect to their catalysing power and dye selectivity. A clear
relationship between dye structure and fungal dye biodegradability has not been established so far ',
Fungal degradation of aromatic structures is a secondary metabolic event that starts when nutrients (C,
N and S) become limiting **. Therefore, while the enzymes are optimally expressed under starving
conditions, supplementation of energy substrates and nutrients are necessary for propagation of the
cultures. Other important factors for cultivation of white-rot fungi and expression of lignolytic activity
are the availability of enzyme cofactors and the pH of the environment.

Although stable operation of continuous fungal bioreactors for the treatment of synthetic dye solutions
has been achieved *'® *** ¥ application of white-rot fungi for the removal of dyes from textile
wastewater faces many problems. As wastewater is not the natural environment of white-rot fungi, the

8! and the biomass growth and retention in bioreactors will be a

enzyme production may be unreliable
matter of concern *'°. As treatment of large water volumes may be difficult, extraction and
concentration of dyes prior to fungal treatment, may be necessary **°. Furthermore, the low optimum
pH for lignin peroxidase (4.5 — 5) requires extensive acidification of the usually highly alkaline textile
wastewater and causes inhibition of other useful microorganisms like bacteria *'°. Moreover, other

wastewater constituents, especially aromatics, may interfere with fungal dye degradation *'.
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1.5.6.3 Algal biodegradation

Degradation of a number of azo dyes by algae has been reported in a few studies '** *’. The
degradation pathway is thought to involve reductive cleavage of the azo linkage followed by further
degradation (mineralisation) of the formed aromatic amines. Hence, algae have been demonstrated to

degrade several aromatic amines, even sulphonated ones '*7 "% 3%

. In open wastewater treatments
systems, especially in (shallow) stabilisation ponds, algae may therefore contribute to the removal azo

dyes and aromatic amines from the water phase.

1.6 Combined anaerobic — aerobic bacterial biodegradation of azo dyes

1.6.1 First stage: anaerobic azo dye reduction

Anaerobic azo dye reduction is the reductive cleavage of azo linkages, i.e. the transfer of reducing
equivalents resulting in the formation of aromatic amines. As aromatic amines are generally
colourless, azo dye reduction is also referred to as azo dye decolourisation. The first study on azo dye
reduction was published as early as 1937, when the decolourisation of food azo dyes by lactic acid
bacteria isolated from the human gut was reported . Hence, as the formation of toxic aromatic amines
in humans is a matter of concern, research on bacterial azo dye reduction has traditionally mostly been
focused on the activity of (facultative) anaerobic bacteria from mammalian intestines > > 60- 8% 271,337,
Later, when the removal of dyes from wastewater became a topic, also bacteria from other origins

348 122

were used to investigate anaerobic azo dye reduction, e.g. pure cultures °*°, mixed cultures ",

2 44 . 2 .
> 364 anaerobic granular sludge *® and activated sludge

anaerobic sediments **, digester sludge
under anaerobic conditions **. Several review articles including many studies on bacterial azo dye
reduction have been published '® #!- 61 60 81. 174, 212, 310. 337 “The Jaree number of azo dyes that can be
reduced by so many different bacteria indicates that azo dye reduction is a non-specific reaction and
that the capability of reducing azo dye can be considered as a universal property of anaerobically
incubated bacteria.

1.6.1.1 Mechanism of azo dye reduction

The term ‘anaerobic azo dye reduction’ comprises different mechanisms (Figure 1.4). A distinction
can be made between direct enzymatic azo dye reduction and indirect azo dye reduction catalysed by
enzymatically (re)generated redox mediating compounds. Aside from these mechanisms, it is also
possible that azo dyes are purely chemically reduced by biogenic bulk reductants like sulphide.

Direct enzymatic azo dye reduction. According to the first mechanism of biological azo dye reduction,
enzymes transfer the reducing equivalents originating from the oxidation of organic substrates to the
azo dyes. Enzymes that catalyse azo dye reduction may either be specialised enzymes (catalysing only
the reduction of azo dyes) or non-specialised enzymes (non-specific enzymes that catalyse the
reduction of a wide range of compounds, including azo dyes). Evidence for the existence of
specialised azo dye reducing enzymes, so-called ‘azoreductases’, has so far only been found in studies

with some aerobic and facultative aerobic bacteria that could grow with mostly simple azo compounds
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as sole source of carbon and energy. These strains grew under strict aerobic conditions by using a
metabolism that started with reductive cleavage of the azo linkage '** '*. The existence of enzymes
catalysing azo dye reduction in aerobic bacteria was for the first time proven when two azoreductases
from obligate aerobic bacteria were isolated and characterised *** *** *®  These intracellular
azoreductases showed high specificity to dye structures. Aside from these specific azoreductases, also
non-specific enzymes catalysing azo dye reduction have been isolated from aerobically grown cultures

109

of Shigella dysenteriae ', Escherichia coli and Bacillus sp. *'*. Where characterised, these

enzymes were found to be flavoproteins '* 1%,

There is no clear evidence for the existence of specific azoreductases in anaerobically grown bacteria.
However, also under anaerobic conditions, non-specific enzymes may be responsible for the almost
ubiquitous capacity of many strains of anaerobic, facultative anaerobic and even aerobic bacteria to
reduce azo dyes. Ten bacterial strains isolated from the human intestine were found to reduce Direct
Blue 15 in their culture supernatants *’'. Further research with the purified responsible enzyme from
one of the strains showed that it was a flavoprotein capable of catalysing the reduction of azo dyes as

well as nitroaromatics 27> 275 272

. This observation may indicate that enzymatic anaerobic azo dye
reduction is more or less a fortuitous reaction, catalysed by enzymes (e.g. hydrogenases) which are
usually used for other reactions. In the research by Rafii and co-workers, the azo dye reducing enzyme
was found to be located throughout the bacterial cytoplasm without showing association to membranes
or other organised structures but it was secreted before acting as an ‘azoreductase’ in vivo *’*. This
raises questions with respect to the mechanism, as it is unclear how the supposed extracellular

enzymes gain the biochemical electron equivalents (g NADH) necessary for the reduction of azo dyes
310

Direct enzymatic Indirect (mediated) biological Direct chemical
ED azo dye ED RM,, azo dye H,S azo dye
M aromatic M Xaromatic Qs 5 aromatic
ED, amines ED,; RM¢q amines S amines

Figure 1.4 Schematic representation of the different mechanisms of anaerobic azo
dye reduction
RM = redox mediator; ED = electron donor; b = bacteria (enzymes)
Indirect (mediated) biological azo dye reduction. According to the second mechanism of biological
azo dye reduction, azo dyes are indirectly reduced by enzymatically reduced electron carriers. Early
research has hypothesised that reduced flavins (FADH,, FMNH,, riboflavin) generated by flavin-
dependent reductases can reduce azo dyes in a non-specific chemical reaction ''"" 2. Flavins were
indeed often found to stimulate azo dye reduction (Table 1.4) and recent research has revealed that
flavin reductases are indeed ‘anaerobic azoreductases’ ***. Also other reduced enzyme cofactors
capable of direct azo dye reduction have been reported, e.g. NADH ***, NADH and NADPH '*>'* and
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2% Aside from enzyme cofactors, also various artificial redox

an NADPH-generating system
mediating compounds are important stimulants of biological azo dye reduction (Table 1.4).

The redox potential (E,”) of a redox mediator (i.e. the Ey’ of the couple oxidised/reduced redox
mediator) for azo dye reduction should theoretically lie in between the Ey’ of the primary electron
donor (e.g. the Ey’ of the anaerobic oxidation of a carbohydrate to CO,) and the Ey’ of the azo dye (i.e.
the Ey’ of the redox couple azo dye/aromatic amines). Unfortunately, reliable EQ’ values for the latter
reaction are not available (Schwarzenbach, Tratnyek and Weber, 2001, Pers. Comm.). However, the

18 can be

non-retraceable value of ~100 mV, given for a general azo dye reduction reaction
considered as a rough indication. E,’ values for ordinary primary electron donors are in between —430
mV and —290 mV, the redox couples for CO,/glucose and CO,/acetate, respectively '*°. Consequently,
it can be estimated that the E,’ value for potential azo dye reduction catalysing redox mediators will be
in the range —430 to —100 mV. This corresponds with the range of E,’ values for the redox mediators

listed in Table 1.4.

Table 1.4 Redox mediators for azo dye reduction by bacteria or cell free extracts

Redox mediator Ey? References

methyl viologen -440 58

benzyl viologen -360 30, 38, 58, 161, 296
Riboflavin -208 271, 282, 293, 296, 338
FAD -219 58,271, 282,293, 338
FMN -219 58,111, 161, 271, 282, 293, 338
Phenosaphranin -252 58

Menadione -203 58

Neutral Red -325 58

Janus Green B -225 58

AQS® 218 161

AQDSP -184 49, 161
2-hydroxy-1,4-naphthoquinone -139 161

38, 119, 303
 data E,’ from references *> '

® AQS: anthraquinone-2-sulphonate; AQDS: anthraquinone-2,6-disulphonate

Regeneration of redox mediators. Several bacterial enzymes have been found able to regenerate redox
mediating enzyme cofactors and artificial electron carriers by reduction. For example, a periplasmic
hydrogenase of Desulfovibrio vulgaris was shown to reduce several quinone compounds as exogenous
electron acceptors coupled to hydrogen oxidation ***. An NADH:ubiquinone oxidoreductase situated
in the membrane of Sphingomonas sp. BN6 could reduce AQS '*'. Enzymes may not be directly
needed to regenerate some quinone electron carriers as non-enzymatic reduction of p-benzoquinones
by NADH or by an NADH analogue (9,10 — dyhydro — 10 — methylacridine) has been reported ** **.
Recently, it was furthermore reported that the reduction of AQDS by Shewanella putrefaciens
proceeds via excretion of unidentified quinones for extracellular electron transfer and it was suggested
that the biological reduction of insoluble metal oxides might also involve a similar mechanism >’

Chemical azo dye reduction. Textile manufacturers are aware that addition of reducing agents to dye-
containing effluents leads to considerable decolourisation '"*. Hence, azo dye can be reduced by

77, 342, 357

chemical reductants like dithionite and zerovalent iron ***. Moreover, chemical azo dye
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reduction by biogenic reductants like sulphide, is possible as well **'

. Dye-containing wastewaters
usually contain moderate to high sulphate concentrations. Sulphate is often an additive of dyebaths or
it is formed by the oxidation of more reduced sulphur species used in dyeing processes, such as
sulphide, hydrosulphite and dithionite. Sulphate also results from neutralisation of alkaline dye
effluents with sulphuric acid. Sulphide is therefore a relevant compound, as it will be generated by
sulphate reducing bacteria during treatment of these wastewaters in anaerobic bioreactors.

1.6.1.2 Location of the reaction

The chemical reaction between the dye and the electron carrier, as well as the enzymatic reduction of
the electron carrier, can occur both intracellularly and extracellularly. Cofactors like FADH,, FMNH,,
NADH and NADPH, as well as the enzymes reducing these cofactors are located in the cytoplasm **¢,
Lysis of cells would release cofactors in the extracellular environment. Hence, it has been reported
several times that cell extracts or starving or lysed cells show higher azo dye reduction rates than
intact or resting cells *7-2!% 28 286337 3% ‘Hgwever, for intact cells, a membrane transport system would
be a prerequisite for the reduction of azo dyes by these cofactors. This presents a serious obstacle,
especially for dyes containing (highly polar) sulphonate groups. In addition, also FAD and FMN
cannot readily cross cell walls. In contrast, riboflavin is able to move across cell membranes.
Moreover, the lack of a clear relationship between a dye’s structure (size, molecular weight, degree of

sulphonation) and its reduction rate > %% %

suggests that intracellular azo dye reduction mechanisms
are not likely to play an important role. In a study to the anaerobic reduction of amaranth by whole
cells, cell extracts and cell membranes of Sphingomonas sp. strain BN6, enzymatic azo dye reduction
activity was found to be located in the cytoplasm (a soluble FAD-dependent enzyme) as well as in the
membrane fraction (presumably and NADH; ubiquinone oxidoreductase) but it was suggested that that

azo dye reduction by whole cells is mainly related to the latter "'

. Most probably, anaerobic biological
azo dye reduction occurs outside the cells, catalysed directly by periplasmic enzymes or indirectly, in

a reaction with reduced electron carriers that are regenerated by these periplasmic enzymes.

1.6.2 Second stage: aerobic oxidation of aromatic amines

Various (substituted) amino-benzene, amino-naphthalene and amino-benzidine compounds have been
found aerobically biodegradable '* *> *°. The conversion of these compounds generally requires
enrichment of specialised aerobes. Pseudomonads have often been found to be the responsible
microorganisms 7 ' *¥ In some cases, biodegradation was only achieved in nitrogen-free medium
137 Especially sulphonated aromatic amines are difficult to degrade. This low biodegradability is due
to the hydrophilic nature of the sulphonate group, which obstructs membrane transport. Generally,
biodegradation of sulphonated aromatic amines has only been demonstrated for relatively simple
sulphonated aminobenzene and aminonaphthalene compounds *'"7.

Another transformation that aromatic amines may undergo when being exposed to oxygen is
autoxidation. Especially aromatic amines with ortho substituted hydroxy groups are susceptible to

162

autoxidation Many aromatic amines, e.g. substituted anilines, aminobenzidines and

naphthylamines, have been found to oxidise, initially to oligomers and eventually to dark-coloured
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polymers with low solubility that are easily removed from the water phase °> '*°

. However,
autoxidation does not always imply a high degree of polymerisation. For example, in a study on the
autoxidation pathway of three sulphonated aromatic amines from azo dyes, only one of the compounds
investigated (1-amino-2-hydroxynaphthalene-6-sulphonate) underwent dimerisation, not further. The
two other compounds reacted differently. One of these aromatic amines (1-amino-2-
hydroxynaphthalene-3,6-disulphonate) was quickly deaminated to form its corresponding
naphthoquinone, which was further oxidised involving ring opening. The other aromatic amine (1,2,7-
triamino-8-hydroxynaphthale-3,6-disulphonate) only underwent deamination of one of its amino
groups, yielding a stable, dark-coloured naphthoquinone imidine as the autoxidation product. When
those aromatic amines were aerobically incubated with activated sludge, the formed autoxidation
products underwent further transformations. The amines disappeared but complete mineralisation was

not achieved. The complete decolourisation of the autoxidation product of the third aromatic amine

was probably a biological conversion '%.

1.6.3 Combined anaerobic-aerobic treatment of azo dyesin (semi-)continuous bioreactors

The prerequisite of (reductive) fission of the azo linkage in azo dye molecules prior to (oxidative)
further degradation, makes a process in which anaerobic and aerobic conditions are combined the most
logical concept for the biological removal of azo dyes °> % ** Two different approaches can be
discerned: sequential treatment in separate reactors (Table 1.5a) and integrated treatment in a single
reactor (Tables 1.5bc). The integrated approach is based on temporal separation of the anaerobic and
the aerobic phase, like in sequencing batch reactors (SBR: Table 1.5b) or on the principle that

3 so that anaerobic and

diffusion of oxygen in microbial biofilms is usually limited to 10-100 pm '’
aerobic conditions coexist in a single environment (Table 1.5¢).

Colour removal. The removal of colour achieved in the anaerobic stages of the studies listed in Tables
1.5abc was generally high: mostly higher than 70% and in several cases almost 100%. Colour removal
efficiencies differed between dyes: when the removal of different azo dyes was tested under similar
conditions, different colour removal efficiencies were achieved ** ' *"**® Only one of the azo dyes
studied was not removed at all *'.

Time requirement. The reaction time is an important factor in the anaerobic removal of azo dyes:
decreasing the hydraulic retention time of the anaerobic stage was found to result in lower colour
removal efficiencies ®***. It should be noted that the hydraulic retention times applied in many of the
cited laboratory studies is relatively high in comparison with the average hydraulic retention time of
high-rate anaerobic bioreactors. Apparently, anaerobic azo dye reduction is a rather slow reaction.
Biomass concentration. The biomass concentration plays also a role in the anaerobic removal of azo
dyes: lowering the biomass and the solid retention time of a sequencing batch reactor resulted in a
lower colour removal efficiency '*.

Other factors important for anaerobic azo dye reduction. The different conditions applied in the
studies make it difficult to assess which other factors are determining in the anaerobic transformation

of azo dyes. As azo dye reduction requires a primary electron donor, the concentration and type of the
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organic substrate, as well as the presence of chemical reductants, may be important. Many different
organic substrates were used, which suggests that the type of electron donor is probably not
determining. However, complete omission of an organic electron donor has been found to restrict, but
not to completely suppress, the anaerobic colour removal efficiency ”°.

Anaerobic formation of aromatic amines. The studies that paid attention to aromatic amines all
reported evidence for the formation of aromatic amines, indicating azo dye reduction. The recovery
percentages ranged between <1% to almost 100%. This wide range may partly be explained by the
difficulties encountered in analysing these often chemically unstable compounds. Two studies report

150, 318

further anaerobic mineralisation of the aromatic amine 5-amino salicylate , which is in line with

the results from a previous study describing the anaerobic mineralisation of the azo compound
azodisalicylate *’°.

Aerobic fate of aromatic amines. The fate of aromatic amines in the aerobic stage cannot be
conclusively determined. Partial or complete removal of many aromatic amines can be suspected from
the decrease or disappearance of the -sometimes unidentified- peaks in HPLC-chromatograms °* '*"
141,130, 192, 250, 292, 307. 318 from the disappearance of aromatic amines as detected with a diazotisation-

276
d

based metho , as well as from the decrease of UV absorbance °. Moreover, a large decrease of

toxicity to aerobic bacterial activity was measured between the effluent of the anaerobic stage and the

250, 307

effluent of the anaerobic stage . However, some aromatic amines may not be removed.

Especially cleavage products from the reactive azo dyes Reactive Black 5 and Reactive Violet 5 were

often reported not to be removed aerobically (observations based on HPLC measurements '°> 1% 1%6:2%4

or DOC measurements *°).

Factors important for aromatic amine removal. The different conditions applied in the studies make it
difficult to assess which factors are determining in the aerobic transformation of aromatic amines. As
aerobic biodegradation of aromatic amines requires specified microorganisms, the type of biomass
may play a role: at least in one laboratory reactor study it was found that the degradation of an
aromatic amine, sulphanilic acid, could only be achieved after bioaugmentation with a proper bacterial
culture *'*,

Autoxidation. Autoxidation of aromatic amines during aerobic treatment, as suggested by an increase

130.307.319 "I the contrary, a slight decrease of the

of colour, has only been observed in a few studies
colour was much more often observed & 2! 143 160, 196230, 255, 234, 276, 292, 306 Qince many of the azo dyes
treated in these studies yield aromatic amines that are expected to autoxidise (section 1.6.2), the latter
observation suggests general removal of these compounds or their autoxidation products from the
water phase.

Reactor configuration. Comparison of the results of the cited studies does not allow giving judgement
on which type of combined anaerobic-aerobic treatment system suits best to remove azo dyes from
wastewater. However, the sequential or ‘spatially-staged’ approach has better perspectives for full-
scale applications than the integrated approach, as the requirement of a well-balanced control of the

supply of oxygen and electron-donating co-substrate may present a drawback *'**'°.
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To summarise, combined anaerobic-aerobic biological treatment holds promise as a method to remove
azo dyes from wastewater. However, it can be concluded that there are two possible bottlenecks: (i)
anaerobic azo dye reduction is a time-consuming process, reflected by the requirement of long
reaction times and that (ii) the fate of aromatic amines during aerobic treatment is not conclusively

elucidated. This thesis reports the research that was done to solve the first possible bottleneck.

1.7 Research objective and thesis outline

The objective of this dissertation is to optimise the first stage of the complete biodegradation of azo
dyes, anaerobic azo dye reduction. The main focus of the study was unravelling the reaction
mechanism and applying the obtained insights. Possible technological translations of the insights were
explored in laboratory bioreactor experiments.

The first part of the thesis (Chapters 2 — 4) presents the research that was done to explore the
mechanism of anaerobic azo dye reduction. In Chapter 2, a survey of the reduction of large number of
azo dyes by anaerobic granular sludge is presented. Chapter 3 goes further on the kinetics of the
reaction and the catalysing role of redox mediators. Chapter 4 deals with revealing relative importance
of biotic and abiotic azo dye transformations in anaerobic sludge. In the second part of the thesis
(Chapters 5 and 6), the application of redox mediators is further investigated. Chapter 5 describes the
first reactor study where a redox mediator was applied to accelerate azo dye reduction. This concept is
extended in Chapter 6, where a simple way to immobilise the catalyst within the anaerobic is

demonstrated. Chapter 7, finally, is the summary and general discussion of the preceding chapters.
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Azo dye decolourisation by anaerobic granular sludge

Abstract The decolourisation of 20 selected azo dyes by granular sludge from an upward-flow
anaerobic sludge bed (UASB) reactor was assayed. Complete reduction was found for all azo dyes
tested, generally yielding colourless products. The reactions followed first-order kinetics and reaction
rates varied greatly between dyes: half-life times ranged from 1 hour to about 100 hours. The slowest
reaction rates were found with reactive dyes with a triazine reactive group. There was no correlation
between a dye's half-life time and its molecular weight, indicating that cell penetration was probably
not an important factor. Since granular sludge contains sulphide, eight dyes were also monitored for
direct chemical decolourisation by sulphide. All of these dyes were reduced chemically albeit at
slower rates than in the presence of sludge at comparable sulphide levels. Increasing sulphide
concentrations, even when present in huge excess, stimulated the azo dye reduction rate.

The results indicate that granular sludge can decolourise a broad spectrum of azo dye structures due to
non-specific extracellular reactions. Reducing agents (e.g. sulphide) in sludge may play an important
role. The presence of anaerobic biomass is probably beneficial for maintaining the pools of these
reduced compounds.

Van der Zee, F.P., Lettinga, G. and Field, J.A. (2001) Chemosphere 44:1169-1176
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Chapter 2

2.1 Introduction

One of the main problems associated with the treatment of textile wastewater is the removal of dyes.
Most (60-70%) of the more than 10,000 dyes applied in textile-processing industries are azo
compounds, i.e. molecules with one or more azo (N=N) bridges linking substituted aromatic structures
% Discharge of azo dyes is undesirable, not only for aesthetic reasons, but also because many azo dyes
and their breakdown products are toxic toward aquatic life *', and mutagenic for humans .

Azo dyes are persistent to biodegradation under aerobic conditions '* ' 21 232 2% byt they undergo
reductive fission of the azo linkage relatively easily under anaerobic conditions ****** " Although the
phenomenon of anaerobic azo dye reduction is unanimously accepted, some aspects of the reaction
mechanism remain to be clarified. Different observations have been reported on the involvement of
enzymes, the location of the reaction, and its kinetic order.

High rate anaerobic treatment systems have been considered for the treatment of azo dyes in textile
industry wastewater * > °*2%® However, due to the wide variety of dyes used in the industry, a broad
capability of the biomass in these reactor systems to reduce different dye structures needs to be
ascertained. The goal of this research was to evaluate the feasibility of granular sludge in upward-
flow anaerobic sludge bed (UASB) reactors to reduce 20 different types of azo dyes. Since sludge
granules contain high concentrations of chemically reactive sulphide both the biological and chemical

activity of the sludge towards azo dye reduction was considered.

2.2 Materials and methods

The biological dye decolourisation assays were conducted in 120 ml serum bottles containing 50 ml of
medium and an overlying headspace composed of N»/CO, (80%/20%) which was sealed with a butyl
rubber stopper. The primary electron donating substrate of the medium was composed of 2 g I
chemical oxygen demand (COD) of a NaOH-neutralised volatile fatty acids (VFA) mixture containing
acetate, propionate and butyrate in a COD based ratio of 1:10:10. The basal nutrients of the medium
were composed of 2.8 g 1" NH,CI, 0.057 g I CaCl,, 2.5 g 1" KH,PO,, 1 g 1! MgS047H,0 and the
medium was buffered at a pH of 7.3 + 0.2 with NaHCO; (5 g 1""). Non-adapted anaerobic granular
sludge was added to the medium at a concentration of 1.5 g 1" volatile suspended solids (VSS). The
medium was flushed with the N,/CO, (80%/20%) and pre-incubated with the sludge for 2 to 3 days.
The background level of sulphide in the medium was 0.7 = 0.02 mM. The selected dye was added to a
final concentration of approximately 0.3 mM (100-300 mg 1"') with a syringe from a concentrated

stock solution. The serum bottles were incubated at 30 °C in a rotary shaker at 50 rpm. At selected
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Reactive Red 4 Reactive Yellow 2

Figure 2.1a Structure formulas of the acid, mordant and reactive dyes used in this study

intervals, colour was measured spectrophotometrically at the dye’s wavelength of maximum
absorbance (An.x). For this purpose, samples were centrifuged after dilution to less than 1 absorbance
unit (AU) in a phosphate buffer (10.86 g 1"' NaH,PO,-2H,0; 5.38 g "' Na,HPO,-H,0) that contained
ascorbic acid (200 mg 1" to effectively prevent autoxidation. The background light absorbance of the
control medium in the buffer was less than 0.5% of the absorbance due to dye containing medium in
the buffer and could therefore be neglected. The chemical decolourisation assays were conducted
identically as the biological assays with the exception that the granular sludge and VFA were excluded
from the medium and sulphide was added to final concentrations ranging from 1 to 70 mM. The colour
was measured as light absorbance at selected time intervals at each dye’s A, as described previously

for the biological assay. To assess autoxidation of the aromatic amines formed during dye reduction,
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Figure 2.1b Structure formula of the direct dyes used in this study

samples of completely decolourised dye solutions were brought into 1.5 ml microcentrifuge tubes
which were left open to the air for respectively 5-10 minutes, 1 hour and 1 day prior to dilution in
phosphate buffer without ascorbic acid. After centrifugation, the 200-800 nm colour spectrums were

scanned and compared with scans of original dye solutions in phosphate buffer.
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The dyes were purchased from either Aldrich (Gillingham, England), Acros (Geel, Belgium), Sigma
(Bornem, Belgium), Sigma-Aldrich (Steinheim, Germany), Crompton & Knowles (Tertre Belgium) or
Ciba-Geigy (Basel, Switzerland) and were used without any further purification. As far as available,
the purities of the dyes according to the manufacturer are mentioned in Table 2.1 and the structure
formulas are shown in Figures la and 1b (Colour Index generic names are used). For Acid Yellow
137, Acid Yellow 159 and Basic Red 23, the structure formulas are not known.

Anaerobic granular sludge came from an alcohol distillery (NEDALCO, Bergen op Zoom, The
Netherlands)

2.3 Results

2.3.1 Biological azo dye reduction

The decolourisation of 20 azo dyes by anaerobic granular sludge was measured as the decrease of
visible light absorbance at the previously assessed wavelength of maximum absorbance (Amp.). As
summarised in Table 2.1, all azo dyes studied were decolourised. The reactions proceeded without lag
phase. The decolourisation was complete or nearly complete (>95% decrease of absorbance at A,x)
for most of the dyes. Important exceptions were Direct Yellow 12 and Reactive Yellow 2. Direct
Yellow 12 formed a new absorption peak with a maximum at 336 nm, close to Ay, resulting in
relatively high (~14%) residual absorbance at the A...x. Reactive Yellow 2 had an exceptionally slow
rate of decolourisation, which was not yet complete after 342 days of incubation.

In most cases, the reaction products were colourless. Two exceptions were Reactive Red 2 and

Reactive Red 4, in which a shift from red to yellow was observed. The decolourisation of the azo dyes

Absorbance at 539 nm

O 1 1 1

0 2 4 6
time (days)

Figure 2.2 Decolourisation of Reactive Red 2 in the presence of
anaerobic granular sludge.
Experimental data (open circles) and first-order fit (curve)
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Chapter 2

in all cases proceeded without a lag phase. In the cases of monoazo dyes, the reaction followed first-
order kinetics as shown for the example of Reactive Red 2 in Figure 2.2. In contrast, dyes with more
than one azo linkage displayed multiphase kinetics.

The first-order rate constants (k), resulting from fitting equation [2.1] to the whole curve (monoazo

dyes) or to the first part of the curve (disazo and polyazo dyes) are listed in Table 2.1.

A =Ag-e ™ [2.1]

with: A; = light absorbance at A, at a given time (t)
Ay =light absorbance at A, at time 0
k = first order rate constant

t = time

Table 2.1 Overall results of azo dye decolourisation by anaerobic granular sludge

Dye Purity Amax Decolourisation k¢

(%) (nm) Yomax (dh
Acid Orange 7 98 484 99 1.49 + 0.07
Acid Red 266 NA? 492 95 0.20 + 0.07
Acid Yellow 137 NA 456 95 0.35
Acid Yellow 159 NA 362 97 0.72
Basic Red 23 NA 526 99 10
Direct Black 19 NA 675 99 ° 3 £ 1°
Direct Black 22 NA 484 99 ° NM f
Direct Blue 53 85 608 99 0.24
Direct Blue 71 50 579 100 0.61 + 0.04
Direct Red 79 NA 510 97 16.6 + 1.6
Direct Red 81 50 509 99 7.8 + 03
Direct Yellow 4 70 402 95 1.03 +  0.05
Direct Yellow 12 65 401 86 1.17 += 0.07
Direct Yellow 50 60 402 99 2.0 + 03
Mordant Orange 1 80 373 97 1.74 + 0.07
Mordant Yellow 10 85 355 95 1.86 +  0.05
Reactive Black 5 55 595 99 5.0 + 09
Reactive Orange 14 NA 433 98 0.17 + 0.01
Reactive Orange 16 50 492 97 2.1 + 04
Reactive Red 2 50 539 100 € 0.31 + 0.03
Reactive Red 4 50 521 99 ¢ 0.45 +=  0.02
Reactive Yellow 2 50 405 73 0.01

?NA = information not available;

® dye does not dissolve well: the decolourisation of the water phase is possibly a combination of reduction,
adsorption and precipitation;

¢ reaction products are yellow;

4 k-values (first-order rate constants) were obtained from fitting equation [2.1] to the complete decolourisation curve
(monoazo dyes) or to the first part of the decolourisation curve (disazo and polyazo dyes); for experiments which
were replicated standard deviations are mentioned behind the +-sign;

¢ dye does not dissolve well: very rough estimation k;

fdye does not dissolve well: rate could not be measured.

Under the applied conditions, k-values varied greatly between different dyes yielding half-life times
between 1 and 100 hours. No correlation between k and molecular weight could be observed. For

instance, the large dye Direct Red 79 (My = 1049 g mol ') decolourised much faster than the small
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Az0 dye decol ourisation by anaerobic granular udge

dye Mordant Orange 1 (My, = 287 g mol ). However, the four dyes containing triazine as a reactive
group (Reactive Orange 14, Reactive Red 2, Reactive Red 4 and Reactive Yellow 2) were among the

dyes which were reduced at the slowest rates.

2.3.2 Chemical azo dye reduction

Since anaerobic granular sludge contains inorganic reducing agents like sulphide, the direct chemical
azo dye reduction by sulphide was investigated. All eight dyes tested (Acid Orange 7, Direct Black 19,
Direct Red 81, Direct Yellow 4, Direct Yellow 50, Mordant Orange 1, Mordant Yellow 10 and
Reactive Red 2) were found to be reduced by sulphide. In contrast to what was found for biological
azo dye reduction, the decolourisation curves of most of these dyes deviated slightly from the first-
order kinetics. As a result of catalysis by azo dye reduction reaction products (Chapter 3), a lag phase
was observed immediately after dye addition. Thereafter dye decolourisation accelerated in time
before assuming a typical first order kinetics (Figure 2.3). This effect was especially evident at low
dye or sulphide concentrations. Due to this deviation, the k values obtained with data fitted with the

first order kinetics were considered as pseudo first-order rate constants.

Absorbance at 539 nm

0 5 10 15
time (days)
Figure 2.3 Decolourisation of Reactive Red 2 by sulphide (initial
sulphide concentration 2.8 mM)
Experimental data (open circles) and first-order fit (curve)
At comparable sulphide concentrations, azo dye reduction rates were stimulated by the presence of
sludge. For example, the pseudo first-order rate constant (k) for the reduction of Reactive Red 2 by 1.3
mM of sulphide was 0.06 d”', which was considerably lower than the k in the presence of anaerobic
granular sludge (1.5 g VSS1™") of 0.3 d”' at an initial sulphide concentration of 0.8 mM.
The pseudo first order rate constants of dye reduction rates (k-values) increased with increasing
sulphide concentration (Figure 2.4). Up to a sulphide concentration of 0 to 60-70 mM, a more or less
linear relationship between k and sulphide concentration was observed for Reactive Red 2 and C.L

Acid Orange 7 (a slowly decolourising and a moderately slow decolourising dye, respectively). In
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contrast, for the fast decolourising Direct Red 81, the increase of k declined at high sulphide

concentrations.

k (d-1)
Direct Red 81

k (d-1)
Reactive Red 2 & Acid Orange 7

0 10 20 30 40 50 60

initial sulphide concentration (mM)

Figure 2.4 Effect of sulphide on the chemical decolourisation of Reactive Red 2
(open circles), Acid Orange 7 (full squares) and Direct Red 81 (open triangles)

2.3.3 Autoxidation

The products of anaerobic azo cleavage are aromatic amines, which have been reported to undergo
autoxidation reactions when they are exposed to oxygen '°>***. Therefore, samples from decolourised
dye solutions of the biological assays were exposed to air to investigate this phenomenon qualitatively.
With the exceptions of Direct Yellow 12, Direct Yellow 50 and Reactive Yellow 2, all decolourised
solutions of azo dyes formed autoxidised coloured products upon exposure to oxygen. Generally, the
autoxidation reactions proceeded quickly with colour development only after a few minutes of
exposure to air, which was also evident from a largely altered UV-VIS spectrum. However, prolonged
exposure to air generally did not result in further changes of the UV-VIS spectrum. Only in two cases
(Mordant Orange 1 and Acid Orange 7) did autoxidation lead to the formation of clearly visible flocs,

which could be separated by centrifugation.

2.4 Discussion

The results of this study indicate that granular sludge from high rate anaerobic bioreactors can reduce
and decolourise a broad spectrum of azo dye structures without any apparent lag-phase. The rate of
decolourisation was not dependent on the molecular weight of the dye indicating that cell permeation
was probably not an important issue in the reductive mechanism. This observation combined with the

non-specificity and lack of any lag-phase points to a non-enzymatic extracellular reaction mechanism
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involving reduced compounds. The mechanism is supported by the observation that sulphide, which is
abundantly present in sludge, can directly cause the chemical reduction of azo dyes. Furthermore, data
in the literature also suggest the involvement of reduced compounds causing direct chemical reduction

38 as well as reduced biochemical cofactors, including

of azo bonds, such as zero valent iron
reduced flavins """ and NADH **. Since azo dyes could be decolourised by sulphide, biological
activity is not a prerequisite for azo dye reduction. As sulphide is inevitably present in anaerobic
sludge environments, chemical azo dye reduction will contribute to the overall decolourisation process
under ‘living’ anaerobic conditions. Nevertheless, at comparable sulphide concentrations, azo dye
reduction proceeds faster in the presence of sludge. The exact nature of the presence of sludge and
living organisms on contributing to an accelerated dye decolourisation rate is not fully known. An
important plausible role of ‘living bacteria’ in the sludge could be the regeneration of reducing agents,
such as sulphide, ferrous iron and reduced biochemical cofactors. Also organic matter in the sludge
may contain humic substances which are known to accelerate reductive processes by redox mediation.
The chemical reduction of particle bound 4-aminoazobenzene by zero valent iron was accelerated by
the quinone, juglone **. Also the reduction of amaranth (an azo dye) by bacteria was accelerated by
the presence of another quinone, anthraquinone sulphonate '°'.

The course of the decolourisation process approximates first-order kinetics with respect to the dye
concentration. First-order kinetics with respect to the dye concentration have also been reported by **
341.340.38% whereas other researchers found zero-order kinetics ** " !, A probable explanation for these
contradictory observations is that the rate-limiting step in the reduction of azo dyes may differ
between the different experimental conditions studied. In pure cultures for instance, the production of
reducing equivalents, a zero-order process *’, is far more likely to be rate-determining than in
anaerobic sludge environments where reducing equivalents are abundantly present. In the latter case it
can be assumed that the transfer, rather than the production, of reducing equivalents is rate-
determining, which is supported by the observation that increasing sulphide concentrations speeded up
the azo dye reduction rate even up to very high concentrations.

The ability of granular sludge to reduce a broad spectrum of dyes holds promise for the application of
high rate anaerobic systems as a feasible first stage in the complete removal of azo dyes from
wastewater. However, the kinetic data predict that reactive dyes with a triazine reactive group are
slowly reduced. Long residence times would be necessary to reach a satisfying extent of
decolourisation. However, this problem may be overcome, as the results presented here reveal
shortage of reducing equivalents and literature data indicate that redox mediators can be used to
accelerate the transfer of reducing equivalents.

During aerobic post treatment of anaerobically treated azo dye containing wastewater there will be
competition between biodegradation and autoxidation of aromatic amines. The autoxidation of
aromatic amines in a subsequent aerobic post treatment step may be problematic, not only because the
formed products are coloured but also because some of these compounds, e.g. azoxy compounds, may
cause toxicity ”°. It may as well be possible, however, that autoxidation leads to the formation of large,

bulky, non-toxic, ‘humic’ polymers that can easily be separated from the water phase.
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The role of (auto)catalysis in the mechanism

of anaerobic azo dye reduction

Abstract Azo dyes are non-specifically reduced under anaerobic conditions, but the slow rates at
which many dyes react may present a serious problem for the application of anaerobic technology as a
first stage in the complete biodegradation of these compounds. Therefore, it is significant to explore
the mechanism of anaerobic azo dye reduction, especially with respect to its kinetics. With that
purpose, decolourisation of the monoazo dye C.I. Acid Orange 7 (AO7) was studied in batch
experiments. Experiments indicated that chemical reduction by sulphide is partially responsible for the
anaerobic conversions of AO7. Mathematical evaluation of the experimental results pointed out that
autocatalysis played an important role in the chemical reduction of AO7. Further tests made clear that
1—amino—2—naphthol was the dye's constituent aromatic amines that accelerated the reduction process,
possibly by mediating the transfer of reducing equivalents. The impact of redox mediation by
quinones was further evaluated by testing the catalysing effects of anthraquinone-2,6-disulphonic acid
(AQDS) and of autoclaved sludge. AQDS appeared to be an extremely powerful catalyst, capable of
increasing the first-order chemical reduction rate constants by a factor 10 to 100. Also autoclaved
sludge, possibly because of mediation by sludge organic matter, accomplished accelerated azo dye
reduction rates. Azo dye reduction in living sulphidogenic anaerobic sludge environments is 3 times
more rapid than the chemically catalysed reaction with sulphide. The exact role of the biological
activity remains to be clarified.

Van der Zee, F.P., Lettinga, G. and Field, J.A. (2000) Water Sci. Technol. 42:301-308
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3.1 Introduction

Removal of dyes is a major concern when treating textile-processing wastewater. The vast majority
(60-70%) of the more than 10,000 dyes applied in textile-processing industries are azo compounds, i.e.
molecules with one or several azo (N=N) bridges linking substituted aromatic structures *. Their
discharge is undesirable, not only for aesthetic reasons, but also because many azo dyes and their
breakdown products have been proven toxic to aquatic life ® and mutagenic to humans . Azo dyes are
generally persistent under aerobic conditions **" **. However, under anaerobic conditions, they
undergo relatively easy reductive fission, yielding aromatic amines. The latter compounds, in turn,
generally require aerobic conditions for their degradation *°.

The process of anaerobic azo dye reduction has been intensively studied *> 3¢ 4 46 111 278 337 “Npoct
researchers agree that anaerobic azo dye reduction is a non-specific and presumably extracellular
process, in which reducing equivalents from either biological or chemical source are transferred to the
dye. Both zero-order ** *” and first-order > * #* 341- 340 3%% kinetics have been reported for the dye
concentration.

Preliminary research in our laboratory, corresponding to the screening of the anaerobic decolourisation
of 20 azo dyes (Chapter 2), revealed that all azo dyes studied decolourised in the presence of VFA fed
granular sludge. Interestingly, they also decolourised chemically, by a reaction with sulphide. The
results strongly indicated that the transfer, rather than the production of reducing equivalents was rate-
limiting in the reduction of azo dyes. The decolourisation process followed first-order kinetics, with
half-life times varying greatly between dyes. The kinetic data predicted that for many azo dyes, long
contact times are necessary to reach a satisfying extent (>90%) of decolourisation, which may
represent a serious problem for applying high-rate anaerobic treatment as the first stage in the
biological degradation of azo dyes. However, there is evidence to overcome this problem, as recent
research revealed that redox mediating compounds, mostly quinones, can speed up azo dye reduction
rates by shuttling reducing equivalents from the electron donor to the azo dye > '** ¢!,

In this study, the mechanism of anaerobic azo dye reduction was investigated by studying the
decolourisation of AO7 (Figure 3.1) under different circumstances, with focus on reaction kinetics and

catalysis.

HO HO

NaO3S @N=N \ +2x2[H] —> NaO3S @NHZ + H2N

\—

C.I. Acid Orange 7 Sulphanilic acid 1-Amino-2-naphthol

Figure 3.1 The reaction studied in this report: the reduction of the monoazo dye Acid Orange 7
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3.2 Materials and methods

For ‘biological’ decolourisation experiments, 117-ml glass serum vials were filled with 50 ml basal
medium containing (mg 1""): NaHCO; (5000), NH,CI (280), CaCl, (5.7), KH,PO, (250), MgSO,7H,0
(100), H;BO; (0.05), FeCl,4H,O (2), ZnCl, (0.05), MnCl,-4H,O (0.5), CuCl,2H,O (0.04),
(NH4)sM070,4-5H,0 (0.05), CoCl,-6H,0 (1), NiCl,-6H,0 (1) and Na,SeO;-5H,0 (0.16). Non-adapted
granular sludge from a distillery wastewater treatment plant (Nedalco, Bergen op Zoom, The
Netherlands) was added to the vials at Volatile Suspended Solids (VSS) concentrations of 0.2-10 g I"".
The vials were sealed with butyl rubber stoppers and the gas headspace was flushed for 5 minutes with
70%:30% N,/CO,. Cosubstrate (2 g COD 1" of a 1:10:10 mixture of acetate, propionate and butyrate)
was added by syringe from a neutralised concentrated stock solution. After a 3-days pre-incubation
period, again the headspace of the vials was flushed and 2 g COD 1" of cosubstrate was added. For the
experiments with autoclaved sludge, similarly prepared batches were, after 3 days pre-incubation and
flushing, cooked for 90 minutes in a pressure cooker. For the other chemical decolourisation
experiments, 117-ml glass serum vials were filled with 50 ml of a 5 g I'' NaHCOj; solution, sealed with
butyl rubber stoppers and flushed for 5 minutes with 70%:30% N,/CO,. Sulphide was added by
syringe from a partly neutralised (1 M HCIl per M Na,S) stock solution. Sulphanilic acid and
anthraquinone-2,6-disulphonic acid were added from neutralised stock solutions immediately after
sulphide injection, whereas 1-amino-2-naphthol was added as a powder at the start of the preparation
procedure. All batches were prepared in triplicate, except those used for the experiment with 1-amino-
2-naphthol (1 vial per concentration).

To start the experiments, the azo dye AO7 was injected into the vials from a neutralised concentrated
stock solution to obtain a final concentration of 0.25-0.3 mM. All vials were incubated at 30 °C in a
rotary shaker at 50 rpm. In all experiments, the pH of the liquid phase was 7.2 + 0.2 during the whole
incubation period.

At intervals, colour was measured spectrophotometrically with a Spectronics 60 spectrophotometer
(Milton Ray Analytical Products Division, Belgium) at the dye’s wavelength of maximum absorbance
(484 nm). Liquid phase samples (0.75 ml) were centrifuged and diluted up to an absorbance of less
than 1 in a phosphate buffer (10.86 g "' NaH,PO,-2H,0; 5.38 g I Na,HPO4H,0). The buffer
contained freshly added ascorbic acid (~200 mg 1™") to prevent autoxidation. Without dye, light
absorbance of medium and buffer was less than 0.5% of the absorbance right after dye addition and
could therefore be neglected. Sulphide was measured before dye addition according the colorimetrical

method described by Triiper and Schlegel ***

. Sulphanilic acid (SA) was measured by High
Performance Liquid Chromatography. The chromatograph was equipped with two reverse phase C18
columns (200 x 3 mm, Chromosphere C18, Chrompack) at 20 °C. The carrier liquid, a 0.5% acetic
acid solution at pH 5.9, was pumped at a flow rate of 300 ul min'. SA was detected
spectrophotometrically, using a Spectroflow 783 UV detector (Kratos Analytical) at 248 nm.

C.I. Acid Orange 7 (Orange II, dye content 98%) was purchased from Aldrich Chemical Company

Ltd., Gillingham, England. Sulphanilic acid (99%, A.C.S. reagent) was purchased from Sigma-Aldrich
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Chemie GmbH, Steinheim, Germany. Anthraquinone-2,6-disulphonic acid, disodium salt and 1-
amino-2-naphthol hydrochloride (technical grade, 90%) were purchased from Aldrich Chemical
Company Inc., Milwaukee, USA.

3.3 Results and discussion

The colour-versus-time plots for the decolourisation of AO7 in an anaerobic sludge environment and
in a reaction with sulphide (Figure 3.2) represent typical examples of respectively ‘biological’ and
chemical monoazo dye reduction under anaerobic conditions. Decolourisation, representing the
reduction of AO7, was followed spectrophotometrically. HPLC analysis confirmed the formation of
sulphanilic acid, one of the cleavage products. The molar recovery of this aromatic amine was 76 +
8% and 99 + 10% for biological and chemical reducing systems, respectively. Large time-scale
differences between both conditions were observed: comparison between Figures 2a and 2b clearly
demonstrates that the decolourisation process proceeds much faster in the presence than in the absence
of granular sludge, even though the initial total sulphide concentration was about three times higher in

the latter case.
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Figure 3.2 Decolourisation of AO7 (0.25-0.3 mM):
(a) in the presence of anaerobic granular sludge (3 g VSS - I'') at an initial sulphide concentration of 0.3 mM;
(b) in the absence of granular sludge at an initial sulphide concentration of 1 mM.

First-order kinetics (equation [3.1]) can be used to describe the decolourisation process. For AO7, as
well as for other monoazo dyes studied (data not shown), the biological decolourisation curve fitted
equation [3.1] rather well. However, when chemical azo dye reduction was followed in time, many of
the azo dyes studied decolourised with a deviation from first-order kinetics. As illustrated in Figure
3.2b, a kind of lag phase could be observed: the reaction rates were initially slow but accelerated in
time according to the extent to which the dye was reduced. Based on these observations, it was

hypothesised that products of azo dye reduction may increase the rate of the reduction process, i.e. the
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reaction has an autocatalytic nature. Mathematically, this phenomenon can be described by expanding

equation [3.1] with a second part that expresses the contribution of autocatalysis as a function of the

reduced dye concentration (equation [3.2]). During the course of the reduction process, equations [3.3]

and [3.4] describe respectively the concentration of directly reduced dye and the concentration of dye

reduced via autocatalysis can now be calculated.

dt

Ag-(ky-Apg+k
d—A:—kl'At_kz'At'(Ao—At)DAt= 0-(ky-Ag +ky)
dt kl.e(k2~t~Ao+k1-t)+k2.AO

t

ky Ay
Ni =—L.|(ks-Ag+k;) t—In| =2
=g o )] 52

2
A
Ny =(1-k;-t)-Ag— A, —li—ﬂh{—tJ

ky ky (A
where: k= first-order rate constant (d');
A; = Absorbance at time t; Ay = Absorbance at the start of the experiment;
k, = first-order rate constant for the direct chemical reaction (d™');

k, = second-order rate constant for the autocatalytic reaction (d™' - absorbance unit™');

N;. = concentration of directly reduced dye at time t;

N, = concentration of dye reduced via autocatalysis at time t.

100

Absorbance at 484 nm
% via autocatalysis

1 1 B O

0 5 10 15 20
time (days)

Figure 3.3 Chemical decolourisation of AO7 by sulphide (initial concentrations
respectively 0.3 and 1.0 mM):
experimental data (full circles); fit equation 2 (full line); relative contribution of
autocatalysis, calculated from equations 3 and 4 as N,/(N;+N,)*100% (dashed line)

[3.1]

[3.2]

[3.3]

[3.4]
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When applying equation [3.2] to describe the chemical decolourisation data, the curves fitted perfectly
(Figure 3.3), thereby supporting the hypothesis of autocatalytic azo dye reduction. From the ratio
No/(N;+N,) depicted in Figure 3.2 it is also clear that, under the experimental conditions applied,
autocatalysis contributed to a large extent (up to ~80%) to the complete reduction of AO7. In this
example, 14 days are required to reach 95% decolourisation. Without autocatalysis (k,=0) this would
have taken more than 90 days.

As quinones have been reported to act as mediators in the transfer of reducing equivalents to azo dyes
23, 161

, it may be assumed that autocatalysis will occur if quinone compounds are products of the azo

dye reduction process. This applies for

many dyes: Reduction of AQO7, for HQ Q

instance, yields sulphanilic acid and 1- HoN \ ——= HN \ + 2[H]
amino-2-naphthol. The latter compound,

by being in equilibrium with its amino \ / \ /

quinone (Figure 3.4), may possess redox

Figure 3.4 Equilibrium between 1-amino-2-naphthol and its
mediating properties and thus induces amino quinone

autocatalysis during azo dye reduction.

In order to test this hypothesis, the effect of the aromatic amine constituents of AO7 on its chemical
decolourisation was tested. The results (Figure 3.5) show that the reduction rate was indeed
considerably increased by 1-amino-2-naphthol. In contrast, sulphanilic acid had no effect and also the
colour of a non-reducing solution of the dye and 1.1 mM 1-amino-2-naphthol remained stable during

the course of the experiment. Notwithstanding the impurities, the poor solubility and the instability of

Absorbance at 484 nm

time (days)

Figure 3.5 Decolourisation of AO7 (0.27 mM) by sulphide (0.6 mM):
no additives (open circles); 0.1 mM 1-amino-2-naphthol (full triangles); 1.0 mM 1-amino-2-naphthol (full
diamonds); 0.3 mM sulphanilic acid (plusses).
The dotted line is a control with 1.1 mM 1-amino-2-naphthol and no sulphide (full squares)
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the chemical added (1-amino-2-naphthol hydrochloride powder with a purity of 90%), these results are
an indication for the mediating properties of 1-amino-2-naphthol and support the dye reduction
autocatalysis hypothesis.

Additional experiments revealed comparable results for the decolourisation of many other azo dyes
(data not shown). As a consequence of autocatalysis, effluent recycling may be a successful method to

raise the colour removal efficiency of anaerobic reactors treating azo dye containing wastewater.
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Figure 3.6 The effect of 1-amino-2-naphthol (a) and AQDS (b) to the decolourisation rate of AO7 in the
presence of sulphide (initial sulphide concentration 0.6-0.7 mM; initial dye concentration 0.25-0.30 mM)

When first-order kinetics (equation [3.1]) were used to approach the overall rate constants of the AO7
decolourisation curves at different 1-amino-2-naphthol concentrations, the k-value was found to
increase over 10-fold, from 0.09 d' to 1.2 d at, respectively, 0 and 1.0 mM 1-amino-2-naphthol
(Figure 3.6a). Another mediating compound is anthraquinone-2,6-sulphonic acid (AQDS). AQDS and
related compounds have been reported to speed up the rate of azo dye reduction, both in a biological
process '® and in an electrochemical process . In this study, the effect of different AQDS
concentrations on the reduction of AO7 by sulphide was investigated. Figure 3.6b shows that the
reaction rate was greatly increased by AQDS. In comparison with 1-amino-2-naphthol, AQDS is by
far a better mediator, as only about 10 uM of mediator was required to reach a 10-fold increase of the
reduction rate. These data, in combination with the finding that AQDS functioned similarly in the
presence of sludge (e.g. Chapter 4) offer a promising method to increase the colour removal
efficiencies of anaerobic reactors treating azo dye containing wastewater by introducing minor
quantities (micromols) of AQDS.

As was mentioned before, azo dye reduction rates are higher in the presence of sludge than at
comparable sulphide concentrations in the absence of sludge (Figure 3.2). It is obvious, therefore, that
anaerobic biomass plays a role in the overall azo dye reduction process in biotic anaerobic
environments. As sludge organic matter contains quinone structures, the biomass, apart from being

directly involved in the azo dye reduction process by producing reducing equivalents, may as well
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contribute to the process by mediating the transfer of reducing equivalents. The observation that the
decolourisation rate increased with increasing concentrations of autoclaved anaerobic granular sludge
(Figure 3.7) is an indication for the mediating properties of sludge organic matter. The extent to which
the decolourisation rates raise when comparing living and autoclaved sludge at a certain VSS
concentration can be looked at as a measure for the contribution of biological activity to the overall
azo dye reduction process. The exact role of biological activity will be the subject of further

investigations (e.g. Chapter 4).

0 1 1 1 1
0 2 4 6 8 10

sludge concentration (g VSS - l'l)

Figure 3.7 The effect of living sludge (full circles) and autoclaved sludge (open
circles) to the decolourisation rate of AO7 (initial sulphide concentration 0.3-1.5
mM; initial dye concentration 0.25-0.30 mM)
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Biotic and abiotic processes

of azo dye reduction in anaerobic sludge

Abstract Azo dye reduction results from a combination of biotic and abiotic processes during the
anaerobic treatment of dye containing effluents. Biotic processes are due to enzymatic reactions
whereas the chemical reaction is due to sulphide. In this research, the relative impact of the different
azo dye reduction mechanisms was determined by investigating the reduction of Acid Orange 7 (AO7)
and Reactive Red 2 (RR2) under different conditions. Azo dye reduction rates were compared in batch
assays over a range of sulphide concentrations in the absence or presence of living or inactivated
anaerobic granular sludge. Biological dye reduction followed zero order kinetics and chemical dye
reduction followed 2™ order rate kinetics as a function of sulphide and dye concentration. Chemical
reduction of the dyes was greatly stimulated in the presence of autoclaved sludge; whereas chemical
dye reduction was not affected by living or y-irradiated-sludge. Presumably redox mediating enzyme
cofactors released by cell lysis contributed to the stimulatory effect. This hypothesis was confirmed in
assays evaluating the chemical reduction of AO7 utilizing riboflavin, representative of the heat stable
redox-mediating moieties of common occurring flavin enzyme cofactors. Sulphate influenced dye
reduction in accordance to biogenic sulphide formation from sulphate reduction. In assays lacking
sulphur compounds, dye reduction only readily occurred in the presence of living granular sludge,
demonstrating the importance of enzymatic mechanisms. Both chemical and biological mechanisms of
dye reduction were greatly stimulated by the addition of the redox-mediating compound,
anthraquinone-disulphonate. Based on an analysis of the kinetics and demonstration in lab-scale
upward-flow anaerobic sludge bed reactors, the relative importance of chemical dye reduction
mechanisms in high rate anaerobic bioreactors was shown to be small due to the high biomass levels
in the reactors.

Van der Zee, F.P., Bisschops, [.A.E., Blanchard, V.G., Bouwman, R.H.M., Lettinga, G. and Field, J.A.
(2002) Submitted
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4.1 Introduction

Removal of dyes is a major concern when treating textile-processing wastewater. The vast majority
(60-70%) of the dyes applied in textile-processing industries are azo compounds, i.e. molecules with
one or several azo (N=N) bridges linking substituted aromatic structures. Azo dyes are generally
persistent under aerobic conditions . However, under anaerobic conditions, they undergo reductive
fission, yielding colourless aromatic amines, compounds that in turn generally require aerobic
conditions for their biodegradation *°. Anaerobic azo dye reduction as the first stage in the complete
anaerobic-aerobic degradation of azo dyes has been studied intensively and most researchers agree
that it is a non-specific and presumably extracellular process, in which reducing equivalents from
either biological or chemical source are transferred to the dye. Azo dye reduction can result from a
biological process, either as a direct enzymatic reaction or a reaction mediated by biologically
regenerated enzyme cofactors or other electron carriers *'°. Moreover, azo dye reduction can result
from purely chemical reactions with bulk reductants like sulphide (Chapters 2 and 3). Both biological
and chemical azo dye reduction mechanisms have been shown to be greatly accelerated with the
addition of redox mediating compounds like anthraquinone-sulphonate (AQS) and anthraquinone
disulphonate (AQDS) ' (Chapters 3 and 5). Azo dye reduction in anaerobic sludge environments
therefore must be considered as a combination of biotic and abiotic processes. Dye-containing
wastewaters, e.g. textile-processing wastewater, usually contain moderate to high sulphate
concentrations. Sulphate is often an additive of dyebaths or it is formed by the oxidation of more
reduced sulphur species used in dyeing processes, such as sulphide, hydrosulphite and dithionite.
Sulphate also results from neutralisation of alkaline dye effluents with sulphuric acid. Sulphide is
therefore a relevant compound, as it will be generated by sulphate reducing bacteria during treatment
of these wastewaters in anaerobic bioreactors. The role of sulphur compounds is expected to be
important. On the one hand it has been suggested that anaerobic azo dye reduction is merely due to a
reaction between the dye and sulphide generated by sulphate reducing bacteria '*°. However, sulphate
could have a double role. Aside from being the precursor of the bulk reductant, sulphide, it may also
compete with the dye as an electron acceptor.

In this research, the relative contribution of biotic and abiotic azo dye reduction mechanisms was
investigated with respect to the role of sulphur compounds. Azo dye reduction rates were compared in
batch assays over a range of sulphide concentrations in the presence of living or inactivated anaerobic
granular sludge. Additionally, dye decolourisation was evaluated in the presence and absence of

sulphate.
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4.2 Materials and methods

4.2.1 Reaction stoichiometry AO7 reduction by sulphide

The reaction stoichiometry of direct chemical azo dye reduction by sulphide was investigated in 250
ml serum bottles completely filled with liquid and buffered at pH 8.2 to minimise gaseous H,S. AO7
was added to the assay at 18.6 h to a concentration of 0.5 mM, at which time the total-sulphide:AO7
ratios were 0.9:0.5 and 2.0:0.5. Dye concentration (based on visible absorbance) and total liquid-phase

sulphide concentrations were monitored in time.

4.2.2 Reduction of AO7 in a sulphide gradient

Batch experiments at different sulphide concentrations (up to 10 mM) were performed to test the
effect of sulphide on the biological and chemical reduction of 0.5 mM of the azo dye Acid Orange 7
(AO7). The tests were performed in the absence of sludge and in the presence of either living or
deactivated (autoclaved or y-irradiated) anaerobic granular sludge (1.8 g VSS I™"), both in the absence
and in the presence of the redox mediator AQDS (20 uM). All experiments were conducted in 117 ml
glass serum vials.

Vials for the experiments with sludge were filled with 50 ml of a 60 mM NaHCOs; solution in basal
medium containing (mg 1) NH,CI (280), CaCl, (5.7), KH,PO, (250), MgSO47H,O (100), H;BO;
(0.05), FeCl4H,O (2), ZnCl, (0.05), MnCly-4H,O (0.5), CuCl,,2H,0 (0.04), (NH4)sM0;0,45H,0
(0.05), CoCly-6H,0 (1), NiCl,-6H,0 (1) and Na,SeO;5H,0 (0.16). Granular sludge, harvested from a
lab-scale UASB-reactor treating Reactive Red 2 (RR2) in basal medium with a volatile fatty acid (VFA)
mixture as the electron-donating substrate, was rinsed thoroughly with tap water and added to the vials.
In the series with living sludge and autoclaved sludge in the presence of AQDS, AQDS was now added
by pipette from a NaOH neutralised concentrated stock solution. Next, the vials were sealed with butyl
rubber stoppers and the gas headspace was flushed for 5 minutes with oxygen-free flush gas (N,:CO,
70%:30%). Organic primary electron donor (a VFA mixture containing acetate, propionate and butyrate
in a COD based ratio of 1:1:1) was added up to a concentration of 1 g COD 1" with a syringe from a
NaOH neutralised concentrated stock solution. Sulphide at different doses was added with a syringe
from partly neutralised (1 M HCI per M Na,S) stock solutions. Prior to further treatment, all vials with

sludge were pre-incubated for 3 days in a rotary shaker at 30 °C. After pre-incubation, the vials of the
NaO3S SO3Na
HO
N=N
NaO3S N=N @
NH OH
@ Reactive Red 2

Cl Cl

Acid Orange 7

Figure 4.1 Structure formulas of the dyes used in this study
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living sludge series were flushed again and a new load of VFA (up to a concentration of 3 g COD ™)
was added. Next, AO7 was injected. Vials of the autoclaved sludge series were cooked for 90 minutes at
120 °C and allowed to cool down before dye injection. Vials of the y-irradiated sludge series were
irradiated at Gammaster b.v., Ede, The Netherlands (gamma irradiation with Co®; at a dose of 25
kGray). After irradiation, AO7 and (for the experiment in the presence of AQDS) AQDS were added to
the vials.

Vials for the experiments without sludge were filled with 50 ml of a 60 mM NaHCO; solution. AQDS
was added with a pipette from a NaOH neutralised concentrated stock solution. Next, the vials were
sealed with butyl rubber stoppers and the gas headspace was flushed for 5 minutes with oxygen-free
flush gas (N,:CO, 70%:30%). Sulphide at different doses was added with a syringe from partly
neutralised (1 mol HCI per mol Na,S) stock solutions. Prior to dye injection, the vials were pre-
incubated for at least 1 day to assure complete removal of oxygen.

All vials were incubated at 30 °C in a rotary shaker at 50 rpm. At selected intervals, colour was
measured spectrophotometrically at 484 nm, the wavelength of maximum absorbance (Ap.x) of AO7.

Sulphide was measured at the start of the experiments.

4.2.3 Reduction of RR2 in a sulphide gradient

Prior to the experiments with AO7, similar experiments were conducted with Reactive Red 2. The
initial dye concentration in these experiments was 0.2 - 0.3 mM, the sludge concentration was 2.0 g
VSS 1" and the sulphide concentrations ranged up to 25 mM. The main difference between the two
series is that y-irradiated sludge has only been tested in the AO7 series. The experimental procedure
was for the rest the same, except that the pre-incubation period for the batch vials with sludge was
only 1 instead of 3 days. At selected intervals, colour was measured spectrophotometrically at 539 nm,
the Apax 0f RR2.

Additionally, to determine whether the oxidised sulphur species formed in the reaction between RR2
and sulphide could be biologically recovered, the vials used for the assay of dye reduction in the
absence of sludge were supplemented with a small amount of sludge and VFA (to concentrations of

0.2gVSS1'and 1 g COD I, respectively). At intervals, sulphide was measured.

4.2.4 Reduction of RR2 in a sulphate gradient

Batch experiments at different sulphate concentrations (up to 60 mM) were performed to test the effect
of sulphate on the biological and chemical decolourisation of RR2 (0.25 mM) by anaerobic granular
sludge (2.0 g VSS I'"). The tests were performed in the absence and in the presence of the redox
mediator AQDS (20 uM). Batch vials were prepared similarly to the vials with living sludge in the
sulphide gradient experiment. Sulphate was added together with the dye, after a one-day pre-

incubation period. Colour and sulphide were measured at intervals.
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4.2.5 Riboflavin (and AQDS) as redox mediators of AO7 reduction by sulphide

A small batch experiment was performed to test whether riboflavin could stimulate chemical azo dye
reduction. AQDS was tested as well, to be able to compare the mediating properties of both compounds.
A control without redox mediator was incorporated. The batch vials were prepared similarly to the vials
without sludge in the sulphide gradient experiment. The initial sulphide concentration in all vials was
~1.2 mM. The concentration of riboflavin and AQDS was 20 uM and AO7 was added to a concentration

of 0.3 mM. Colour was measured at intervals. The experiment was performed with triplicate vials.

4.2.6 Reactor study

Two lab-scale UASB reactors (wet volume 0.25 1) with anaerobic granular sludge (35 g VSS 1) were
fed with pre-hydrolysed RR2 (100 mg/l = 0.054 mM) and a neutralised VFA mixture (1.5 g COD "' at
a 1:1:1 COD based rate of acetate, propionate and butyrate) in basal medium. RR2 was previously
hydrolysed (i.e. the chloro groups were replaced by hydroxyl groups) to prevent dye toxicity (Chapter
5). For that purpose, the dye was heated in a Na,COs; solution; a treatment that does not affect the
dye’s reduction rates . The hydraulic retention times of both reactors were kept constant at 5-5.5 h.
Effluent was recycled at a 1:1 influent:effluent flow ratio. After a 14-days period (Period I) in which
both reactors were operated identically, Na,SO, was added to the influent of one of the reactors (Rs):
0.7 mM in Period II (days 14 — 25) and 3.5 mM in Period III (days 25 — 42). The other reactor (Ry)
was the control reactor that did not receive any sulphate during the entire operational period. The
reactor’s dye decolourisation and VFA removal efficiencies were monitored on a daily to sub-daily

basis.

4.2.7 Analysis

AO7 and RR2 colour was measured spectrophotometrically with a Spectronics 60 spectrophotometer
(Milton Ray Analytical Products Division, Belgium) at the dyes’ wavelengths of maximum absorbance
(484 nm and 539 nm, respectively). The estimated molar extinction coefficients at these wavelengths are
22.9 - 10’ and 38 - 10’ cm™ M for AO7 and RR2 respectively. Liquid phase samples (0.75 ml) were
centrifuged (2 minutes at 10,000 rpm) and diluted up to an absorbance of less than 1 in a 0.1 M
phosphate buffer. The buffer contained freshly added ascorbic acid (200 mg 1) to prevent autoxidation.
Without dye, light absorbance of medium and buffer was less than 1% of the absorbance right after dye
addition and could therefore be neglected.

Sulphide was determined colorimetrically after reaction with N,N-dimethyl-p-phenylenediamine oxalate
according the method described by Triiper and Schlegel ***. VFA (Volatile Fatty Acids) were
determined by gas chromatography. The chromatograph (Hewlett Packard 5890) was equipped with a
2m x 2mm glass column packed with Supelcoport (100-120 mesh) coated with 10% Fluorad FC 431.
The temperatures of the column, injection port and flame ionisation unit were respectively 130, 200
and 280 °C. The carrier gas was nitrogen saturated with formic acid (40 ml per minute). Samples were
centrifuged (3 minutes at 10,000 rpm) and diluted 1:1 in a 3% formic acid solution. The pH was
determined with a Kinck 511 pH meter (Berlin, Germany) and a Schott Gerdte N32A double electrode
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(Hotheim, Germany). Volatile Suspended Solids (VSS) were determined according to standard

methods'2.

4.3 Results

4.3.1 Reaction stoichiometry dye reduction by sulphide

The reaction stoichiometry of direct chemical azo dye reduction by sulphide was investigated at two
different molar total-sulphide:AO7 ratios, 1.8:1 and 4:1(Figure 4.2A and 2B, respectively). Figure 4.2
shows the simultaneous decline of the azo dye and sulphide concentrations. In Figure 4.2A, sulphide
was limiting and the azo dye reduction stopped when sulphide was exhausted. In Figure 4.2B, AO7
was limiting and the decline in sulphide concentration ceased when AO7 was completely reduced. In
the absence of sulphide, no reaction occurred with the dye. In the dye-free controls, there was only a
small loss of sulphide.

The stoichiometry of the reaction, calculated at both total-sulphide:AO7 ratios and corrected for the

slight spontaneous disappearance of sulphide, was 2.16 = 0.1 mol of sulphide per mol of dye reduced.
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Figure 4.2 Time courses of the reactants during chemical reduction of AO7 (full circles) by
sulfide (full squares). (A) Initial molar total-sulfide:AO7 ratio 0.9:0.5. (B) Initial molar total-
sulfide:AO7 ratio 2.0:0.5. Open circles present the AO7 concentration in controls without sulfide.
Open squares present the total-sulfide concentration in controls without dye. The arrows indicate
the moment of dye addition.
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4.3.2 Effect of sulphide gradient on AO7 reduction

Batch experiments at different sulphide concentrations (up to 10 mM) were performed to test the
effect of sulphide on the biological and chemical reduction of AO7 (0.57 mM). The tests were
performed in the absence of sludge (medium only) and in the presence of either living or deactivated
(autoclaved or y-irradiated) anaerobic granular sludge. All conditions were tested both in the absence
and in the presence of 20 M of the external redox mediator anthraquinone-2,6-disulphonate (AQDS).
4.3.2.1 Results without external redox mediator

No exogenous sulphide. Firstly, the results will be discussed in the absence of exogenous sulphide
addition, where the background sulphide concentration was <0.01 mM. In this case, dye reduction did
not occur in the absence of sludge, demonstrating the stability of the dye solutions in bicarbonate
buffered medium. Likewise, no dye elimination occurred in the presence of autoclaved sludge,
demonstrating that dye sorption or reduction by deactivated sludge biomass can be neglected. With
living sludge, dye reduction was complete by day 8, which indicates that dye reduction in the absence
of sulphide was a biological process. With y-irradiated sludge, dye reduction was very slow and

eventually became complete after 30 days. The activity of irradiated sludge suggests that y-irradiation
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Figure 4.3 AO7 decolorization curves at different sulfide concentrations.
A. in the presence of living sludge, B. in the absence of sludge (medium
only), C. in the presence of autoclaved sludge and D. in the presence of y-
irradiated sludge. The concentrations listed in the legends are the initial
total-sulfide concentrations. The error bars represent standard deviations.
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did not completely kill all the bacteria or spores in the granular sludge. Nonetheless, no methane was
formed, suggesting complete death to methanogens.

Substoichiometric sulphide concentrations. Secondly, the results will be discussed for assays where
sub-stoichiometric quantities of sulphide (<1 mM) were added (Figure 4.3). In this case, dye
decolourisation was incomplete in the absence of sludge or in the presence of autoclaved sludge. The
extent of dye reduction increased with increasing initial sulphide concentrations (Figures 3B and 3C).
The biological dye reduction by living sludge did not depend on the presence of sulphide. Up to
concentrations of 0.5 mM, exogenous sulphide had no measurable impact on dye reduction by living
sludge (Figure 4.3A + insert in Figure 4.4A). Only when the exogenous sulphide level was increased
beyond 0.5 mM, was there a noticeable increase in the dye reduction rate due to the contribution of the
chemical reduction processes in the living sludge. With y-irradiated sludge, only one exogenous
sulphide concentration was tested in the substoichiometric range. At this concentration (0.7 mM), dye

reduction proceeded considerably faster than in the absence of exogenous sulphide (Figure 4.3D).

4

total-sulphide (mM)

Figure 4.4 AQO7 reduction rate constants at different sulphide concentrations, in the presence of
living sludge (closed circles), in the absence of sludge (crosses), in the presence of autoclaved
sludge (open circles) and in the presence of y-irradiated sludge (open diamonds); in the absence of
AQDS (Figures A) and in the presence of 20 uM AQDS (Figures B). The inserts show the rate
constants for AO7 reduction by living sludge at low sulphide concentrations.

Excess of sulphide concentrations. Thirdly, the results will be discussed at high initial sulphide
concentrations in large excess of stoichiometric amounts. In this case, complete dye reduction was
achieved under all circumstances. A fairly linear relationship between the sulphide concentration and
the estimated pseudo first-order reaction rate constant was observed up to 5 mM sulphide. At higher
sulphide concentrations, the rate constants levelled off somewhat, especially in the case of the medium
without sludge (Figure 4.4A). The reduction rates differed depending on the presence of sludge and on
the quality (i.e. living, autoclaved or y-irradiated) of the sludge. The reduction rate constants were the
highest in the presence of autoclaved sludge, while the rate constants were distinctively lower for

living sludge. The lowest rates were obtained with direct chemical reduction in medium without
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sludge and these rates were the same as those obtained with y-irradiated sludge. Generally, a ratio of
3:2:1:1 was observed for the estimated pseudo first-order reaction rate constants in the presence of
autoclaved sludge, living sludge, y-irradiated sludge and medium without sludge, respectively, at any
given sulphide concentration in excess of stoichiometric amounts.

4.3.2.2 Results with the external mediator AQDS

Redox mediators are compounds capable of accelerating oxidation-reduction reactions by shuttling
electrons between their reduced and oxidised forms. AQDS (20 uM) was chosen to determine the
effect of a redox mediator on the reduction of AO7 over a gradient of sulphide concentrations. The
experiment was set-up similar to that without AQDS, since dye reduction was monitored in the
presence of sludge (living or deactivated) or in the absence of sludge. In addition to this experiment,
experiments were conducted to verify whether AQDS could be chemically reduced by sulphide. In
these experiments (data not shown), AH,QDS formation was observed, based on spectrophotometric
measurements at 450 nm. Also AQDS reduction resulted in the oxidation of sulphide as was
confirmed based on the disappearance of sulphide.

The results of the sulphide gradient on AO7 reduction in the presence of AQDS (Figure 4.4B) showed
that, similar to the results of the experiment without AQDS, complete azo dye reduction at sub-
stoichiometric sulphide concentrations was only achieved in the assays with living sludge (and in the
assays with y-irradiated sludge after extended time periods). The reduction of AO7 by living sludge in
the absence of sulphide proceeded 2.5-fold faster in the presence of AQDS, indicating acceleration of
biological dye reduction by AQDS. AQDS also mediated the purely chemical reduction of AO7 by
sulphide in medium without sludge. Dye reduction was always remarkably faster, even at
substoichiometric sulphide concentrations with AQDS. The final level of decolourisation was more
rapidly achieved. Therefore, when sulphide was included together with living sludge, the effect of the

chemical reaction was noticeable. The pseudo first-order reaction rate constant increased beyond the

Absorbance at 484 nm
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Figure 4.5 Reduction of AO7 (0.3 mM) by sulphide (1.2 mM) in the presence of 20
UM riboflavin (full circles), in the presence of 20 puM AQDS (full triangles) and in the
absence of an external redox mediator (open circles).
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basal biological rates proportionally with the sulphide concentration, even at very low concentrations
below 0.5 mM (insert in Figure 4.4B).

At higher sulphide concentrations, all reaction rate constants increased with increasing sulphide
concentrations (Figure 4.4B). The trends with respect to the presence of sludge and its inactivation
were similar to those observed previously without AQDS. However, the rate constants were generally
7 to 12 times higher in the presence as compared to in the absence of AQDS.

4.3.2.3 Riboflavin as a mediator of chemical azo dye reduction

The result that autoclaved sludge stimulates chemical AO7 reduction by sulphide indicates that heat
stable cofactors released by cell lysis contribute as mediators of the reaction. Riboflavin is an example
of a redox active heat stable moiety present in common-occurring flavin enzyme cofactors of most
cells. Therefore, riboflavin was tested as a mediator of the chemical reduction of AO7 by sulphide. A
batch experiment was performed in which the reduction of AO7 by sulphide in the presence of
substoichiometric concentrations of either riboflavin or AQDS was monitored in time by following
dye decolourisation. The results presented in Figure 4.5 indicate that riboflavin greatly accelerates the

rate of AO7 reduction and that it is a far superior redox mediator compared to AQDS.

| |
09 10 20

total-sulphide (mM)

Figure 4.6 RR2 reduction rate constants at different sulfide concentrations, in the presence
of living sludge (closed circles), in the absence of sludge (crosses), in the presence of
autoclaved sludge (open circles, full curve) and in the presence of y-irradiated sludge.

A. in the absence of AQDS and B. in the presence of 20 puM AQDS.

4.3.3 Effect of sulphide gradient on RR2 reduction

Similar to the AO7 reduction test at different sulphide concentrations, a series of batch experiment was
performed to test the effect of sulphide (up to 25 mM) on the biological and chemical reduction of the
more complex azo dye, RR2 (supplied at 0.25 mM). The tests were performed in the absence of sludge
and in the presence of either living or autoclaved anaerobic granular sludge. All these conditions were

tested both in the absence and in the presence of 20 uM of the external redox mediator, AQDS.
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The results of the experiments in a large range of sulphide concentrations are presented in Figure 4.6.
The pseudo first-order rate constants of RR2 reduction were always lower than those observed for
AQ7 at comparable conditions. The general trends observed in the RR2 experiments were mostly
similar to those of the AO7 experiments. Namely, at very low sulphide levels only biological
reduction of the azo dye occurred, while in the presence of high sulphide levels, sludge greatly
accelerated the rate of RR2 reduction by sulphide and autoclaved sludge provided even higher rate
constants than living sludge.

In the additional experiment in which sludge and VFA were added to the vials used in the assay of
chemical RR2 reduction in the absence of sludge it was observed (data not shown) that the sulphide
concentrations increased up to their original value, thereby indicating that the oxidised sulphide could

be biologically recovered.
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Figure 4.7 Decolourisation of 0.24 mM RR2 (closed symbols) and
sulphate reduction (open symbols) by living sludge at different
initial sulphate concentrations: 0.0 mM (circles), 2.0 mM
(diamonds), 3.5 mM (triangles) and 30.6 mM (squares)

4.3.4 Effect of sulphate
4.3.4.1 Sulphate gradient RR2 (batch)

Similar to the RR2 reduction test at different sulphide concentrations, a series of batch experiments
was performed to test the effect of sulphate (at 8 initial concentrations ranging from 0 to 58 mM) on
the reduction of the azo dye RR2. The tests were performed both in the absence and in the presence of
20 uM of the external redox mediator AQDS. Examples of the time course of RR2 decolourisation and
the formation of sulphide are shown in Figure 4.7. The figure illustrates that dye reduction and
sulphate reduction occurred simultaneously. Biogenic sulphide contributed to chemical reduction,
thereby increasing the observed rates of dye reduction. Thus dye reduction was faster in the assays
with sulphate. At initial sulphate concentrations higher than 5 mM, all decolourisation rates were

similar since higher sulphate levels did not correspond to increased levels of biogenic sulphide beyond
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the maximum of 5 mM formed during the 5 to 7 days of incubation. The sulphate reduction was
limited due to exhaustion of the electron donating VFA substrate.

4.3.4.2 Effect of sulphate on RR2 reduction in a continuous bioreactor

Since the batch experiments were conducted with a low amount of sludge (2 g VSS - '), the effect of
biogenic sulphide on anaerobic RR2 reduction was also tested in continuous bioreactors with a
biomass concentration of 35 g VSS - I"'. Two 250-ml lab-scale UASB reactors were maintained for 42
days. Both reactors were fed with a VFA mixture as the primary electron donor and pre-hydrolysed
RR2 was added to the reactor influent at a concentration of 100 mg/l (= 0.057 mM). After a 14-days
period (Period I) in which both reactors were operated identically, sulphate was added to the influent
of one of the reactors (Rg) in periods II and III. The sulphate concentration was 0.7 mM in Period II
and 3.5 mM in Period III. The other reactor (Ry) was the control reactor that did not receive any
sulphate during the entire operational period.

The VFA removal efficiencies of both reactors were stable at high levels (>95%). The removal of
sulphate by Rg was generally complete with the effluent sulphate concentration of 0.04 mM or less.
Roughly 80-90% of the removed sulphate-S was recovered as soluble total-sulphide-S. The influent
sulphate concentration of Ry was below 0.02 mM and the sulphide levels in Ry, were below detection
level (0.01 mM).

The results with respect to the removal of colour (reduction of RR2) are summarised in Table 4.1. It is
clear that there is no significant difference between the two reactors. There was no obvious effect of

biogenic sulphide on the reduction of RR2 in the continuous UASB-reactor.

Table 4.1 Overall results of the reactor experiment

period #days R influent- R effluent- Colour removal Colour removal
[Na,SOy] [sulphide] Rg R,
mM mM (= st.dev) % (£ st.dev.) % (£ st.dev.)
| 14 0 0 35+3 33+£3
I 11 0.7 0.61 £0.04 34+3 32+1
111 17 35 2.89+0.08 36+3 36+2
total 42 35+3 33+3

4.4 Discussion

Anaerobic azo dye reduction (decolourisation) in anaerobic sludge environments is a combined
process of biotic and abiotic reactions. Azo dyes can be reduced in a direct chemical reaction with
bulk biogenic reducing agents (e.g. sulphide), but they can also be reduced by biological reactions,
either directly as an enzymatically catalysed reaction or indirectly via reduced enzyme cofactors
(Figure 4.8).

In this study, an attempt was made to assess the relative contribution of chemical versus biological azo
dye reduction in a sulphide-containing anaerobic sludge environment. Azo dye reduction rates in

sludge-free medium were compared to those in the presence of anaerobic granular sludge at different
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sulphide concentrations. Controls with deactivated (autoclaved or y-irradiated) sludge were used to
determine the effect of sludge material and biochemicals.

Azo dyes were observed to be reduced by direct chemical reaction with sulphide as well as in a
sulphide-independent biological reaction. The effect of combining living sludge with sulphide was
additive, as the rate of dye reduction in those cases corresponds to the sum of the biological rate and
chemical rate. If the sludge was inactivated by y-irradiation, the rate of dye reduction was the same as
the chemical rate only. This indicated that intact inactivated cells did not contribute in any way to dye
reduction. However, if the sludge was inactivated by autoclaving, the rates of dye decolourisation in
the presence of sulphide were remarkably higher than with living sludge. The lysis of cells caused by
autoclaving is postulated to release enzyme cofactors that could function as redox mediators to

accelerate the chemical reaction rates.

Direct chemical Redox mediator chemical
H,S azo dye H,S X RM,, X azo dye
‘So’ N aromatlc ‘So’ RMred > arorpatlc
amines amines
Direct biological Indirect (redox mediator catalyzed) biological
ED azo dye M X azo dye
ED,, > arorpatlc R RM., arorpatlc
amines amines

Figure 4.8 Schematic representation of the ways azo dyes can be reduced in the
experimental systems used in this study
RM = redox mediator; ED = electron donor; b = bacteria (enzymes)

4.4.1 Chemical azo dye reduction
The two azo dyes investigated in this study, AO7 and RR2, could be chemically reduced by sulphide

in medium without sludge. These results are in accordance with previous research indicating the
reduction of several azo dyes by sulphide in the absence of bacteria (Chapters 2 and 3) and the
reduction of a reactive azo dye by biogenic sulphide '*”*"'. Also textile manufacturers are aware that
addition of reducing agents to dye-containing effluents leads to considerable decolourisation '

For the reduction of AO7 by sulphide (Figure 4.2), it was found that the reaction stoichiometry was
2.16 £ 0.1 mol of sulphide per mol of dye reduced. This stoichiometry indicates that the sulphur atom

in sulphide (oxidation state —2) had been oxidised to an oxidation state around 0. Most probably,
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sulphide is therefore oxidised to elementary sulphur (oxidation state S = 0). After reaction between the
formed elementary sulphur with the remaining sulphide, polysulphide (HS,") could have been formed.
The average oxidation state in the more stable forms of polysulphide (HS,, HSs and HS¢') ranges
between -0.25 and -0.17. According to the reaction stoichiometry of dye reduction by sulphide, 2
moles of sulphide are required per mole dye when sulphide is oxidised to elementary sulphur; whereas
a maximum of 2.29 moles of sulphide are required per mole of dye when sulphide is completely
oxidised to polysulphide. The chemical reduction of an azo dye by sulphide is expected to follow
second-order reaction kinetics (equation [4.2]):
Ak rars) 4.1
with: [A] = dye concentration (mM)

[S] = total-sulphide concentration (mM)

t  =time (d)

k. = second-order reaction rate constant of the chemical reaction (mM™-d™)
The value of k. can be approached by assuming that the sulphide concentration at any time is related to
the dye concentration according to equation [4.2]:
[S]1=[S]lo—a[A] [4.2]
with: a = molar stoichiometric ratio sulphide oxidation vs. dye reduction = 2.16 (see above)

When equation [4.2] is incorporated in equation [4.1], the solution can be plotted as follows (equation
[4.3]):

L [ ALAS), —aAl, —[A)
[S], —alAl, [AI[S],

The left term of equation [4.3] can be plotted against time for each single decolourisation assay, with

=kt [4.3]

a, [S]o and [A]o known and [A] monitored in time. The slope of this curve represents the second-order
reaction rate constant (k.). Second-order rate kinetics was indeed found to be the case, as the k.
predicted from the data over a wide range of sulphide concentrations was found to be more or less
constant. The values obtained for k. are 0.33 + 0.09 and 0.16 + 0.05 mM™"- d, for the chemical
reduction of AO7 and RR2, respectively. The rate of chemical reduction of AO7 and RR2 can
therefore be predicted for any given sulphide and AO7 or RR2 concentration.

In this study, the reaction rates of dye reduction are, however, discussed by comparison of the pseudo
first-order reaction rate constant k.’ (in d') at a given sulphide concentration. At high sulphide levels,
[S]o >> [A]o and the change of the sulphide concentration can be neglected (at any time t, [S] = [S]p).
Equation [4.1] can then be written as equation [4.4], with k.’ being the product of k. and [S] or [S],.
The k.’ has a unique value at any given [S].

d[A] _

o = KIAI= (A= [A] e [4.4]

with: k.’ = pseudo first-order reaction rate constant of the chemical reaction (d)
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4.4.2 Redox mediator catalysed azo dye reduction

4.4.2.1 Redox mediation by autoclaved sludge

Figure 4.4A (AO7) and Figure 4.6A (RR2) show the accelerating effect of autoclaved sludge on the
rates of chemical dye reduction. In Figure 4.5A it is furthermore shown that the presence of y-
irradiated sludge has little if any effect. When considering the difference between autoclaved sludge
and y-irradiated sludge, autoclaving disrupts the cells whereas y-irradiation leaves the cell structure
intact. The accelerating effect of autoclaved sludge on dye reduction is therefore most likely due to
compounds released by cell lysis. As there is no dye reduction by autoclaved sludge in the absence of
sulphide, it is clear, furthermore, that this effect is based on mediation of the transfer of reducing
equivalents from the bulk electron donor (sulphide) to the electron-accepting dye.

The nature of this ‘sludge redox mediator (SRM)’ is not known. However, it can be expected that it
has an Ey’ value in between —270 mV (i.e. the Ey' value of the primary electron donor, the redox
couple S¢/HS") and the unknown E,’ values for the redox couple azo dyes/aromatic amine. Flavin
cofactors may fit this role as they are universally occurring heat-stable biochemical cofactors with Ey’
values between —200 and —220 mV that are known to mediate azo dye reduction in biological systems
38,38, 111, 161, 271, 282,296 'The mediating role of flavins in the chemical reduction of azo dyes by sulphide has
not been reported before. However, in this study, we proved that riboflavin is a powerful mediator in
this reaction (Figure 4.5). It has often been observed that cell-free extracts, starving cells or lysed cells

87, 213, 282, 286, 337

show higher azo dye reduction rates than intact or resting cells and in one of these

investigations, the researchers **

established clear evidence for the leakage of a flavin cofactor,
identified as riboflavin, from starving cells.

4.4.2.2 AQDS mediated chemical azo dye reduction

AQDS is an artificial external redox mediator which is known to mediate the reductive transfer of azo
16

dyes by pure cultures of bacteria '°', by chemical reaction with sulphide (Chapter 3), and by
electrochemical reactions *. The results presented in this study show that the reduction of AO7 and
RR2 by sulphide is strongly accelerated by AQDS. According to this mechanism, first sulphide
reduces AQDS to anthrahydroquinone-2,6-disulphonate, and second AH,QDS reduces the dye. The
first step of the reaction mechanism was demonstrated in this study, whereas the second step of the
mechanism was demonstrated in an earlier study in which AH,QDS (generated by biological reduction
but separated from the cells) was shown to chemically reduce resin-bound AO7 ™.

An interesting aspect of the effect of AQDS (see Figures 4B and 6B) is that it does not overshadow the
acceleration by autoclaved sludge. AQDS also increases dye reduction rates already mediated by SRM

in autoclaved sludge. This indicates that there is transfer of electrons between SRM and AQDS.

4.4.3 Biological azo dye reduction

At near zero sulphide concentrations, complete AO7 and RR2 reduction was only achieved in the
presence of living sludge. Also slow activity was observed in y-irradiated sludge, which can be
attributed to the fact that the bacteria or bacterial spores were not completely killed off by the

treatment. These results clearly demonstrate that azo dye reduction in anaerobic granular sludge is due
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to biological activity in the absence of chemical reducing agents. Biological azo dye reduction can be
expected to follow Monod kinetics, i.e. zero-order kinetics with respect to the dye concentration if the
affinity for the dye is high. The reduction of AO7 and RR2 in the absence of sulphide could indeed be
described by zero-order kinetics rather than first-order kinetics, although the goodness of fit criterion
does not allow a significant choice and the estimated pseudo first-order reaction constants are suitable
comparative parameters. The slopes of the AO7 and RR2 decolourisation curves can therefore be used
to determine the biological azo dye reduction activity of the batch assays with living sludge in the
absence of sulphide: 0.072 £ 0.002 and 0.067 mM - d' for AO7 and RR2. When normalised with the
sludge concentration, the values for AO7 (0.040 mmol g' VSS d') are comparable with those
calculated from previous results (Chapter 2). Those for RR2 were approximately 3 to 5-fold higher
compared to experiments with a much larger pool of data (Chapter 5), thus the data derived from the
previous experiment (0.0067 to 0.0117 mmol g" VSS d™) are considered more valid.

Biological azo dye reduction can be due to one of two mechanisms. The first mechanism is direct azo
dye reduction by enzymes. The second mechanism is an indirect biological reaction mediated by
enzymatically generated reduced electron carriers.

4.4.3.1 Direct enzymatic azo dye reduction

According to the first mechanism of biological azo dye reduction, ‘azoreductases’ transfer the
reducing equivalents originating from the oxidation of organic substrates to the azo dyes. These
enzymes are either intracellular or membrane-bound. Evidence for such a mechanism was found in
studies with some aerobic and facultative aerobic bacteria that could grow with mostly simple azo
compounds as sole source of carbon and energy. These strains grew under strict aerobic conditions by

16 The existence of

using a metabolism that started with reductive cleavage of the azo linkage
enzymes catalysing azo dye reduction in aerobic bacteria was for the first time proven when two
azoreductases from obligate aerobic bacteria were isolated and characterised ***. These intracellular
azoreductases showed high specificity to dye structures. Aside from these specific azoreductases, also

non-specific enzymes catalysing azo dye reduction have been isolated from aerobically grown cultures

108 109

of Shigella dysenteriae '™, Escherichia coli and Bacillus sp. *'*. Where characterised, these

enzymes were found to be flavoproteins ' ',

Also under anaerobic conditions, enzymes may be responsible for the almost ubiquitous capacity of
many strains of anaerobic, facultative anaerobic and even aerobic bacteria to reduce azo dyes. Ten
bacterial strains isolated from the human intestine were found to have azoreductase activity for Direct
Blue 15 in their culture supernatants *’'. Further research with the purified azoreductase from one of
the strains showed that it was a flavoprotein capable of catalysing the non-specific reduction of azo
dyes as well as nitroaromatics .

4.4.3.2 Indirect (mediated) biological azo dye reduction

According to the second mechanism of biological azo dye reduction, azo dyes are indirectly reduced
by enzymatically reduced electron carriers. Early research has hypothesised that reduced flavins
(FADH,, FMNH,, riboflavin) generated by flavin-dependent reductases can reduce azo dyes in a non-

specific chemical reaction ''"**2, Flavins were indeed often found to stimulate azo dye reduction **''"
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122,271, 282 and recent research has revealed that flavin reductases are indeed ‘anaerobic azoreductases’

2% Also other reduced enzyme cofactors capable of direct azo dye reduction have been reported, e.g.
NADH ** and an NADPH-generating system *°.

Aside from enzyme cofactors, also various artificial redox mediating compounds are important

30, 38, 58, 161, 296 58, 161,

stimulants of biological azo dye reduction, e.g. benzyl viologen , methyl viologen ;
AQDS %', crystal violet, neutral red, phenosafranin, menadione, Janus Green B **, anthraquinone-2-
sulphonate (AQS) and 2-hydroxy-1,4-naphthoquinone '*'. Several bacterial enzymes have been found
able to regenerate the enzyme cofactors and the artificial electron carriers by reduction. For example, a
periplasmic hydrogenase of Desulphovibrio vulgaris was shown to reduce several quinone compounds
as exogenous electron acceptors coupled to hydrogen oxidation ***. An NADH:ubiquinone
oxidoreductase situated in the membrane of Sphingomonas sp. BN6 could reduce AQS '*'. Enzymes
may not be directly needed to regenerate some quinone electron carriers as non-enzymatic reduction of
p-benzoquinones by NADH or by an NADH analogue (9,10 — dyhydro — 10 — methylacridine) has
been reported ** **2. Recently, it was furthermore reported that the reduction of AQDS by Shewanella
putrefaciens proceeds via excretion of unidentified quinones for extracellular electron transfer and it
was suggested that the biological reduction of insoluble metal oxides might also involve a similar
mechanism 7.

A completely different mechanism of indirect biological azo dye reduction is based on the concept of
sulphur cycling, i.e. dye reduction by sulphide in combination with biological reduction of the
oxidised sulphur species **. According to this concept, only trace quantities of sulphide are required.
However, in this study low sulphide concentrations (< 0.5 mM) had no increasing effect on the rate of
dye decolourisation in living sludge. Therefore, sulphur cycling is not an important mechanism here.
4.4.3.3 Location of biological azo dye reduction

The chemical reaction between the dye and the electron carrier, as well as the enzymatic reduction of
the electron carrier, can occur both intracellularly and extracellularly. Cofactors like FADH,, FMNH,,
NADH and NADPH, as well as the enzymes reducing these cofactors are located in the cytoplasm **¢.
This implicates that a membrane transport system would be a prerequisite for the reduction of azo dyes
by these cofactors in intact cells. However, cell wall permeation of dyes is considered a serious
obstacle, especially for those containing (highly polar) sulphonate groups. In addition, also FAD and
FMN cannot readily cross cell walls. In contrast, riboflavin is able to move across cell membranes.
Hence, it has been reported several times that cell extracts or starving or lysed cells show higher azo
dye reduction rates than intact or resting cells *”- '3 28228337 ‘Moreover, the lack of a clear relationship
between a dye’s structure (size, molecular weight, degree of sulphonation) and its reduction rate *>**
(Chapter 2) suggests that intracellular azo dye reduction mechanisms are not likely to play an
important role. In a study to the anaerobic reduction of amaranth by whole cells, cell extracts and cell
membranes of Sphingomonas sp. strain BN6, enzymatic azo dye reduction activity was found to be
located in the cytoplasm (a soluble FAD-dependent enzyme) as well as in the membrane fraction
(presumably and NADH; ubiquinone oxidoreductase) but it was suggested that that azo dye reduction

161

by whole cells is mainly related to the latter °'. Most probably, anaerobic biological azo dye reduction
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occurs outside the cells, catalysed directly by periplasmic enzymes or indirectly, in a reaction with

reduced electron carriers that are regenerated by these periplasmic enzymes.

4.4.4 Effect of sulphate

In the reduction of azo dyes, sulphate may play a double role. Apart from being the precursor of the
electron donor sulphide, it may also compete with the dye as an electron acceptor. In this study, it was
observed that different sulphate concentrations did not have an adverse effect on the reduction of RR2
in either the batch assays or the reactor experiment. It is therefore clear that sulphate -even when
present at concentrations as high as 60 mM- does not obstruct the transfer of electron to the azo dye.
The results confirm previous observations in which sulphate did not inhibit azo dye reduction by
different types of sludge *******. Probably, the redox potentials of the reduction of the various azo dyes
involved are higher (more positive) than the redox potential of biological sulphate reduction (-220
mV). Azo dye reduction and sulphate reduction proceeded simultaneously and in batch assays with
low biomass concentrations, the biogenic sulphide formed contributed to increase the overall rate of

dye reduction due to its chemical reactivity.

4.4.5 Relative importance of chemical reduction in anaerobic bioreactors

During treatment of textile industry wastewater in anaerobic bioreactors, sulphide will be introduced
into a system via sulphate reducing bacteria. Dye reduction will therefore result from a combination of
chemical and biological reduction processes. From the discussion above, it is justified to assume that
these processes are separate, i.e. (1) biological azo dye reduction does not depend on sulphide; (2)
chemical azo dye reduction does not depend on either biological activity or the presence of intact
sludge organic matter (cells not lysed) and (3) biological sulphur recycling can be neglected.

Based on the zero order and second order kinetic parameters estimated for the biological and chemical
mechanisms of azo dye reduction (above in Discussion); respectively, the relative contribution of the
chemical mechanism was estimated for RR2 under the conditions utilised for the lab scale UASB
reactors; assuming 35 g VSS I"' of biomass, a hydraulic retention time of 6 h, 0.06 mM of RR2 and 3.5
mM of biogenic sulphide. The kinetic analysis reveals that under those conditions only 13% of the dye
removal would be due to chemical reduction, which coincides with the lack of any noticeable effect of
sulphate on dye removal efficiency in the lab experiment. If the biogenic sulphide concentration were
increased to 10 mM, than the contribution of the chemical reduction mechanism would be 33% of the
total dye removal. Thus in anaerobic bioreactors, the biological mechanism of dye reduction is
dominant due to the high biomass concentration in the reactors. The importance of chemical reduction
will increase if the biomass concentration is low, or extremely high levels of biogenic sulphide occur
in the reactor or if artificial redox mediating compounds are utilised.

abroad.
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to accelerate the transformation of reactive azo dyes

in anaerobic bioreactors

Abstract Azo dyes are non-specifically reduced under anaerobic conditions but the slow rates at
which reactive azo dyes are converted present a serious problem for the application of anaerobic
technology as a first stage in the complete biodegradation of these compounds. As quinones have been
found to catalyse reductive transfers by acting as redox mediators, the application of anthraquinone-
2,6-disulphonic acid (AQDS) during continuous anaerobic treatment of the reactive azo dye Reactive
Red 2 (RR2) was evaluated. A mixture of volatile fatty acids was used as the electron donating
primary substrate.

Batch experiments demonstrated that AQDS could increase the first-order rate constant of RR2
reductive cleavage by one order of magnitude. In the continuous experiment, treatment of RR2
containing synthetic wastewater in a lab-scale UASB reactor yielded low dye removal efficiencies
(<30%). Consequently, severe toxicity problems occurred, eventually resulting in almost complete
inhibition of the methanogenic activity. Addition of catalytic concentrations of AQDS (19 uM) to the
reactor influent caused immediate increase of the dye removal efficiency and recovery of the
biological activity. Ultimately, the RR2 removal efficiency stabilised at 88% and higher AQDS loads
resulted in higher RR2 removal efficiencies (up to 98% at 155 uM AQDS).

Examination of the RR2 decolourising properties of dye-adapted reactor sludge and of non-adapted
reactor seed sludge revealed that RR2 decolourisation was principally a biologically driven transfer of
reducing equivalents from endogenous and added substrates to the dye. Hydrogen, added in bulk, was
clearly the preferred electron donor. Bacteria that couple dye decolourisation to hydrogen oxidation
were naturally present in seed sludge. However, enrichment was required for the utilisation of
electrons from volatile fatty acids for dye reduction. The stimulatory effect of AQDS on RR2
decolourisation by AQDS-unadapted sludge was mainly due to assisting the electron transfer from
endogenous substrates in the sludge to the dye. The stimulatory effect of AQDS on RR2
decolourisation by sludge from the AQDS-exposed reactor was in addition strongly associated with
the transfer of electrons from hydrogen and acetate to the dye, probably due to enrichment of
specialised AQDS-reducing bacteria.

Van der Zee, F.P., Bouwman, R.H.M., Strik, D.P.B.T.B., Lettinga, G. and Field, J.A. (2001)
Biotechnol. Bioeng. 75: 691-701
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5.1 Introduction

Removal of dyes is a major concern when treating textile-processing wastewater. The vast majority
(60-70%) of the dyes applied in textile-processing industries are azo compounds, characterised by azo
(N=N) bridges linking substituted aromatic structures *°. It is estimated that 10 to 40% of the dyes
used for textile dyeing end up in the wastewater. This fraction has increased over the last decades
because of the increasing use of reactive dyes, a class of water-soluble dyes, with a relatively low
degree of fixation 7" **.

Discharge of dyes into the environment should be avoided, not only for aesthetic reasons, but also
because many azo dyes and their breakdown products are toxic to aquatic life *' and mutagenic to

251, 299
» . However, under

humans *°. Azo dyes are generally persistent under aerobic conditions
anaerobic conditions they undergo relatively easy reductive fission, yielding colourless aromatic
amines. The reduction of azo dyes is therefore closely associated with their decolourisation. The
aromatic amines released from azo dye reduction generally require aerobic conditions for their
degradation **. The most logical treatment strategy for complete degradation of azo dyes is therefore a
sequential anaerobic-aerobic approach with, for instance, an upflow anaerobic sludge blanket (UASB)
reactor as the first stage.

Preliminary research in our laboratory, a screening of the anaerobic decolourisation of 20 widely
varying types of azo dyes (Chapter 2), revealed that all azo dyes studied were reduced in the presence
of granular sludge fed with volatile fatty acids as the electron donating primary substrate. The reaction
followed first-order kinetics, with half-life times varying greatly between dyes. The reactive azo dyes
with triazyl reactive groups were slowly reduced. For these common occurring reactive dyes, long
contact times may be necessary to reach a satisfying extent (>90%) of decolourisation. Consequently,
they pose a serious problem for applying high-rate anaerobic treatment as the first stage in the
biological degradation of azo dyes. Therefore, methods to improve the rate of azo dye reduction are
clearly needed.

To overcome the problem of slow azo dye reduction rates, redox mediators, i.e. compounds that speed
up reaction rates by shuttling reducing equivalents between (terminal) electron donors and electron
acceptors, may be helpful. Enzyme cofactors like FAD are known as effective redox mediators for azo

. 101, 111, 286
dye reduction " "

and also artificial quinones can act as redox mediators: in abiotic systems,
quinones accelerated chemical azo dye reduction by sulphide (Chapter 3) as well as electrochemical
azo dye reduction > and in biological systems, quinones were shown to accelerate azo dye reduction
by anaerobically incubated aerobic biomass '** '¢!
sludge (Chapter 4).

In this study, the effects of anthraquinone-2,6-disulphonic acid (AQDS) on the continuous treatment

as well as azo dye reduction by anaerobic granular

of a synthetic wastewater containing the slowly reducible reactive azo dye Reactive Red 2 (RR2),
were investigated and batch experiments were performed to further explore the mechanism of azo dye

decolourisation.
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5.2 Materials and methods

5.2.1 Continuous experiment

A lab-scale UASB reactor (wet volume 1.2 1) was fed with a neutralised VFA mixture (1.5 g COD 1"
at a 1:1:1 COD based rate of acetate, propionate and butyrate) in basal medium containing (mg 1)
NH,C1 (280), CaCl, (5.7), KH,PO4 (250), MgSO,47H,0 (100), H;BO; (0.05), FeCl,-4H,0 (2), ZnCl,
(0.05), MnCl,4H,0O (0.5), CuCl,2H,0O (0.04), (NH4)sM070,45H,0 (0.05), CoCl:6H,O (1),
NiCl,'6H,0 (1) and Na,SeO5-5H,0 (0.16). The hydraulic retention time was kept constant at 5.9 = 0.7
h. After a three-week start-up without dye, 200 mg 1™ of the textile dye RR2 (dye content ~50%) was
added to the reactor influent. This influent dye concentration was kept constant, giving a dye load of
0.81 + 0.1 g RR2 (commercial product) "' reactor volume d™'. Up from day 72, AQDS was added.
Four different AQDS concentration levels were applied: 19 uM (days 72—144 and 218-263); 39 uM
(days 144—-183); 78 uM (days 183-206) and 155 uM (days 206-218). The reactor’s COD removal and

dye decolourisation efficiencies were monitored regularly.

5.2.2 Batch experiments

All batch experiments were conducted in glass serum vials. The vials were filled with basal medium
and anaerobic granular sludge (except for the abiotic controls). Next, the vials were sealed with butyl
rubber stoppers and the gas headspace was flushed for 5 minutes with oxygen-free flush gas. Organic
primary electron donors and AQDS were added with syringes from neutralised concentrated stock
solutions. After a 3-days pre-incubation period (in a rotary shaker at 30 °C), again the headspace of the
vials was flushed and substrate was added. RR2 was added to the vials with a syringe from a
concentrated stock solution. The vials were incubated on a rotary shaker at 30 °C. The composition of
the vials in each separate experiment (i.e. the type of sludge and substrate, the concentrations of
sludge-VSS, substrate, nutrients, AQDS and RR2, the composition of the flush gas, as well as the
liquid and headspace volumes) is listed in Table I. All experiments were performed with triplicate
vials. Sulphide was measured at the start and at the end of most of the experiments.

RR2 decolourisation experiments: In batch decolourisation experiments, liquid phase samples for
absorbance measurements were taken at intervals to follow the course of RR2 decolourisation and to
determine the decolourisation rates. First-order decolourisation rates were calculated by fitting the

decolourisation curve to equation [5.1] by using the least square method.

A=Ay R [5.1]
with: k = first-order rate constant (d™");
A; = Absorbance at time t;

Ay = Absorbance at t=0, immediately after dye injection;
t = incubation time (d).
The effect of AQDS on the rate of RR2 reduction was studied (AQDS gradient test) and the

dependency of RR2 reduction on the type of electron donor was investigated (substrate dependency
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Application of redox mediators for azo dye reduction

test). In control experiments, it was tested if RR2 could be decolourised abiotically, in a reaction with
hydrogen, VFA or inactivated biomass.

In the AQDS gradient test, the rate of RR2 decolourisation was determined at ten different AQDS
concentrations, ranging from 0 to 1180 pM.

The substrate dependency test was conducted to investigate the substrate specificity of direct and
AQDS catalysed RR2 decolourisation and to investigate the effect of biomass adaptation. The
experiments were performed in the presence of acetate, propionate, butyrate and hydrogen as the
electron donating substrates and in the absence of an external substrate, with biomass-VSS as the only
possible electron donor. In case of VFA substrates, injecting supplemental quantities of neutralised
stock solutions if the concentration dropped below 1 g COD 1" prevented substrate depletion during
the course of the decolourisation process. Hydrogen was replenished every 24 hours, by bringing back
the headspace to 2 atm. 80%:20% H,/CO,. The methane production in all serum vials was roughly
determined, by following the headspace methane content in the first week of the experiment or, in case
of the vials with hydrogen, by following the headspace pressure. The methane production rates were
normalised for the VSS concentration to obtain a value for the SMA, the specific methanogenic
activity (expressed in g CH,~COD g VSS d™)

Control experiments were conducted to test if hydrogen or VFA can decolourise RR2 in a direct
chemical reaction, as well as to quantify the abiotic decolourisation of RR2 by inactivated
(autoclaved) biomass. In the abiotic controls without sludge, the absorbance was followed during 30
days. For studying the decolourisation of RR2 by reduced compounds in inactivated biomass, the dye
was added to vials that were, after 3 days pre-incubation and flushing, cooked for 90 minutes in a
pressure cooker.

RR2 toxicity experiments: In batch toxicity experiments, the inhibition of the methanogenic activity of
seed sludge by RR2 was determined by following the build-up of methane in the headspace of 117-ml
serum vials. Both acute and long-term toxicity was tested.

The acute toxicity of RR2 was tested in serum vials that were monitored during 7 hours immediately
after dye injection. In the long-term toxicity test, incubation lasted much longer (21 days) and also a
much lower sludge/dye ratio was applied. To investigate the effect of decolourisation on RR2 toxicity,
the long-term test was performed at different AQDS levels. Furthermore, to investigate the effect of
hydrolysis (i.e. the replacement of chloro groups by hydroxyl groups) on RR2 toxicity, the test was as
well performed with a preparation of RR2 that was previously heated in a Na,COj; solution *°. When
the methane content exceeded 35%, the headspace was flushed again and VFA was replenished. The
experiment was accompanied by a parallel experiment in separate vials to measure the decolourisation.
AQDS reduction experiments: To determine whether adaptation of biomass to AQDS had led to a
changed capability of reducing AQDS, a batch experiment was conducted to compare the reduction of
AQDS by reactor sludge and by seed sludge, with acetate as the primary electron donor. Pre-incubated
batch vials were supplemented with 0.41 mM AQDS. At intervals, liquid phase samples for
absorbance measurements were taken to follow the formation of AH,QDS. As AH,QDS was found to

oxidise very fast when being exposed to air, it was necessary to sample and analyse in an anaerobic
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hood. As the absorbance factor of AH,QDS was found sensitive to small changes in pH, a phosphate

buffer instead of a bicarbonate buffer was used.

5.2.3 Analysis

RR2 colour was measured spectrophotometrically with a Spectronics 60 spectrophotometer (Milton
Ray Analytical Products Division, Belgium) at the dye’s wavelength of maximum absorbance (539
nm). At this wavelength, a 1 g I"' solution of the commercial dye preparation (dye content ~50%) has
an extinction of 21.6 absorbance units per cm. The estimated molar extinction coefficient at 539 nm is
therefore approximately 26.6 - 10° cm™ M™. Liquid phase samples (0.75 ml) were centrifuged (2
minutes at 10,000 rpm) and diluted up to an absorbance of less than 1 in a phosphate buffer (10.86 g
! NaH,PO,2H,0; 5.38 g I Na,HPO4-H,0). The buffer contained freshly added ascorbic acid (~200
mg ") to prevent autoxidation. Without dye, light absorbance of medium and buffer was less than 1%
of the absorbance right after dye addition and could therefore be neglected.

Reduced AQDS (anthrahydroquinone-2,6-disulphonic  acid, AH,QDS) was measured
spectrophotometrically at 450 nm. Liquid phase samples were centrifuged (2 minutes at 10,000 rpm)
and diluted to an absorbance less than 1 in a phosphate buffer (10.86 g I"' NaH,P0,-2H,0; 5.38 g I”'
Na,HPO,H,0). A 5.0 mM AH,QDS standard solution (molar extinction coefficient at 450 nm
~2.6:10° cm™ M) was prepared from a 5.0 mM AQDS solution by a palladium catalysed reaction
with hydrogen during 4 hours at 50 °C. Sampling and analysis took place in an anaerobic chamber
under a 96%:4% N,/H, atmosphere.

Sulphide was determined according the method described by Triiper and Schlege

1 328‘

COD (Chemical Oxygen Demand) was measured using the micro-method described by Jirka and
Carter '®.

Volatile Fatty Acids (VFA) and methane were determined by gas chromatography, as described in
Chapter 4.

Methane was determined by gas chromatography. The chromatograph (Packard-Becker, Delft, The
Netherlands) chromatograph equipped with a 2m x 2mm steel column packed with Poropak Q (80/100
mesh). The temperatures of the column, injection port and flame ionisation unit were respectively 60,
200 and 220 °C. The carrier gas was nitrogen (20 ml per minute). Gas samples were taken with a 100
ul pressure-lock syringe (Dynatech, Baton Rouge, USA).

The pH was determined with a Kinck 511 pH meter (Berlin, Germany) and a Schott Gerdte N32A
double electrode (Hotheim, Germany).

VSS (Volatile Suspended Solids) were determined according to standard methods '*.

5.2.4 Chemicals
Reactive Red 2 (Procion Red MX-5B, C.I. 18200) was purchased from either Aldrich (Gillingham,

England) or as a commercially available dye powder. The dye purity was ~50%. The dye was used

without further purification. The structure formula is plotted in Figure 5.1.
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NaO3S @@ SO3Na
e

NH OH

£,

Figure 5.1 Structure formula of Reactive Red 2 (RR2), C.1. 18200.

5.3 Results

5.3.1 The effect of AQDS on the rate of Reactive Red 2 decolourisation

The decolourisation of RR2 by anaerobic granular sludge was followed in batch experiments with
increasing concentrations of the redox mediator AQDS (see Figure 5.2, squares). First-order rate
constants were determined to approximate the decolourisation rates. Without redox mediator the first-
order rate constant was 0.21 d”'. The addition of AQDS dramatically increased the rate constant: as
shown in Figure 5.2, a 7-fold increase was obtained at 240 uM AQDS; and (not shown in graph) a 16-
fold increase was obtained at the 1180 uM AQDS. The impact of AQDS was even evident at

K/[VSS] (d" g'VSS - 1)

O 1 1 1 1
0 50 100 150 200 250

AQDS (uM)

Figure 5.2 First-order rate constants (k) of the decolourisation of RR2 at different AQDS
concentrations. The k-values are normalised for the biomass-VSS (volatile suspended
solids) concentration, in a batch series with 2.0 = 0.1 g VSS 1" seed sludge (squares) and in
the reactor with ~30 g VSS I™! (circles). The letters refer to the different AQDS dosage
periods in the reactor, as specified in Fig. 3 but with point b only referring to period b after
day 121. The error bars represent the standard deviations.
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micromolar concentrations. AQDS at 7 uM increased the decolourisation rate constant by 2-fold even
though the molar ratio of AQDS:RR2 was only 1:16.
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Figure 5.3 Reactor performance: A. VFA-COD removal (full circles) and CH4-COD-recovery
(open circles) as percentages of the influent VFA-COD; B. Colour removal efficiency (squares).
The dashed lines mark the periods with different AQDS concentrations: a (days 0-72) 0 uM; b
(days 72-147) 19 uM; c (days 147-183) 39 uM; d (days 183-206) 78 uM; e (days 206-218) 155
uM; f (days 218-263) 19 uM.

5.3.2 Reactor performance

Dye decolourisation was also studied in a laboratory scale UASB reactor to determine if dye
decolourisation with AQDS could be achieved and maintained under continuous operation. The
reactor was fed with a VFA mixture as the primary electron donating substrate and tested in an initial
period with RR2 without any redox mediator. On day 72 the redox mediator was introduced in the

reactor influent and its concentration was incremented stepwise in time.
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VFA removal: The performance of the bioreactor in terms of VFA removal is shown in Figure 5.3A.
In the first three weeks (until day 21), the reactor was started up in the absence of dye. The influent
flow was increased to about 5.5 1d™". The VFA removal efficiency increased to 85-90%. The dye (200
mg 1) was introduced into the reactor influent on day 21. The removal of VFA initially increased
further to a maximum of 98%. However on day 43, three weeks after the start of dye dosing, the VFA
removal efficiency declined drastically. Only ten days later, the bioreactor performance collapsed,
resulting in VFA removal efficiencies as low as 5-10%, in the period between day 53 and 72. On day
72, micromolar concentrations of AQDS (19 uM) were introduced into the reactor influent.
Consequently, a rapid change of the reactor performance was observed. The methanogenic conversion
of VFA recovered steadily: the effluent butyrate concentration dropped to trace level (<25 mg COD
1"") within four days and the effluent acetate and propionate concentrations showed a gradual decrease.
In about three weeks, the bioreactor performance was completely recovered, with VFA removal
efficiencies higher than 95% and a methane production that accounted for 101 + 8 % of the influent
VFA-COD. After day 105, the VFA removal efficiency remained stable at high levels (98 = 1%)), apart
from during some minor short-term operational troubles.

Colour Removal: The performance of the bioreactor in terms of dye decolourisation is shown in
Figure 5.3B. Immediately after Reactive Red 2 was added to the influent on day 21, considerable dye
colour removal occurred up to day 30 and could be attributed to adsorption onto reactor sludge. As the
adsorption capacity of the reactor sludge became exhausted, the reactor effluent became increasingly
red-coloured and the colour removal efficiency decreased to about 25%. Granules sampled from the
reactor sludge were dark red, indicating the presence of adsorbed dye. The sludge colour remained
visually unchanged after washing the granules with water or after long-term storage in basal medium,
suggesting that the adsorption was irreversible.

The reactor was temporarily operated without dye between day 30 and 35 due to limited dye supply.
When a new preparation of Reactive Red 2 was again administered, the colour removal efficiency
temporarily increased to levels of 30 to 50%. However, starting on day 43, simultaneous with the
decline of the VFA removal, the colour removal dropped to lower levels (20-30%). Eventually, it
dropped to only a few percent during the maximum inhibition of VFA removal. On day 72, when
AQDS (19 uM) was introduced to the reactor influent, a rapid gradual increase of the colour removal
efficiency was observed: 75% decolourisation was achieved within 10 days of AQDS dosing, which
was followed by a slow further increase. Finally, a stable level of 85 + 2% decolourisation or 0.64 +
0.04 g RR2 I"' reactor volume d™' was reached (days 121-147). After day 148, the influent AQDS
concentration was altered step-wise (period ¢ to period f in Figure 5.3). Each increment in AQDS
concentration was accompanied by a corresponding increase in the decolourisation efficiency, up to
98% decolourisation (or 0.81 £ 0.03 g RR2 I"' reactor volume d™") in period f with 155 uM AQDS.
Based on the assumption that the reaction follows first-order kinetics, equation [5.1] can be used to
calculate, at each AQDS level, the first-order rate constant of RR2 decolourisation in the reactor (see
equation [5.2]: the average HRT is taken as t, the absorbance of the reactor influent as Ay and the

absorbance of the reactor effluent as A..)
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The full circles in Figure 5.2 depict the relationship between AQDS concentration and k-value.
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5.3.3 Dyetoxicity

Both short-term and long-term toxicity effects were evaluated. The acute toxicity of RR2 was tested
by following the build-up of methane in the headspace of acetate fed granular sludge in serum vials
during 7 hours immediately after dye injection. The specific methanogenic activity after short-term
exposure to dye (260 mg 1I™") did not significantly differ from that of the dye-free control (data not
shown). In the continuous experiment, inhibition was observed after long term exposure to RR2. This
corresponded to inhibition observed in long term toxicity batch tests, in which prolonged exposure of
anaerobic granular sludge to RR2 led to a decline of the methane production in batches without AQDS
(Figure 5.4). This delayed toxicity effect was less apparent when a small quantity of AQDS was

present and the dye decolourised faster.
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Figure 5.4 Inhibition of acetoclastic methanogenesis
(triangles) and RR2 decolourisation rates (squares) at
different AQDS concentrations. The average specific
methane production rate of dye-exposed granular sludge
during the last two weeks of a three-week incubation
period is expressed as a percentage of the specific methane
production rate by the same sludge in the absence of dye
(12+0.1 gCOD- g VSS - d). All batch vials were
incubated with seed sludge.

In another experiment (data not shown) it was found that pre-hydrolysis of the RR2 solution almost
annihilated the RR2 toxicity, indicating that the presence of chloro groups on the triazyl residue were

responsible for toxicity.
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5.3.4 Substrate dependency of RR2 decolourisation

In the VFA fed reactor, RR2 is decolourised and acetate, propionate and butyrate are oxidised. Both
acetate and interspecies hydrogen produced from propionate and butyrate as well as endogenous
substrate (e.g. sludge organics) may serve as electron donors for dye reduction. As the
thermodynamics of the different electron donating half-reactions are different, the reaction rate is
likely to be influenced by the type of electron donor. Furthermore, as the reactor had been supplied
with dye and mediator for more than one year, reactor sludge might have become different from the
original seed sludge (Nedalco sludge) by enrichment of specific AQDS or RR2 reducing bacteria. The

reduction of RR2 was therefore investigated in batch vials with either reactor sludge or seed sludge,

a. seed sludge without AQDS b. seed sludge with AQDS

Absorbance units

c. reactor sludge without AQDS d. reactor sludge with AQDS

Absorbance units

0 10 20 30 0 5 10 15

time (days) time (days)

Figure 5.5 Decolourisation of RR2 by either seed sludge or reactor sludge, both in the absence and
in the presence of 21 uM AQDS, with either no substrate (open diamonds) or acetate (full
diamonds), propionate (squares), butyrate (triangles) or hydrogen (circles) as the electron donor.
The error bars represent the standard deviations.

different electron donating substrates, both in the absence and in the presence of 20 pM AQDS. Figure
5.5 shows the decolourisation curves. The abiotic control experiments (data not shown) showed that

direct chemical reduction of RR2 by VFA or hydrogen did not occur. Furthermore, due to the low
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sulphide and VSS concentrations used in these experiments, the decolourisation by reduction and
adsorption of RR2 by autoclaved reactor sludge and autoclaved seed sludge was limited to
respectively less than 10% and less than 15% of the initial dye concentration (data not shown). The
decolourisation processes reported in this section can therefore be considered as direct or indirect
results of biological activity.

The effect of biomass adaptation on direct dye decolourisation (without AQDS): By comparing
Figures 5.5a and 5.5c it is seen that reactor sludge and seed sludge showed different RR2
decolourisation behaviour. RR2 decolourisation by VFA fed seed sludge proceeded at more or less
equal rate as in the absence of an external electron donor, whereas RR2 decolourisation by VFA fed
reactor sludge was considerably faster than in the absence of an external electron donor. These results
clearly show that reactor sludge contains an enriched bacterial population that utilises VFA substrates
as electron donors to facilitate dye reduction.

The effect of substrate type on direct dye decolourisation (without AQDS): From Figures 5.5a and 5.5¢
it is clear that both sludge types reduced RR2, even if no external electron donor was present and the
reaction depended fully on the production of endogenous reducing power. As the k-values for RR2
decolourisation with hydrogen were at least five times higher than with the other electron donors,
hydrogen was clearly the preferred electron donor for both sludge types. Therefore, bacteria that
couple dye reduction to hydrogen oxidation were naturally present in seed sludge.

In view of the high decolourisation rates with hydrogen as a bulk electron donor, it could be expected
that, because of interspecies hydrogen produced by acetogens, the dye would decolourise faster with
propionate and butyrate than with acetate. The similar decolourisation rates that were achieved with all
three VFA substrates prove, however, that interspecies hydrogen is not available to dye reduction.
When considering the very high methanogenic activity that both sludge types showed on hydrogen, it
is highly probable that interspecies hydrogen is preferably consumed by hydrogenotrophic
methanogens.

The effect of AQDS on dye decolourisation: AQDS accelerated the decolourisation of RR2 by reactor
sludge and seed sludge, both with endogenous as well as with added electron donating substrates (see
Figures 5.5b and 5.5d in comparison to Figures 5a and 5c, respectively). With seed sludge, the
increase in the rate of decolourisation due to 20 pM AQDS for any given substrate was more or less
similar to the increase observed without substrate addition. Thus, AQDS mainly accelerated the
decolourisation associated with the oxidation of endogenous substrate. With reactor sludge, AQDS
additionally stimulated dye decolourisation associated with hydrogen and VFA (especially acetate)
oxidation: the stimulatory effect of AQDS in the presence of hydrogen or acetate was almost five
times higher than the stimulation of the basal decolourisation rate when only endogenous substrate
was present. These results suggest that, due to enrichment, the reactor sludge contained one or more
cultures of specialised bacteria that utilise AQDS as the electron acceptor for the oxidation of
hydrogen and acetate.

Methanogenic activity and decolourisation rate: The specific methanogenic activity (SMA) on
hydrogen was 2 - 2.5 g CH,-COD g™ VSS d™' and 3.5 g CH,-COD g VSS d™' for reactor sludge and

78



Application of redox mediators for azo dye reduction

seed sludge, respectively. On VFA, the SMA was at least 18 times lower. In the presence of hydrogen,
the SMA of seed sludge was higher than the SMA of reactor sludge and the decolourisation also
proceeded faster with the seed sludge (k = 0.80 + 0.21 d™") than with reactor sludge (k = 0.46 + 0.12
d™"). When looking at the other substrates, there does not seem to be any correlation between
methanogenic activity and decolourisation rate. For example, the SMA of seed sludge was almost zero
on propionate and relatively high on acetate but the decolourisation rates did not differ. Likewise,
though in the absence of an external electron donor, seed sludge had a 4 to 8 times higher SMA than
reactor sludge, the decolourisation rates were almost equal.

AQDS had no noteworthy effect on the SMA. Its impact was therefore very exclusive on dye

decolourisation.

AH2QDS concentration (mM)

time (days)

Figure 5.6 Reduction of AQDS (0.42 mM)
by 1.0 g VSS 1" reactor sludge (full squares) and by 1.0
g VSS I'' seed sludge (open squares). The error bars
represent the standard deviations.

5.3.5 Effect of biomass adaptation on the reduction of AQDS

To determine if an enriched acetate-oxidising, AQDS-reducing bacterial population had developed in
the reactor sludge, the formation of AH,QDS was followed in acetate-fed batch vials with either
reactor sludge or seed sludge. The results are depicted in Figure 5.6. It is shown that both sludge types
reduced AQDS at equal rate. Consequently, the experiment did not demonstrate the expected
enrichment of acetate-oxidising quinone-respiring bacteria anticipated from the interaction of AQDS
and dye in the reactor sludge. However, this AQDS reduction experiment probably did not adequately
represent the selection pressure in the dye decolourisation experiments, requiring bacteria to utilise
AQDS efficiently at only 20 uM.
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5.4 Discussion

Reactive azo dyes, especially those with triazyl reactive groups, are often slowly decolourised in
anaerobic sludge environments. The complete decolourisation of the model compound used in this
study (the reactive azo dye RR2) and of several other azo dyes require long dye-sludge contact times
(Chapter 2 and reference™). The extent of azo dye decolourisation in continuous anaerobic systems

was often low unless long hydraulic retention times were applied (Chapter 1 and references ** %7

298
In this study, a synthetic wastewater containing RR2 was treated in a UASB-reactor at a moderate
hydraulic retention time of 5.9 + 0.7 hours, realistic for wastewater treatment in practice. The
decolourisation efficiency that was reached after adsorption breakthrough was very poor, which
indicated that the rate of RR2-decolourisation was not sufficient and the bioreactor and would not
work under practical conditions. This problem was aggravated by toxicity of the unreduced dye, which
severely inhibited the biological activity of the methanogens in the reactor sludge.

The objective was to overcome the problems due to slow decolourisation rates by introducing a redox
mediator, AQDS, to the anaerobic system. From previous experiments (Chapter 3) it had become clear
that in batch systems, AQDS was a powerful catalyst in the reduction of azo dyes. Therefore,
application of micromolar concentrations of AQDS during treatment of dye containing wastewater in
anaerobic bioreactors may be a useful tool. Here, the effect of this redox mediator during long-term

operation of a continuous bioreactor was evaluated.

5.4.1 Application of a redox mediator

The results of this study clearly demonstrated that with micromolar concentrations (19 pM) of AQDS,
it was feasible to obtain highly efficient (87 + 3%) continuous decolourisation of a recalcitrant azo dye
in a UASB reactor at a practical HRT of 5.9 £+ 0.7 hours. Increasing the AQDS concentration resulted
in higher decolourisation efficiencies (up to >98%), reflecting the correlation between AQDS
concentration and decolourisation rate previously found in batch experiments. In previous research
(Chapter 2), a linear relationship was found between the VSS-concentration and the first-order
decolourisation rate (k = 0.12 - [VSS]). By normalising the k-values from the batch-series and the k-
values from the reactor study to the biomass VSS concentration, two plots of k/[VSS] as a function of
AQDS concentration were obtained (see Figure 5.2). These plots match very well, which indicates that
batch-wise determined k-values are suitable to predict the decolourisation efficiency of a continuous
reactor.

AQDS increases the reaction rate by acting as a redox mediator that shifts electrons between its
oxidised, quinone, form (AQDS) and its reduced, hydroquinone, form (AH,QDS). Quinones have

been reported to act as redox mediators for azo dye reduction (Chapter 3 and references > '*% 16+ 343

) as
well as for other non-specific reductive transformations, i.e. reductive dehalogenation of
organohalogens and reduction of nitroaromatics *°. The mechanism of redox mediation by quinones
comprises two reactions: the oxidation of the hydroquinone by a terminal electron acceptor (e.g. RR2)

and the reduction of the quinone by an electron donor. As evidenced by the non-specificity of
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anaerobic azo dye reduction processes, the hydroquinone will generally be oxidised by the azo dye in
a direct chemical reaction. Likewise, quinone reduction has mostly been reported as a direct chemical
reaction with reduced compounds like sulphide or ferrous iron ** ™ *2* However, also biological
quinone reduction by specific bacteria that couple the oxidation of organic substrates to enzymatic
quinone reduction has been reported, not only for situations in which a quinone acts as a terminal

152, 161

29 19 . . . . .
electron acceptor * * '° but also for quinone mediated azo dye reduction and humic acid

mediated dechlorination %,

5.4.2 Role of biological activity on dye decolourisation

Conflicting views exist on the terminal reaction that is responsible for azo dye decolourisation in
anaerobic sludge environments. It may be a direct chemical reaction with reduced compounds like
sulphide, a reaction with reduced enzyme cofactors or a direct enzymatic reaction. Possibly, it is a mix
of all three, with microorganisms regenerating chemical reducing equivalents and cofactors.

Evidence indicates that biological activity played an important role in this study: in batch vials with
autoclaved sludge samples, hardly any decolourisation occurred and the decolourisation efficiency of
the bioreactor was almost negligible during the period that the biological activity was severely
inhibited. It should be noted, however, that sulphide, which is ubiquitous in anaerobic environments
and known to be effective as a chemical dye reducer, was present in this study at concentrations that
were too low (<10 uM) to account for substantial abiotic dye decolourisation.

Another evidence of the importance of biological activity for anaerobic azo dye reduction was the
observation that dye decolourisation by reactor sludge was stimulated by addition of substrates. This
indicates that the reactor sludge contained specialised bacteria transferring reducing equivalents to the

dye while metabolising the substrates.

5.4.3 Role of electron donors

The basal dye decolourisation activity was supported by endogenous substrate in the sludge, possibly
associated with hydrolysis of sludge biomass. Only a small portion of the sludge would have to be
consumed to supply the required amount of reducing equivalents. In the batch vials, the amount of dye
was low (5.6 umole) in comparison to the amount of sludge (50 mg VSS). Theoretically, 22 peq
reducing equivalents or 0.36 mg COD are needed to decolourise this 5.6 umole RR2. Assuming that
50 mg VSS equals 70 mg COD, this is about 0.5% of the sludge-COD, more or less equal to the basal
amount of COD that reactor sludge converted to methane in one week (measured in sludge vials
without external substrate).

Addition of electron donating primary substrates resulted generally in much higher dye
decolourisation rates but VFA substrates were only effective with the adapted reactor sludge. This
suggests that in the reactor, a bacterial population was enriched that could utilise reducing equivalents
from these substrates to specifically reduce RR2. Hydrogen was by far the most favourable electron
donor for dye decolourisation by both reactor and seed sludge. The effectiveness of hydrogen in the

non-adapted seed sludge suggests the ubiquitous presence of microorganisms that utilise hydrogen to
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reduce the dye.

As hydrogen will be formed as intermediate in the degradation of propionate and butyrate, it is
reasonable to expect that these compounds will be preferred to acetate as electron donors for azo dye
decolourisation. In accordance with this hypothesis was the observation that the azo dye Mordant
Orange 1 was reduced much faster with ethanol than with acetate as the electron donating compound
(Tan, et al., 1999). However, the decolourisation of RR2 in the absence of AQDS proceeded equally
fast for all of the VFA, which demonstrates that interspecies hydrogen from propionate and butyrate
was not available to dye reduction. Probably, the interspecies hydrogen was preferably utilised by
methanogens because the sludge had a very high SMA on hydrogen, and maybe also because
methanogens have a higher affinity for the low steady state concentrations than hydrogen utilising dye
reducing bacteria.

AQDS accelerated the reduction of RR2 under all conditions tested. With seed sludge, the main effect
of AQDS was to assist the transfer of electrons from endogenous sludge to the dye while the other
substrate hardly increased the AQDS stimulated basal decolourisation rate. With reactor sludge,
however, AQDS additionally stimulated the transfer of electrons from hydrogen and VFA substrates
(especially acetate) to the dye. These results suggest that in the reactor sludge one or more cultures of
specialised bacteria were enriched that could utilise AQDS as the electron acceptor for the oxidation

of hydrogen and acetate.

5.4.4 Toxicity

After a prolonged exposure period, RR2 was very toxic to the methanogens in granular sludge. Most
of the bacteria are located in biofilms containing polysaccharide slime that will delay the penetration
of high molecular weight or charged inhibitors in much the same way as a molecular sieve. The delay
of the full expression of this inhibition is therefore possibly due to the high molecular weight of the
dye and to the negative charge of its sulphonate groups. Biologically reduced RR2 was clearly less
toxic than RR2 itself. This was evident from the reduced toxicity when the time of exposure to RR2
was lowered as the reduction rates increased with increasing AQDS concentrations. Toxicity of azo
dyes have been reported earlier 2> ** *¢. Donlon et al.*® reported detoxification by azo dye reduction:
the IC50 concentration of Mordant Yellow 12 for acetoclastic methanogens was more than 10 times
lower than that of its corresponding aromatic amines. AQDS can therefore play an important role in
the detoxification of azo dyes by accelerating dye reduction. This study demonstrated that by adding
AQDS, complete restoration of the biological activity of a dye inhibited bioreactor could be achieved.

Heating the dye in a soda solution also resulted in detoxification. This is probably due to hydrolytic
dechlorination of the dye's triazyl group. In textile-processing industries, significant hydrolysis can be
expected because of the alkaline dye batch conditions. A large fraction of the unreacted RR2 in textile
effluents will therefore be less toxic than the RR2 preparations used in this study. The detoxification
of triazyl-reactive azo dyes by hydrolysis is comparable to the loss of functionality of the pesticide
atrazine as a result of hydrolytic dechlorination, a reaction that appears to be catalysed by acidic

groups of humic substances '> 7200241,
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during the anaerobic biotransformation of azo dyes

Abstract Redox mediators accelerate the non-specific reductive biotransformation of azo dyes by
facilitating the transfer of electrons from biogenic or chemical electron donors to the dye. Dosage of
soluble quinones has been successful in enhancing the reduction of azo dyes in anaerobic bioreactors.
However, as soluble redox mediators are not retained in the reactors, continuous dosing will be
necessary. Therefore, it would be desirable if the redox mediator could be immobilised in the
bioreactor. Activated carbon (AC), which is known to contain quinone groups at its surface, may fit
this role. To explore the feasibility of AC to act as a redox mediator, the reduction of a recalcitrant azo
dye (hydrolysed Reactive Red 2) was studied in laboratory-scale anaerobic bioreactors, using volatile
fatty acids as electron-donor. It was shown that incorporation of AC in the sludge bed greatly
improved dye removal and formation of aniline, a dye reduction product. After six months of
operation, the enhanced dye removal was up to 121-fold greater than the dye adsorption capacity of
the AC supplied. These results indicated that AC acts as a redox mediator. Supporting evidence for
this hypothesis was obtained in batch experiments. It was demonstrated that bacteria from crushed
granular sludge, as well as bacteria from an acetate-oxidising quinone-reducing enrichment culture
composed mainly of Geobacter sp., could oxidise acetate and concomitantly reduce AC. Furthermore,
it was demonstrated that AC greatly accelerated the rate of chemical azo dye reduction by sulphide.
The results taken as a whole clearly suggest that AC accepts electrons from the microbial oxidation of
organic acids and transfers the electrons to azo dyes, accelerating the rate of their biological reduction.
This constitutes the first example of biocatalysis mediated by AC.

Van der Zee, F.P., Bisschops, I.A.E. Lettinga, G. and Field, J.A. (2002) Submitted
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6.1 Introduction

Removal of dyes is a major concern when treating textile-processing wastewater. The vast majority
(60-70%) of the dyes applied in textile-processing industries are azo compounds, i.e. molecules with
one or several azo (N=N) bridges linking substituted aromatic structures *°. Discharge of dyes into the
environment should be avoided, not only for aesthetic reasons, but also because many azo dyes and their

6! and mutagenic to humans *°. Azo dyes are generally

breakdown products are toxic to aquatic life
persistent under aerobic conditions *" **. However, under anaerobic conditions, they undergo
reductive fission, yielding colourless aromatic amines, compounds that in turn generally require
aerobic conditions for their biodegradation ** *°. Anaerobic azo dye reduction as the first stage in the
complete anaerobic-aerobic degradation of azo dyes has been studied intensively and most researchers
agree that it is a non-specific and presumably an extracellular process, in which reducing equivalents
from either biological or chemical source are transferred to the dye.

Though most azo dyes are fortuitously reduced under anaerobic conditions, the rate of the reaction
may be low, especially for reactive azo dyes (Chapter 2). This presents a problem for the application
of high-rate anaerobic bioreactors for the treatment of dye-containing wastewater, as long hydraulic
retention times may then be necessary to reach a satisfactory extent of dye reduction. However, this
problem can be solved by making use of the property of redox mediating compounds, especially
quinones, to speed up the rate of azo dye reduction by shuttling electrons from either biologically
generated or chemical electron donors to the electron-accepting azo dye. In different experimental
systems, redox mediators have been demonstrated to accelerate azo dye reduction. Enzyme cofactors

101, 111, 286 and also artificial

like FAD are known as effective redox mediators for azo dye reduction
quinones can act as redox mediators: in abiotic systems, quinones accelerated chemical azo dye
reduction by sulphide (Chapter 3) as well as electrochemical azo dye reduction ». In biological systems,
quinones were also shown to accelerate azo dye reduction by anaerobically incubated aerobic biomass
132161 a5 well as by anaerobic granular sludge (Chapters 4 and 5). Previous research in our laboratory
demonstrated that continuous dosing of anthraquinone disulphonate (AQDS) at catalytic
concentrations strongly increases the azo dye reduction efficiencies of anaerobic bioreactors operated
at hydraulic retention times realistic for wastewater treatment practice (Chapter 5 and reference *).
Though the effective AQDS dosage levels were low, continuous dosing implies continuous expenses
related to procurement of the chemical, as well as continuous discharge of this biologically recalcitrant
compound. Therefore, it is desirable to immobilise the redox mediator in the bioreactor. For this
purpose, activated carbon (AC), which is known to contain many different active groups at its surface,

. . . 27,97, 107
including quinone structures “~ "

, may fit.

In this study, we investigated the feasibility of activated carbon as a redox mediator for the anaerobic
reduction of azo dyes. Its potential to improve the decolourisation activity of anaerobic granular
sludge was tested in a number of lab-scale upflow anaerobic sludge bed (UASB) reactors and in

supporting batch experiments.
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6.2 Materials and methods

6.2.1 Sorption isotherm RR2

A sorption experiment was conducted to estimate the extent of adsorption of the prehydrolysed
reactive dye Reactive Red 2 (RR2) to AC (Norit SA-4) in the AC-amended bioreactors. Like in the
reactor experiments, RR2 was previously hydrolysed (i.e. the chloro groups were replaced by hydroxyl
groups) by heating at alkaline pH *. This was done to prevent dye toxicity (Chapter 5).

Different quantities of RR2 were added from a 4 mM stock solution to serum vials containing 50 mg
AC (Norit SA-4) in 50 ml 0.1 M phosphate buffer at pH = 7.0. The batch vials were sealed and
incubated at 22 °C in a rotary shaker at 100 rpm. After 24 hours, samples were centrifuged and

absorbance was measured spectrophotometrically at the Apax (539 nm).

6.2.2 Reactor study
Lab-scale Upflow Anaerobic Sludge Blanket (UASB) reactors (liquid volume 0.25 1) were initiated

with 35 g VSS I"" anaerobic granular sludge from a distillery wastewater treatment plant (Nedalco,
Bergen op Zoom, The Netherlands) and fed with a neutralised volatile fatty acid mixture (1.5 g COD
1" ata 1:1:1 COD based ratio of acetate, propionate and butyrate) in basal nutrient medium containing
(mg 1'") NH,CI (280), CaCl, (5.7), KH,PO, (250), MgSO,-7H,0 (100), H;BO; (0.05), FeCl,-4H,0 (2),
ZnCl, (0.05), MnCl,-4H,O (0.5), CuCly'2H,0 (0.04), (NH4)sMo07,0,4-5H,0 (0.05), CoCl,:6H,0 (1),
NiCl,6H,0 (1) and Na,SeO5-5H,0 (0.16). The hydraulic retention times of the reactors were kept
constant at 5-5.5 h. Effluent was recycled at a 1:1 influent:effluent flow ratio. After a 15-days start-up
phase in the absence of dye, the dye, pre-hydrolysed RR2 (45 mg/l = 0.073 mM), was added to the
influent of the reactors (day 0). Three reactors were used. One reactor was started up with 2.5 g Norit
SA-4 mixed with the seed sludge, whereas another reactor was the control reactor to which no AC was
added. The third reactor, originally operated identical to the control reactor, was amended with 0.1 g

Norit SA-4 at day 46. The reactors’ dye and VFA removal efficiencies were monitored regularly.

6.2.3 The effect of AC to the chemical reduction of AO7 by sulphide (batch)

To determine whether AC could accelerate chemical azo dye reduction, a series of batch experiments
was conducted in which the course of the reduction of Acid Orange 7 (AO7) by sulphide was followed
in the presence and in the absence of 100 mg 1" AC. Controls without sulphide were incorporated to
correct for dye adsorption, as well as to verify the stability of the dye. The experiment was performed
with triplicate vials. AC (5.0 mg of either Norit SA-4 or Norit SX-4) was added to glass serum vials
(V=117 ml). A 60 mM NaHCOs; solution was added to a liquid volume of 50 ml. Next, the vials were
sealed with butyl rubber stoppers and the gas headspace was flushed for 5 minutes with oxygen-free
flush gas (N,:CO, 80%:20%). Sulphide was added with a syringe from a 0.1 M Na,S stock solution to
obtain an initial total-sulphide concentration of either 0.5 or 1.7 mM. All vials were incubated at 25 °C
in a rotary shaker at 50 rpm. After 1 day pre-incubation, the total-sulphide concentration was measured

and AO7 was added from a concentrated stock solution to obtain an initial AO7 concentration of 0.14
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mM. At selected intervals, absorbance was measured spectrophotometrically at Ay, (484 nm) and
sulphanilic acid (SA) was measured by HPLC.

Furthermore, it was investigated whether AO7 adsorbed to AC could be reduced by sulphide. Fully
suspended AC from sulphide-free control vials was sampled (7.5 ml, five aliquots of 1.5 ml) and each
aliquot was centrifuged for 10 min. at 10,000 rpm. The liquid phase was decanted and the carbon
pellet was washed (three times) with demineralised water. The washed pellet was mixed with 0.75 ml
5 g I'' NaHCO; and the centrifuge cup was placed in a glass flask. Next, the flask was sealed with a
rubber septum and the gas phase was flushed for 5 minutes with oxygen-free flush gas (N,:CO,
80%:20%). Sulphide (0.25 ml of a 0.1 M Na2S stock solution) was added with a syringe and the glass
flask was incubated at 25°C. SA in the liquid phase was sampled after 1 hour and 1 day and measured by

HPLC.
NaO3S SO3Na
HO
N=N
NaO3S N=N @
NH OH

Acid Orange 7 @ /@1 Reactive Red 2
Cl Cl

Figure 6.1 Structure formulas of the dyes used in this study

6.2.4 Biological AC reduction (batch)

To determine whether AC could act as the terminal electron acceptor for the biological oxidation of
acetate, the course of the concentrations of acetate and reduced AC was followed in bacteria-
inoculated batch vials with AC and acetate. A set of controls excluding either bacteria or AC or acetate
was incorporated. The experiments were performed with triplicate vials. AC (1.00 or 2.00 g of either
Norit SA-4 or Norit SX-4) was added to glass serum vials (V = 117 ml). A 60 mM NaHCO; solution in
basal nutrient medium was added to a liquid volume of 50 ml and acetate was added by pipette from a
neutralised stock solution. The vials were sealed with butyl rubber stoppers and the gas headspace was
flushed for 5 minutes with oxygen-free flush gas (N,:CO, 70%:30%). Next, the vials were autoclaved in
a pressure cooker (20 minutes at 120 °C) and allowed cooling down. Under sterile conditions, the
methanogenesis inhibitor 2-Bromoethane-sulphonic acid (BES) was now added with a syringe from a
filter-sterile concentrated stock solution, to a concentration of 30 mM. Finally, bacteria were added,
either crushed granules from an anaerobic reactor in which acetate oxidation was coupled to the
reduction of AQDS, or an AQDS/acetate enrichment culture derived from anaerobic sludge, which
contained primarily Geobacter sp. °'.

At selected time intervals, medium or activated carbon was sampled under sterile or aseptic
conditions, respectively. Acetate was measured by gas chromatography and the reduction equivalents
of activated carbon were measured by reaction with Fe(Ill) and subsequent determination of the Fe(II)
formed. At the end of the experiment, headspace samples for methane and medium samples for

sulphide were taken.
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6.2.5 Analysis

AO7 and RR2 colour was measured spectrophotometrically with a Spectronics 60 spectrophotometer
(Milton Ray Analytical Products Division, Belgium) at the dyes’ wavelengths of maximum absorbance
(484 nm and 539 nm, respectively). The estimated molar extinction coefficients at these wavelengths are
22.9 - 10’ and 38 - 10° cm™ M for AO7 and RR2 respectively. Liquid phase samples (0.75 ml) were
centrifuged (2 minutes at 10,000 rpm) and diluted up to an absorbance of less than 0.8 in a 0.1 M
phosphate buffer at pH = 7.0. The buffer contained freshly added ascorbic acid (200 mg 1™") to prevent
autoxidation (reactor experiments only). Without dye, light absorbance of medium and buffer was less
than 1% of the absorbance right after dye addition and could therefore be neglected.

Sulphide was determined colorimetrically after reaction with N,N-dimethyl-p-phenylenediamine oxalate
according the method described by Triiper and Schlegel ***. Volatile Fatty Acids (VFA) and methane
were determined by gas chromatography, as described in Chapter 4. Sulphanilic acid (SA) was measured
by High Performance Liquid Chromatography following the method described in Chapter 3. To stop
the reaction between AO7 and sulphide in the HPLC vials, sulphide was precipitated as Zinc sulphide
by dilution with Zinc acetate followed by centrifugation (5°, 10,000 rpm).

194 . . .
was carried out in an anaerobic chamber

Analysis of reduced AC using the ferrozine technique
under N,/H, (95%:5%) atmosphere. Samples reacted with Fe(Ill)citrate at low pH, yielding Fe(II).
Next, the absorbance of the purple Fe(Il)-ferrozine complex (molar extinction coefficient 28 - 10° cm™
M) was measured spectrophotometrically. When no Fe** was added, no Fe*" was formed: the AC itself
did not contain any ferrous iron.

Methane was determined by gas chromatography. The chromatograph (Packard-Becker, Delft, The
Netherlands) chromatograph equipped with a 2m x 2mm steel column packed with Poropak Q (80/100
mesh). The temperatures of the column, injection port and flame ionisation unit were respectively 60,
200 and 220 °C. The carrier gas was nitrogen (20 ml per minute). Gas samples were taken with a 100 pl
pressure-lock syringe (Dynatech, Baton Rouge, USA).

Volatile Suspended Solids (VSS) were determined according to standard methods '.

6.3 Results

6.3.1 Sorption isotherm RR2
Data of the sorption of pre-hydrolysed RR2 to AC (Norit SA-4) showed almost complete dye sorption

up to a dye:carbon w:w ratio of 5% and a maximum sorption capacity of 63 £ 3 mg per g. Figure 6.2
shows the sorption data, together with their fit to the sorption isotherm equations of Freundlich and
Langmuir (Q = mg sorbed dye in per g AC; C = equilibrium concentration [mg/l]; K¢ and n are
constants of the Freundlich equation, Q, and K, are constants of the Langmuir equation, with Q, =

maximum sorption capacity [mg sorbed dye per g AC] and K, = affinity constant [mg/l]. The
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Freundlich equation provided a better fit compared to the Langmuir equation. The affinity of the

carbon for the dye was very high.

150

100 1 .

mg RR2 per g Norit SA-4

i
0 T | |
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Figure 6.2 Adsorption isotherm for the adsorption of pre-hydrolysed RR2
on activated carbon (Norit SA-4). Experimental data (full circles) with
standard deviations (error bars);

Freundlich fit: Q = K-C" = 52.7-C*"7 (dotted line)

Langmuir fit: Q = (Qy'C)/(K+C) = (116.8-:C)/(0.67+C) (dashed line)

6.3.2 Reactor study

The effect of AC on reductive biotransformation of azo dyes was studied in laboratory scale UASB
reactors. The reactors were initiated with anaerobic granular sludge (8.75 g VSS) and fed with the VFA
substrate (1.5 g COD 1) in basal nutrient medium. The dye, pre-hydrolysed RR2 (45 mg I''; 0.073 mM),
was added to the influent after a 15-days start-up phase in the absence of dye. This was defined as the
start of the experiment (day 0 in Figures 6.3 and 6.4). At this point of time, the removal of acetate and
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Figure 6.3 Dye removal efficiency (circles) and effluent aniline concentration (triangles)
of the reactor with 2.5 g Norit SA-4 (open markers) and the control reactor without
activated carbon (closed markers).
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butyrate was complete and remained complete (>95%) during the entire period of reaction operation,
whereas complete and stable propionate removal (>95%) was achieved from day 25.

In the first phase of the experiment, two reactors were used. One reactor was started up with 2.5 g Norit
SA-4 mixed with the seed sludge, whereas the other reactor was the control reactor to which no AC was
added. The dye removal efficiencies (based on A,.. absorbance measurements) of these reactors are
depicted in Figure 6.3. The dye removal efficiency of the control reactor was much lower than that of the
carbon-amended reactor.

In the control reactor, the dye removal during the first two to four weeks immediately after RR2 addition
had started, could be partly attributed to adsorption of the dye onto the reactor sludge, and possibly also
to wash-out of sludge material with mediating capacity. As the adsorption capacity of the sludge became
exhausted, the dye removal efficiency decreased to about 35%. This level, presumably corresponding to
biological RR2 reduction, remained more or less stable for the rest of the experiment (up to day 130).
Granules sampled from the reactor sludge were dark red, indicating the presence of adsorbed dye. In the
AC-amended reactor, the dye removal efficiency was almost complete (97%) immediately after RR2
addition, decreased to approximately 90% after 40 days and remained at that level for the rest of the
experiment.

During the entire experiment (130 d), the AC-amended reactor had removed 5.895 g RR2, whereas the
control reactor had removed 2.385 g RR2, i.e. 3.51 g RR2 had been additionally removed in the carbon-
amended reactor. With the observed RR2 sorption capacity of the AC that was used in these experiments
(maximum 63 + 3 mg RR2 per g Norit SA-4), it can be estimated that at the maximum 0.1575 g RR2
would be removed by carbon sorption. Consequently, an additional dye removal of 3.51 g RR2 exceeds
the sorption capacity by more than 22-times.

These data suggest that the major role of AC was to enhance the chemical conversion of dye rather than
dye adsorption. To verify the enhanced chemical conversion of the dye, the reaction product aniline was
monitored at selected time points between days 3 and 58. From the aniline data presented in Figure 6.3 it
can be seen that the higher dye removal efficiency of the AC-amended reactor corresponds to higher
aniline concentrations in the reactor effluent during steady state operation, confirming an enhanced
reduction of the dye due to AC catalysis. This indicates that the carbon-amended reactor reduced a
higher fraction of the dye than the control reactor without AC. In both reactors, the aniline recovery
corresponded to the expected stoichiometry based on dye removal (68 = 15% and 79 + 12% for the
control reactor and the carbon-amended reactor, respectively), indicating that the reduction was the
major mechanism of dye removal.

An additional reactor was used in this experiment, in which a much smaller amount of AC was supplied.
The reactor sludge was mixed with 0.1 g Norit SA-4. The performance of this reactor was compared
with the performance of the control reactor described previously. Addition of AC was postponed until
day 46 to verify that both the AC-amended and the control reactors performed the same before AC
addition. Figure 6.4 confirms that both reactors had the same pattern of dye removal preceding the
addition of AC. The three following the AC addition showed a relatively rapid decline of the colour

removal efficiency (from ~78% to ~50%), presumably corresponding to wash-out of AC, followed by a
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slight gradual further decline, to ~43% after 112 days of reactor operation with AC. The dye removal
efficiency of the AC-amended reactor throughout the entire experiment remained significantly higher
than that of the control reactor. During the 158 days of operation, the carbon-amended reactor had
removed 3.6 g RR2, whereas the control reactor had removed 2.835 g RR2, i.e. 0.765 g RR2 had been
additionally removed in the carbon-amended reactor. In this reactor, the estimated dye removal due to
sorption is very limited: using the observed maximum RR2 sorption capacity of 63 mg RR2 per g Norit
SA-4, carbon sorption would only account for the removal of 0.0063 g RR2. Consequently, the observed
additional dye removal of 0.765 g RR2 exceeds the dye sorption capacity of AC by more than 121-times.
The results from these continuous experiments clearly reveal a role of AC in the catalysis of azo dye
reduction. In order to get more evidence for the catalysis, we conducted two supporting batch
experiments. The first experiment was meant to assess catalysis of AC in the direct chemical reduction of
an azo dye by sulphide. The second experiment was designed to demonstrate that AC could accept

electrons from the microbial oxidation of the VFA substrate.
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Figure 6.4 Dye removal efficiency (circles) and effluent aniline concentration (triangles)

of the reactor with 0.1 g Norit SA-4 (open markers) and the control reactor without
activated carbon (closed markers).

6.3.3 AC catalysed chemical azo dye reduction

A first series of batch experiments was performed to determine whether low amounts of activated carbon
could accelerate the simple chemical reduction of azo dyes by sulphide. For that purpose, the
decolourisation of AO7 and the production of sulphanilic acid (SA), one of the dye’s reductive cleavage
products was followed in time by monitoring the concentrations of the dye and SA in the presence and in
the absence of a low amount of AC. Controls without sulphide were incorporated to determine the extent
of dye adsorption and to verify the stability of the dye. The results of these experiments, presented in
Figure 6.5, show that AC strongly accelerates the reduction of AO7 and the concomitant production of
SA. With 100 mg I'' Norit SA-4 and an initial sulphide concentration of 0.5 mM, the AO7 absorbance
rapidly decreased by 80% within five days to its final level; whereas, without AC, only 40% was
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removed within two weeks (Figure 6.5A). The reduced product, SA, was formed only in treatments with
sulphide. In the sulphide-free controls with AC, 22% of the dye was removed but no SA was produced.
These results indicate that the removal of AO7 in the presence of sulphide and AC was a chemical

reaction, whereas the removal of AO7 in the presence of AC alone was only due to adsorption.
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Figure 6.5 Activated carbon catalysis of AO7 reduction by sulphide. Dye concentration (full
markers) and SA concentration (open markers) — squares: AO7 + sulphide + activated carbon;
circles: control without activated carbon; triangles: control without sulphide; diamonds: dye
only. The error bars represent standard deviations between triplicate measurements.

A. 100 mg 1" Norit SA-4; initial total-sulphide concentration 0.51 + 0.02 mM;

B. 100 mg 1" Norit SX-4; initial total-sulphide concentration 0.51 + 0.02 mM;

C. 100 mg I"" Norit SA-4; initial total-sulphide concentration 1.73 + 0.05 mM.
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A second experiment was conducted using the same quantity (100 mg 1) of a different type of AC
(Norit SX-4). The results of this experiment (Figure 6.5B) were similar to those of the experiment with
Norit SA-4, aside from a relatively higher degree of dye adsorption (42%) by the AC in sulphide-free
controls. At the end of this experiment, dye-sorbed carbon from vials with AC in the absence of sulphide
was sampled, washed and centrifuged. Next, a concentrated sulphide solution (25 mM) was added and
samples were taken to determine whether the adsorbed dye would be reduced. After one hour anaerobic
incubation, 0.02 mmol SA was released per g Norit SX-4 and one day incubation resulted in the release
of 0.59 mmol SA per g Norit SX-4, an amount almost equal to the amount of AO7 that was estimated to
be sorbed. Therefore, the adsorbed dye is reversibly bound to the carbon and can be reduced.

In a third experiment, the AC Norit SA-4 was used again but with a higher initial sulphide concentration
(1.73 £ 0.05 mM). Figure 6.5C shows that in this experiment, the decolourisation of AO7 and the
concomitant formation of SA in the assays with AC and sulphide proceeded more rapidly, mainly within
the first day of incubation. In contrast, reduction of the dye by sulphide in the absence of AC took more
than 7 days. Also in this experiment, no sulphanilic acid was formed in the assays without sulphide.

The molar fraction of removed AO7 that was recovered as SA in the assays with AC and sulphide was
85+ 1,85+ 3 and 80 = 5 % for the experiments presented in Figures 6.5A, 6.5B and 6.5C, respectively.
Possibly, the 15-20% gap between the recovered and the expected amount can be explained by delayed
reduction of the AC sorbed dye, i.e. part of the sorbed dye may not have been reduced during the course
of the experiment. However, the fraction of removed AO7 recovered as SA in the assays with sulphide in
the absence of AC was lower, 69 + 20% for the experiments present in Figures 6.5AB and only 43 +7 %
for the experiment presented in Figure 6.5C. The reason for this low recovery is not known. Incomplete
reduction, i.e. formation of colourless intermediates like the hydrazo complex, may be an explanation.
Azo dye reduction has been suggested to involve two separate transfers of two electrons, with the

hydrazo complex as the product of the first step ¥'.

6.3.4 Biological AC reduction

If AC accelerates the reduction of azo dyes via redox mediation, the bacteria in the sludge must be
able to transfer electrons to AC. Therefore it should be feasible to demonstrate that AC is a terminal
electron acceptor for the oxidation of organic substrates. To test the hypothesis for biological
oxidation of acetate, two quinone respiring bacterial consortia were evaluated based on the assumption
that quinone surface groups on AC were the redox mediating moieties. One of these consortia was
crushed granular sludge from a laboratory-scale anaerobic bioreactor in which acetate oxidation was
coupled to the reduction of AQDS. The other consortium was an acetate-oxidising-AQDS-reducing
enrichment culture derived from the aforementioned sludge and predominated by Geobacter sp. The
microbial consortia were incubated with acetate and a large amount of AC (20 or 40 g I'"). To prevent
the flow of electrons to methanogens, the cultures were supplemented with 30 mM 2-
Bromoethanesulphonate (BES). The acetate concentration, as well as the concentration reduced carbon
(measured after reaction with Fe’" as Fe’"-equivalents) was monitored in time. Controls without

acetate, without AC and without bacteria, were incorporated. The time-course of acetate consumption
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Figure 6.6 Oxidation of acetate and concomitant reduction of AC (20 g I"' Norit SA-4) by
a crushed granular sludge inoculum in basal nutrient medium with 60 mM NaHCO; buffer
under a 80%:20% N,:CO, atmosphere at pH 7.2 and T = 30 °C. Acetate concentration (full
symbols) and AC-reducing equivalents concentration (open symbols): treatments with
acetate, AC and inoculum (circles); treatments with acetate and inoculum (triangles);
treatments with acetate and AC (squares); treatments with AC and inoculum (diamonds).
The error bars represent standard deviations between triplicate measurements.

Table 6.1 Microbial acetate oxidation with AC as the terminal electron acceptor

nr. AC type culture AC2? AAC, ¢ AAC,.4/AC2
(concentration)” meq-e/I* meq e/1° %

1 Norit SA-4 20 g1")  crushed sludge 16.9+£0.7 6.3+ 0.6 37

2 O, pre-treated crushed sludge 19.2+0.3 6.3+0.3 39
Norit SX-4 (20 g 1™")

3 Norit SX-4 (20 gI'")  crushed sludge 13.6 £0.5 54+£03 51

4 Norit SX-4 (40 g1")  crushed sludge 28.4+0.8 13.1£1.5 52

5  Norit SA-4 (20 g1")  enrichment culture 159+0.3 7.3 50

6 Norit SA-4 (20 g1")  enrichment culture NA® 52+0.6 NA®

: per litre liquid

overall decrease in acetate concentration AC2 = AC2¢;, ac, bacteria — AC2c2, no AC, bacteria — AC2¢2, AC, no bacteria
— AC2 Ac, bacteria, no c2; the latter two terms are negligible

overall increase in AC reducing equivalents per litre AAC e = AACca, ac, bacteria — AACc2, no AC, bacteria —
AACc2, AC, no bacteria — AACAC, bacteria, no c2; the latter three terms are negligible

electron milli-equivalents per litre: acetate (8 meq-e/mmol), AC (1 meq-e/meq Fe’* reduced to Fe*");
standard deviations of triplicate measurements are given behind the + -sign

not available (failed acetate measurements).

and the concomitant formation of additional reducing equivalents in AC is shown in Figure 6.6 for a
typical experiment with crushed sludge. The results clearly show the microbial consortium is only able
to significantly consume acetate when AC is provided as an electron acceptor, and that AC is only
reduced when acetate is provided as an electron donor. The results from additional experiments
utilising either a different type of AC or the enrichment culture provided similar results as is
summarised in Table 1. Headspace samples analysed for methane showed that methanogenesis did not
occur in any of the assays (data not shown). The removal of acetate in the control assays without

bacteria (AC2¢a, ac, no bacteria) Was negligible, even though sampling for reduced carbon measurements
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could not be completely sterile. The removal of acetate in the controls without carbon (AC2¢, no ac,
living) Was less than 30 mg COD/I or 3.75 milli-electron equivalents (meg-¢’)/l. in all experiments.
Reduction of AC did not occur in any of the control assays. The basal level of reducing equivalents in
AC (about 6 meq-e/l) is due to the intrinsic reactivity of acidified AC with Fe*". A three-day pre-
treatment of moist AC in a 100% O, atmosphere only reduced the basal level of reducing equivalents
to 5 meq-e7/1.

The significant differences between the test assays and the controls clearly show that the both the
Geobacter predominated enrichment culture and the granular sludge biomass are capable of oxidising
acetate with AC as the terminal electron acceptor. In Table I, the increase in the reducing equivalents
of AC (AAC,) is shown to be from 37 - 52% of the electron equivalents contained in the decreased
acetate concentration (AC2 = AC2¢;, ac, bacteria — AC2¢2, no AC, bacteria)- 1he hole in the electron equivalent
balance can be explained in part by cell yield and possibly also by incomplete recovery of soluble Fe**

after reacting AC with Fe*".

6.4 Discussion

6.4.1 Evidence of role AC as electron acceptor and redox mediator

The results of this study taken as a whole suggest that microorganisms in anaerobic sludge can transfer

electrons from substrate oxidation to electron accepting groups on AC. The reduced AC can then

channel the electrons to the reduction of azo dyes, thereby enabling AC to act as a redox mediator. The
main evidence for these observations are outlined below:

(1) The enhanced removal of RR2 in AC-amended as compared to non-amended continuous
bioreactors was in large excess (up to 121-fold) of the adsorption capacity of the AC. The
main effect of AC was clearly to enhance azo dye reduction rather than adsorption as is also
evidenced by the improved production of aniline, a reduction product of RR2, in the AC-
amended bioreactors.

(i1) Microorganisms incubated with acetate and AC, oxidised acetate and reduced AC, whereas no
reaction took place in controls where one of the ingredients (acetate, AC or bacteria) was
omitted. These results clearly demonstrate that bacteria are capable of utilising AC as a
terminal electron to support the oxidation of acetate.

(iii)  AC was shown to catalyse the reduction of the defined azo dye, AO7 by sulphide. There was
very limited dye reduction in the presence of only sulphide and in the absence of sulphide, the
dye was only partially adsorbed by AC. Significant formation of sulphanilic acid, the
reduction product of AO7, only occurred if sulphide and AC were both present. These
observations suggest that reduced AC is able to transfer electrons to the azo dye, AO7, and

therefore function as a redox mediator.
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6.4.2 Role of AC in Bioreactors

The application of AC in bioreactors is well established. However, application in such systems has
been based on the adsorbent properties of AC. Several mechanisms have been proposed to explain
how AC enhances the performance of bioreactors. The ability of AC to adsorb shock loads of
inhibitory pollutants is one of the key mechanisms involved and the AC can be regenerated in situ by

biodegradation of the slowly desorbing pollutants >* 7-3'"-312,

6.4.3 Role of AC in Catalysis

Apart from its sorption properties, AC is generally considered as an inert material. To our knowledge,
chemical catalysis caused by AC in combination with microorganisms has not been established before.
In one previous study, a possible catalytic role of AC during the biological reduction of 2,4,6-
trinitrotoluene (TNT) in an AC-amended anaerobic bioreactor, was suggested **. At high temperatures
(>250°C), catalysis by AC is well established. AC has been reported to catalyse several chemical
reactions, e.g. reductive dechlorination of chloroalkanes and hydrogenation of aldehydes *, gas phase

hydrogenolysis of substituted benzene compounds '+ **

and oxidative dehydrogenation of
ethylbenzene ** 2. The only well established example of cold catalysis by AC is the oxidation of
sulphide to elemental sulphur by elemental oxygen > "> 72, In many respects the latter example is
comparable to the observed catalysis in this study, in which sulphide oxidation was linked to azo dye
reduction, only the dye replaces O, as the electron accepting species.

The mechanism of AC catalysis for redox reactions is generally not fully established but reactions
involving quinone-groups on AC have been proposed ***. Quinone- moieties are known to be present
on the AC surface *°7'"7. Therefore, it is plausible that quinone reduction to hydroquinone is the first
step in the catalysis. Hydroquinones are than expected to react with azo dyes. Many types of bacteria
are known which are capable of reducing soluble quinone compounds, as well as quinone moieties in
humus ** **'**_ In this study, an acetate-oxidising quinone-reducing enrichment culture readily utilised
AC as an electron acceptor. Therefore, it is justified to propose a mechanism of acetate oxidation that
involves reduction of quinone-moicties in AC. While the electron accepting capacity of AC is low
(only approximately 6-mg acetate could be oxidised per gram of AC), the electrons accepting moieties
in AC were continuously regenerated by transferring electrons to azo dyes. By comparison, soluble
quinones are known to greatly accelerate azo dye reduction at extremely substoichiometric
concentrations '°' (Chapters 3-5).

The catalytic properties of AC enable its use as a biologically regenerable redox mediator in anaerobic
bioreactors to accelerate the reduction of azo dyes. As AC can be retained in the reactor for prolonged
time, it is an attractive alternative to soluble redox mediators (e.g. AQDS) that do not retain and thus
need to be dosed continuously. The applicability of AC-amended bioreactors is probably not limited to
enhancing the reduction of azo dyes, as also other reactions are known to be accelerated by quinone-
type redox mediators, e.g. reductive dehalogenation and reduction of nitroaromatics . With this
respect, it is even possible that earlier reports of enhanced removal of several compounds in AC-

24,311

amended bioreactors was at least partly due to redox mediation by AC
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Chapter 7

7.1 Introduction

Dyeing of fabrics in textile-processing industries results in dye-containing wastewaters. Removal of
dyes from these wastewaters is desired, not only because of their colour but also because of their
toxicity, mutagenicity and carcinogenicity. Different physical, chemical and biological techniques can
be used to remove dyes from wastewater. Each technique has technical and economic limitations.
Most physicochemical dye removal methods have drawbacks because they are too expensive, have
limited versatility, are greatly interfered by other wastewater compounds and/or generate waste
products that must be handled. Alternatively, biological treatment holds promise as a relatively
inexpensive way to remove dyes from wastewater. At least dyes belonging to the largest class of dyes,

the azo dyes, are prone to bacterial biodegradation.

Anaerobic Aerobic
azo dyes
R R* R R*
OO0 OO X
aH] '

aromatic amines

R R* .
NH2 + H2 '
R : R 02

Figure 7.1 General overview of the fate of azo dyes and aromatic amines during anaerobic-aerobic treatment

CO, +H,0 + NH,

autoxidation

Azo dyes are aromatic structures linked together by an azo (-N=N-) chromophore. As the electron-
withdrawing nature of the azo linkage(s) obstructs the susceptibility of the dye molecules to oxidative
reactions, azo dyes generally resist aerobic biodegradation. In contrast, reductive cleavage of azo
linkages may fortuitously occur under anaerobic conditions. This anaerobic reduction implies
decolourisation as the azo dyes are converted to —usually colourless but potentially harmful- aromatic
amines. These aromatic amines are generally not further degraded under anaerobic conditions.
However, under aerobic conditions, aromatic amines are likely to be removed from the water phase by
a combination of biodegradation, autoxidation and adsorption processes. Sequential or integrated
anaerobic-aerobic treatment is therefore the most logical strategy for the complete removal of azo dyes

in biological systems (Figure 7.1)
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Evaluation of the literature on anaerobic-acrobic treatment of azo dyes (Chapter 1) revealed two
possible bottlenecks: (i) anaerobic azo dye reduction is a time-consuming process, reflected by the
requirement of long reaction times; and (ii) the fate of aromatic amines during aerobic treatment is not
conclusively elucidated.

This thesis discusses research that was done to solve the first possible bottleneck. The objective of this
research was to optimise the first stage of the complete biodegradation of azo dyes, anaerobic azo dye
reduction. This research was done by studying the reaction mechanism and by consequently applying

the obtained insights.

7.2 General features of anaerobic azo dye reduction

Anaerobic azo dye reduction has generally being looked upon as a non-specific process in which the
azo dye fortuitously accepts electrons released from the biological oxidation of primary electron
donors. Chapter 2 of this thesis surveyed the reduction of twenty chemically distinct azo dyes by
anaerobic granular sludge. The results were in agreement with this general view. All of the dyes tested
were reduced by the non-adapted sludge, generally yielding colourless products. The reaction
proceeded without lag-phase and followed first-order kinetics.

The reaction rates were found to vary greatly between the dyes: the half-life times of the dyes in the
applied standard batch assay ranged from 1 to about 100 hours. Especially reactive dyes with a triazine
reactive group reacted slowly. There was no correlation between a dye’s half-life time and its
molecular weight, which indicated that membrane penetration of the dyes was probably not important.
This observation, combined with the non-specificity and lack of any lag-phase, pointed to an
extracellular mechanism involving reduced compounds or non-specific enzymes. However, biological
activity is not a prerequisite for anaerobic azo dye reduction, as it was furthermore demonstrated that

the azo dyes could be reduced purely chemically by sulphide.

7.3 Biotic versus abiotic azo dye reduction

As dye containing wastewaters usually contain sulphate and other sulphur species that will be
biologically reduced to sulphide during treatment in anaerobic bioreactors, azo dye reduction in
anaerobic bioreactors will be a combination of biotic and abiotic processes. To evaluate the relative
contribution of biological and chemical azo dye reduction in anaerobic sludge, the reduction rates of
two azo dyes were compared in batch assays over a range of sulphide concentrations in the absence or
presence of living or inactivated anaerobic granular sludge (Chapter 4).

The importance of biological azo dye reduction was clearly demonstrated by the observation that in
assays lacking sulphur compounds, azo dye reduction only readily occurred in the presence of living
granular sludge. Introduction of sulphide (or sulphate in accordance to biogenic sulphide formation

from sulphate reduction) resulted in additional azo dye reduction due to chemical reactivity. This
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effect was additive, as the rate of azo dye reduction in those cases corresponded to the sum of the

biological rate and the chemical rate. The mechanisms are mutually independent, i.e.

- living or y-irradiated sludge does not affect chemical azo dye reduction by sulphide;

- sulphide does not affect biological azo dye reduction, which demonstrates that the terminal
reduction of azo dyes is not based on a reaction with biologically recycled sulphide;

- sulphate does not affect biological azo dye reduction, which demonstrates that sulphate does not

compete with the dye as an electron acceptor.
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Figure 7.2 Estimation of the relative share of chemical azo dye reduction in the
reduction of AO7 by anaerobic granular sludge in the presence of sulphide: (A) at
different sulphide concentrations in the presence of 35 g VSS 1" anaerobic granular
sludge; (B) at different sludge concentrations in the presence of 3.5 mM sulphide. Based
on kinetic data presented in Chapter 4.

Analysis of the kinetics indicated that the relative importance of chemical azo dye reduction in high-
rate anaerobic bioreactors would be small due to the high biomass levels in the reactors. Chemical azo
dye reduction by sulphide will generally be negligible, even when the bulk sulphide concentration is
largely in excess over the dye concentration. In anaerobic reactors, chemical azo dye reduction by
sulphide will therefore only substantially contribute to the overall azo dye reduction when the biomass
concentrations are very low or —to a lesser extent- when the sulphide concentrations are extremely
high (Figure 7.2). In continuous experiments in lab-scale upward-flow anaerobic sludge blanket
(UASB) reactors, the low contribution of chemical azo dye reduction was confirmed by the
observation that sulphide, formed upon the introduction of sulphate, did not affect the dye removal
efficiency

The mechanism of biological azo dye reduction is further discussed in section 7.5.
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7.4 Role of redox mediators

The observation that chemical azo dye reduction by sulphide proceeds relatively slow, even when the
sulphide concentration is in large excess of the dye concentration (Chapters 2, 3 and 4), points at a
bottleneck in the transfer of electrons from sulphide to the azo linkage. However, there are ways to
solve this problem. In chapter 3, when chemical azo dye reduction was further explored it was noticed

that the reaction between Acid Orange 7 (AO7) and sulphide appeared to be accelerated in time

HO
k,
NaOgs@N=N @ NaOgS—@NHZ + "HoN
O ~

Acid Orange 7 Sulphanilic acid 1-Amin0-2-naphth01

NaO3S@N N NaO3 @NHZ + H2N

'OOO

kz

O% 8

2[H]

:OOO'

dA/dt =—k, A, - kA (AA)

Figure 7.3 Schematic and mathematical representation of autocatalysed AO7 reduction.
[H] = reducing equivalent; k; and k, refer to the reaction constants of the mathematical description given in
the frame: k; = first-order constant for the direct chemical reaction; k, = second-order rate constant for the
autocatalytic reaction; A, = dye concentration at time t; Ay = dye concentration at t=0.

according to the extent to which the dye was reduced. Mathematical evaluation of the experimental
results pointed out that autocatalysis played an important role in the chemical reduction of AO7.
Further tests made clear that 1-amino-2-naphthol was the dye's constituent aromatic amine that
accelerated the reduction process. This observation was analogous with the reported catalysis of azo
dye reduction by quinone compounds ** '®'. The effect of 1-amino-2-naphthol is therefore possibly
based on redox mediation. According to the proposed mechanism (Figure 7.3), 1-amino-2-naphthol
(interchanging with its oxidised aminoquinone form) shuttles electrons from sulphide to the dye,
thereby accelerating the reaction.

The impact of redox mediators was further evaluated by testing the effect of anthraquinone-2,6-
disulphonate (AQDS), a humic analogue that has often been used as a redox mediator for reductive
transformations. AQDS appeared to be a much more powerful redox mediator than 1-amino-2-

naphthol. For comparison, while 1-amino-2-naphthol increased the first-order chemical reduction rate
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constants by a factor 2 to 10, AQDS was 10 times more powerful, increasing the rate constants by a
factor 10 to 100.

In the course of this thesis research, several other compounds and substances have been found to
stimulate the reduction of azo dyes by sulphide. Among those were the artificial quinone compounds
anthraquinone-2-sulphonate (AQS) and resazurin as well as the flavin enzyme cofactor precursor,
riboflavin (Figure 7.4). Furthermore, redox mediation by activated carbon (see section 7.6.2) and

autoclaved sludge was demonstrated.

@)
SO3-
OH
(fO3S OH
0
Anthraquinone-2,(6)-(di)sulphonate (AQ(D)S) HO OH
@) O-
H3C N NYO
N NH
@)
@)
Resazurin Riboflavin (vitamin B2)

Figure 7.4 Structure formulas of some of the redox mediators used in this research

Stimulation of azo dye reduction by autoclaved sludge, first reported in Chapter 3, was further
investigated in Chapter 4. Here, the effect of autoclaved sludge was compared with the effect of y-
irradiated sludge. It was observed that autoclaved sludge greatly stimulated the rate of azo dye
reduction by sulphide, in sharp contrast to y-irradiated sludge, which had no stimulatory effect at all.
As autoclaving disrupts the cells, whereas irradiation inactivates biological activity while leaving the
cell structure intact, these observations suggested that redox mediating enzyme cofactors released by
cell lysis contribute to the stimulatory effect. This hypothesis was supported by the great acceleration
of chemical azo dye reduction by riboflavin. Riboflavin is representative of the heat stable redox-
mediating moieties of common occurring flavin enzyme cofactors

Redox mediator catalysis of azo dye reduction is not restricted to the chemical reaction with sulphide
but it also applies to the biological azo dye reduction mechanism. This was demonstrated in Chapters
4 and 5, by the observation that catalytic concentrations of AQDS greatly stimulated the reduction of

azo dyes by living granular sludge in the absence of sulphur compounds.
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7.5 Role of bacteria

7.5.1 Biological azo dye reduction

As discussed above, the non-specific and presumably extracellular reduction of azo dyes in anaerobic

sludge is mainly a biological process. Azo dyes are biologically reduced in a direct enzymatic reaction

(Figure 7.5 —scheme 1) or indirectly, in a reaction with reduced enzyme cofactors (Figure 7.5 —scheme

D).

Direct enzymatic reduction Indirect reduction by reduced enzyme cofactors
ED azo dye ED ECF_, X azo dye
ED, arorpatlc EDOXM ECF., arorpatlc
amines e amines
L II.
+ external + external
mediator mediator
A&\
ED AQDS azo dye ED ECF,, AQDS azo dye
ED aromatic H X X aromatic
ox AH,QDS Amines ED,, ECF,.,~ ZAH,QDS amines
~ 7
11 Iv.
or
ECF,,
ED AQDS azo dye
aromatic
ED,; AAE%FQ:?S amines
V.

Figure 7.5 Schematic representation of direct enzymatic azo dye reduction (scheme I), azo dye
reduction by reduced enzyme cofactors (scheme II) and AQDS stimulation of both mechanisms
(scheme III and schemes IV and V, respectively).

ED = primary electron donor; b = bacteria; ECF = Enzyme cofactor, ox. = oxidised; red. = reduced
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According to the direct enzymatic mechanism, azo dye reducing bacteria possess enzymes, for
instance flavoproteins, that catalyse the transfer of reducing equivalents originating from the oxidation
of organic substrates to the azo dyes. So far, all azo dye reducing enzymes isolated from (facultative)
anaerobes were found capable of reducing many distinct azo compounds. This indicates that the redox
active moieties of these enzymes (e.g. flavins in the case of flavoproteins) are highly unspecific with
respect to the electron acceptor. According to the indirect mechanism, azo dyes are reduced by
reduced enzyme cofactors, e.g. by FADH,.

External redox mediators, e.g. artificial redox mediators like AQDS, can stimulate both direct
enzymatic and indirect biological azo dye reduction (Figure 7.5 —schemes III, IV and V). In the case of
direct enzymatic azo dye reduction, the stimulating effect of AQDS will be due to enzymatic AQDS
reduction (section 7.5.2) in addition to enzymatic reduction of the azo dye (Figure 7.5 —scheme III).
Possibly, both reactions will be catalysed by the same non-specific periplasmic enzymes. In the case
of azo dye reduction by reduced enzyme cofactors, the stimulating effect of AQDS will either be due
to an electron shuttle between the reduced enzyme cofactor and AQDS (Figure 7.5 —scheme IV) or it
will be due to enzymatic AQDS reduction in addition to enzymatic reduction of the enzyme cofactor
(Figure 7.5 —scheme III). In the latter case, introduction of AQDS simply increases the pool of
electron carriers.

The research discussed in this thesis does not allow a conclusive judgement on which mechanism is
responsible for azo dye reduction in anaerobic sludge. The similar rates of azo dye reduction by
sulphide in the absence of sludge and in the presence of y-irradiated sludge (Chapter 4) may seem to
indicate that natural electron carriers are not available to (extracellular) dye reduction, supporting the
direct enzymatic mechanism of biological azo dye reduction.

Though the capability to non-specifically reduce azo dyes seems to be an almost ubiquitous property
of anaerobically incubated bacteria, experiments evaluating the effect of biomass adaptation for azo
dye reduction (Chapter 5) showed interesting differences with respect to the utilisation of different
electron donors. In these experiments, the substrate dependency for the reduction of the azo dye
Reactive Red 2 (RR2) by dye-unadapted granular sludge was compared to that of granular sludge from
a UASB reactor that treated RR2 containing synthetic wastewater with volatile fatty acids as the
primary electron donating substrates. Hydrogen, added in bulk, was clearly the preferred electron donor
for RR2 reduction. Bacteria that couple dye decolourisation to hydrogen oxidation were naturally present
in the unadapted seed sludge. However, only the RR2-adapted sludge could utilise electrons from
volatile fatty acids for dye reduction, indicating enrichment of RR2 reducing bacteria and/or enzyme

systems.

7.5.2 Biological AQDSreduction

The mechanism of redox mediator stimulated biological azo dye reduction according schemes III and
V in Figure 7.5 involves biological reduction (regeneration) of the mediating compound, e.g.

biological reduction of AQDS to its hydroquinone, anthrahydroquinone-2,6-disulphonate (AH,QDS).
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The capability of microorganisms to reduce AQDS and other quinones is known as ‘humus or quinone
respiration’, i.e. the utilisation of quinones (in humic substances) as an electron acceptor in the
oxidation of electron donating substrates. This property, which appears to be ubiquitous under several
distinct groups of microorganisms, has only relatively recently been recognised '*>. The mechanism of
quinone respiration probably involves the activity of periplasmic enzymes with a low specificity with
respect to the electron acceptor, e.g. like the periplasmic hydrogenase from Desulfovibrio vulgaris that
was found to quickly reduce several quinone compounds **. Biological azo dye reduction, being either
a direct enzymatic reaction or a reaction with enzymatically generated reduced electron carriers, may
very well depend on the same enzymes.

The presence and viability of quinone-respiring microorganisms in anaerobic sludge has been

. 48, 52
demonstrated in recent research ™

. Reduction of quinones like AQDS is thermodynamically
favoured over methanogenesis and competition studies confirmed that quinone-respiring bacteria out-
competed methanogens for acetate oxidation when anaerobic granular sludge was supplemented with
stoichiometric quantities of AQDS 2. Therefore, it can be excluded that application of redox
mediators to accelerate azo dye reduction in anaerobic bioreactors will be restricted by unavailability
of quinone-reducing power.

Though the capability to reduce quinones seems to be an almost ubiquitous property of anaerobically

incubated bacteria **

, experiments evaluating the effect of biomass adaptation for AQDS catalysed
azo dye reduction (Chapter 5) showed interesting differences with respect to the utilisation of different
electron donors. In these experiments, the substrate dependency of AQDS catalysed azo dye reduction
by AQDS-unadapted granular sludge was compared to that of granular sludge from a UASB reactor
that treated an azo dye and AQDS containing synthetic wastewater with volatile fatty acids as the
primary electron donating substrates. The stimulatory effect of AQDS on RR2 decolourisation by
AQDS-unadapted sludge was mainly due to assisting the electron transfer from endogenous substrates in
the sludge to the dye. The stimulatory effect of AQDS on RR2 decolourisation by sludge from the
AQDS-exposed reactor was in addition strongly associated with the transfer of electrons from hydrogen

and acetate to the dye, probably due to enrichment of specialised AQDS-reducing bacteria.

7.6 Application of redox mediators to accelerate azo dye reduction in anaerobic

bioreactors

7.6.1 AQDS

Chapter 5 presents the results of a study that evaluated the application of AQDS as a redox mediator
during the continuous treatment of azo dyes in anaerobic bioreactors. For that purpose, continuous
treatment of a synthetic wastewater containing the azo dye Reactive Red 2 (RR2) was studied in a
laboratory-scale UASB reactor. In the initial phase without AQDS, the dye removal was low, less than

30%. Consequently, severe toxicity problems occurred, eventually resulting in almost complete
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inhibition of the methanogenic activity. Addition of catalytic concentrations of AQDS to the reactor
influent caused an immediate increase in the dye removal efficiency and recovery of the methane
production. Ultimately, RR2 removal efficiencies stabilised at a high level (88%), and higher AQDS
loads resulted in even higher RR2 removal efficiencies (up to 98%). Stable operation was maintained
for more than one year. Moreover, AQDS dosing to a UASB-reactor that treated AO7 in a shorter
parallel experiment with AO7 was also found to increase the dye removal efficiency *. It is clear,
therefore, that AQDS can be successfully applied to accelerate azo dye reduction in anaerobic

bioreactors.

7.6.2 Activated carbon

Though the required effective AQDS dosage levels are low, continuous dosing implies continuous
expenses related to procurement of the chemical, as well as continuous discharge of this biologically
recalcitrant compound. Therefore, incorporation and retention of an alternative mediator in the sludge
bed would be a great improvement of the redox mediator application concept. The research presented
in Chapter 6 demonstrated that activated carbon (AC), which is known to contain quinone groups at its

surface 27, 97, 107

, can be used as such an alternative, non-soluble redox mediator. Laboratory-scale
UASB reactors with AC-amended granular sludge showed better removal of hydrolysed RR2 as
compared to the control reactor without AC. The effect of AC was in large excess of its dye adsorption
capacity, indicating improved dye reduction, a phenomenon that was also featured by higher
concentration of aniline, one of the dye’s constituent aromatic amines, in the reactor effluent.
Supporting evidence for the hypothesis that AC can act as a redox mediator was obtained in batch
experiments. It was demonstrated that bacteria from crushed granular sludge, as well as bacteria from
an acetate-oxidising quinone-reducing enrichment culture composed mainly of Geobacter sp., could
oxidise acetate and concomitantly reduce AC. Furthermore, it was demonstrated that AC greatly
accelerated the rate of chemical azo dye reduction by sulphide. The results taken as a whole clearly
suggest that AC accepts electrons from the microbial oxidation of organic acids and transfers the
electrons to azo dyes, thereby accelerating their biological reduction. This constitutes the first example
of biocatalysis mediated by AC and puts the role of AC in a new light.

AC has a long history of application in environmental technology as an adsorbent of pollutants for the
purification of drinking- and wastewaters **. In bioreactors, AC is utilised to enhance performance by
a well-established mechanism of adsorbing shock loads of inhibitory pollutants. AC is furthermore
known as a catalyst of several chemical reactions at high temperature (>250 °C), e.g. reductive

84

dechlorination of chloroalkanes and hydrogenation of aldehydes *°, gas phase hydrogenolysis of

1428 and oxidative dehydrogenation of ethylbenzene ** **°. The only

substituted benzene compounds
well established example of cold catalysis by AC is the oxidation of sulphide to elemental sulphur by
elemental oxygen >> "> 2. To our knowledge, the use of AC to catalyse biological reactions has not

been reported before.
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The mechanism of AC catalysis for redox reactions is generally not fully established but reactions
involving the quinone-groups on AC have been proposed ® **°. Therefore, it is justified to propose a

mechanism that involves mediation by quinone-moieties in AC.

7.7 Concluding remarks and perspectives

From the above it is clear that the reduction of azo dyes can be accelerated by utilising redox
mediators, i.e. by continuous dosing of soluble quinones or by incorporation of AC in the sludge
blanket. Shortening the long reaction times needed for the reduction of several azo dyes, redox
mediators enable bioreactor operation at much shorter hydraulic retention times than otherwise would
have been necessary for the reduction of those dyes. Consequently, redox mediator application
provides a useful tool for the optimisation of the anaerobic first stage of the complete biodegradation
of azo dyes. Thus optimised, the anaerobic reactor can be expected to reduce the lion’s share of the
azo compounds in the wastewater. The aerobic reactor, i.e. the second stage of the complete
biodegradation of azo dyes, will therefore hardly receive any non-reduced, aerobically non-
biodegradable azo dyes. Instead, the aerobic reactor will mainly receive aromatic amines, which are
presumably aerobically removable, either by biodegradation or by autoxidation.

The potential of using redox mediators is probably not limited to enhancing the reduction of azo dyes.
Also other reactions are known to be accelerated by quinone-type redox mediators, e.g. reductive

20, 42 4 246, 262, 2 1 . . . 96, 118, 129, 294, 32
0. 42, 68, 74, 96, 246, 262, 263, 301 and reduction of nitroaromatics > 5 96 118 129, 294, 327

dehalogenation
Therefore, anaerobic treatment of wastewaters containing such compounds will benefit from
application of redox mediators because the reaction time requirements will be decreased, especially if
the non-mediated reduction rates are low, as well because reduction of many of these compounds
implies lowering of their toxicity towards methanogens ***. The potential of using redox mediators is
furthermore probably not limited to wastewater treatment but may also apply to bioremediation of
soils polluted with e.g. polychlorinated solvents or nitroaromatic pesticides. Also in these
environments, addition redox mediators may help to transfer electrons from either naturally occurring

or externally added primary electron donors.
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Hoofdstuk 7

7.1’ Inleiding

Het verven van doeken in de textielverwerkende industrie leidt tot kleurstothoudende afvalwaters. De
verwijdering van kleurstoffen uit degelijke afvalwaters is gewenst, niet alleen vanwege de kleur, maar
ook vanwege de giftigheid en kankerverwekkendheid van deze stoffen. Er bestaan verschillende
fysische, chemische en biologische technieken om kleurstoffen uit het afvalwater te halen. ledere
techniek kent technische en economische beperkingen. Veel fysisch-chemische kleurverwijdering-
methoden zijn te duur of niet veelzijdig genoeg, ondervinden in te sterke mate invloed van andere
stoffen in het afvalwater en/of leiden tot de vorming van afval dat dan vervolgens weer moet worden
behandeld. Biologische behandeling is mogelijk een relatief goedkoop alternatief, want ten minste de

kleurstoffen uit de meest gebruikte groep van kleurstoffen, de azokleurstoffen, zijn vatbaar voor

biologische afbraak.
Anaéroob Aéroob
azokleurstoffen
R R* R R*
OO OO >
41H] '

aromatische aminen

R R* .
NH2 + H2 '
R : R Q
NH2 ' @NHZ

Figuur 7.1’ Algemeen overzicht van het lot van azokleurstoffen en aromatische aminen in gecombineerd
ana€roob-aérobe biologische zuiveringsystemen.

CO, + H,0 + NH;

auto-oxidatie

Azokleurstoffen zijn aromatische structuren die onderling verbonden zijn door een azo(-N=N-)-
chromofoor. De elektronenzuigende aard van dergelijke azobruggen vormt echter een obstakel voor
oxidatieve reacties. Doorgaans weerstaan azokleurstoffen daarom a€robe biodegradatie. Daar staat
tegenover dat reductieve splitsing van de azobruggen spontaan mogelijk is onder anaérobe
omstandigheden. Anaérobe reductie houdt in, dat azokleurstoffen worden omgezet in —meestal
kleurloze, maar mogelijk schadelijke- aromatische aminen. Deze aromatische aminen worden in het

algemeen onder anaérobe omstandigheden niet verder afgebroken. Onder a€robe omstandigheden
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daarentegen, is het aannemelijk dat aromatische aminen uit de waterfase worden verwijderd als gevolg
van een combinatie van biodegradatie, auto-oxidatie en adsorptie. Sequentiéle of geintegreerde
ana€roob-a€robe behandeling is daarom de meest logische biologische behandelingsstrategie ter
verwijdering van azokleurstoffen uit afvalwater (Figuur 7.17).

Evaluatie van de literatuur over ana€roob-aérobe behandeling van azokleurstoffen (Hoofdstuk 1)
bracht twee mogelijk zwakke punten van het proces aan het licht: (i) anaérobe reductie van
azokleurstoffen vergt nogal wat tijd, hetgeen blijkt uit de vereiste lange reactietijden; en (ii) over het
lot van aromatische aminen is niet duidelijk uitsluitsel te geven.

Dit proefschrift bespreekt onderzoek dat is uitgevoerd om het eerste zwakke punt op te heffen. Het
doel van dit onderzoek was om de eerste fase van de volledige biologische afbraak, de anaérobe
reductie van azokleurstoffen, te optimaliseren. Het reactiemechanisme werd bestudeerd en vervolgens

werden de verkregen inzichten toegepast.

7.2° Algemene eigenschappen van de anaérobe reductie van azokleurstoffen

Anaérobe azokleurstofreductie wordt in het algemeen beschouwd als een aspecifiek proces, waarin de
kleurstof min of meer spontaan de elektronen opneemt die vrijkomen bij de biologische oxidatie van
organische elektronendonors. Hoofdstuk 2 van dit proefschrift behelsde een verkenning van de
reductie van een twintigtal chemisch verschillende azokleurstoffen door anaéroob korrelslib. De
resultaten van deze verkenning waren in lijn met dit algemene beeld. Alle geteste kleurstoffen werden
gereduceerd door ana€roob korrelslib en in het algemeen leidde dit tot de vorming van kleurloze
producten. De reactie verliep zonder lagfase en volgde eersteordekinetiek.

De reactiesnelheden bleken sterk te variéren tussen de verschillende kleurstoffen: de halfwaardetijden
van de kleurstoffen in de uitgevoerde standaard-batchtests reikten van 1 tot ongeveer 100 uur. Vooral
reactieve kleurstoffen met een triazinestructuur als reactieve groep reageerden langzaam. Er bestond
geen verband tussen de halfwaardetijd en het molecuulgewicht van de kleurstof. Celwandpenetratie
van kleurstoffen maakt daarom waarschijnlijk geen deel uit van het mechanisme. Deze waarneming, in
combinatie met de aspecificiteit en het uitblijven van een lagfase, wees op een extracellulair
mechanisme waarbij gereduceerde verbindingen of aspecificke enzymen betrokken zijn. Biologische
activiteit is overigens geen absolute vereiste voor anaérobe azokleurstofreductie, want het bleek dat

azokleurstoffen ook in een puur chemisch gereduceerd kunnen worden, in een reactie met sulfide.

7.3’ Biotische versus abiotische azokleurstofreductie

Aangezien kleurstothoudende afvalwaters doorgaans sulfaat en andere zwavelcomponenten bevatten
die tijdens behandeling in ana€robe bioreactoren biologisch tot sulfide gereduceerd worden, zal
azokleurstofreductie een combinatie zijn van biotische en abiotische processen. Om de relatieve

bijdrage van biologische en chemische azokleurstofreductie in anaéroob slib in te kunnen schatten
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werd van twee kleurstoffen de reductiesnelheid gemeten in afwezigheid en in aanwezigheid van

levend of gedood slib, in batchtests over een reeks van sulfideconcentraties (Hoofdstuk 4).

Het belang van biologische azokleurstofreductie werd duidelijk aangetoond door de waarneming dat

azokleurstofreductie in afwezigheid van zwavelcomponenten alleen plaatsvond in aanwezigheid van

levend slib. Het toevoegen van sulfide (of sulfaat, dat vervolgens werd gereduceerd tot sulfide) leidde

tot extra azokleurstofreductie, ten gevolge van de chemische reactie. Dit betrof een additioneel effect,

want de snelheid van azokleurstofreductie kwam overeen met de som van de snelheden van

biologische en chemische azokleurstofreductie. Onderling waren beide mechanismen onathankelijk,

ie.

- levend of y-bestraald slib heeft geen invloed op chemische azokleurstofreductie door sulfide;

- sulfide heeft geen invloed op biologische azokleurstofreductie, wat aantoont dat de uiteindelijke
reductie van azokleurstoffen niet gebaseerd is op een reactie met biologisch gerecycleerd sulfide;

- sulfaat heeft geen invloed op biologische azokleurstofreductie, wat aantoont dat sulfaat niet de

kleurstof concurreert als elektronenacceptor.
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Figuur 7.2 Schatting van het relatieve aandeel van chemische reductie in de reductie
van AO7 door anaéroob korrelslib in aanwezigheid van sulfide: (A) bij oplopende
sulfideconcentraties in aanwezigheid van 35 g VSS 1" anaéroob korrelslib; (B) bij

verschillende slibconcentraties in aanwezigheid van 3.5 mM sulfide.
Gebaseerd op de kinetische data die in Hoofstuk 4 gepresenteerd werden.

Analyse van de reactiekinetiek liet zien dat chemische azokleurstofreductie een relatief geringe rol
speelt in ‘high-rate’ ana€robe bioreactoren wegens de hoge biomassaconcentratie in deze reactoren.
Het aandeel van chemische azokleurstofreductie door sulfide zal in het algemeen verwaarloosbaar zijn,
zelfs als de concentratie sulfide in de bulk de kleurstofconcentratie in grote mate overtreft. Chemische
reductie door sulfide zal alleen bij zeer lage biomassaconcentraties of —in mindere mate- bij extreem
hoge sulfideconcentraties een substanti€le bijdrage leveren aan de totale reductie van azokleurstoffen
in anaérobe bioreactoren (Figuur 7.2°). Continue experimenten in laboratoriumschaal opwaarts

doorstroomde slibbedreactoren (UASB-reactoren) bevestigden dat de rol van chemische
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azokleurstofreductie klein is, want het sulfide dat gevormd werd uit de reductie van het
geintroduceerde sulfaat had geen invloed op de kleurstofverwijderingsefficiéntie.

Op het mechanisme van biologische azokleurstofreductie wordt nader ingegaan in paragraaf 7.5’.

7.4° De rol van redoxmediatoren

De waarneming dat chemische reductie van azokleurstoffen relatief langzaam verloopt, zelfs wanneer
sulfide in grote overmaat voorhanden is (Hoofdstukken 2, 3 en 4), duidt op een bottleneck in de
elektronenoverdracht van sulfide op de azobrug. Er bestaan echter manieren om dit probleem op te
lossen. In hoofstuk 3, waar de chemische reductie van azokleurstoffen verder werd verkend, werd
opgemerkt dat de reactie tussen Acid Orange 7 (AO7) en sulfide in de tijd, d.w.z. naarmate er meer
kleurstof gereduceerd was, versneld werd. Mathematische beoordeling van de experimentele resultaten
wezen erop, dat autokatalyse een belangrijke rol speelde in de chemische reductie van AO7. Verdere
experimenten brachten aan het licht dat 1-amino-2-naftol, een van de twee aromatische aminen die
gevormd worden uit de reductie van AO7, het reactieproces versnelde. Deze waarneming kwam
overeen met de in de literatuur vermelde katalyse van azokleurstofreductie door chinonverbindingen **

19! Het effect van 1-amino-2-naftol is daarom mogelijkerwijze gebaseerd op redoxmediatie. Volgens
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Figuur 7.3> Schematische en mathematische voorstelling van autokatalytische AO7-reductie.
[H] = reductie-equivalent; k; en k, verwijzen naar de reactiesnelheidsconstanten volgens de formule in het
kader: k; = eersteordeconstante van de directe reactie tussen AO7 en sulfide; k, = tweedeordeconstante van
de autokatalytische reactie; A, = kleurstofconcentratie op tijdstip t; Ay = kleurstofconcentratie op t = 0.

het voorgestelde mechanisme (Figuur 7.3”), brengt 1-amino-2-naftol, stuivertje wisselend met het
corresponderende -geoxideerde- aminochinon, elektronen van sulfide over op de kleurstof en versnelt

het daarmee de reactie.
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De invloed van redoxmediatoren werd nader bekeken door het effect te testen van antrachinon-2,6-
disulfonaat (AQDS), een humuszuuranaloge verbinding die vaker is gebruikt als redoxmediator in
reductieve transformaties. AQDS bleek een tien keer zo krachtige redoxmediator te zijn als 1-amino-2-
naftol. Ter vergelijking: bij concentraties waarop 1-amino-2-naftol de eersteordereactiesnelheid-
constante met een factor 2 tot 10 verhoogde, verhoogde AQDS deze constante met een factor 10 tot
100.

In het verloop van dit promotieonderzoek is van verscheidene andere stoffen vastgesteld dat ze de
reductie van azokleurstoffen door sulfide versnellen. Onder deze stoffen waren zowel de kunstmatige
chinonverbindingen antrachinon-2-sulfonaat en resazurine, als de uitgangsstof van de flavine
enzymcofactor, riboflavine (Figuur 7.4’). Bovendien werd redoxmediatie door actieve kool (paragraaf

7.6.2) en geautoclaveerd slib vastgesteld.

O
SO3-
OH
(fO3S OH
@)
Anthrachinon-2,(6)-(di)sulfonaat (AQ(D)S) HO OH
O -
© H3C N N\ro
N NH
@)
@)
Resazurine Riboflavine (vitamine B2)

Figuur 7.4’ Structuurformules van enkele in dit onderzoek gebruikte redoxmediatoren

Stimulering van azokleurstofreductie door geautoclaveerd slib, als eerste opgemerkt in Hoofstuk 3,
werd nader onderzocht in Hoofdstuk 4. Hier werd het effect van geautoclaveerd slib vergeleken met
het effect van met gammastralen bestraald slib. Het bleek dat geautoclaveerd slib de reductie van
azokleurstoffen enorm sterk versnelde, terwijl y-bestraald slib in het geheel geen stimulerend effect
had. Aangezien autoclaveren de cellen kapot maakt, terwijl bestraling de biologische activiteit
tenietdoet maar de celstructuur intact laat, doen deze waarnemingen vermoeden dat enzymcofactoren
die vrijkomen tijdens cellysis als redoxmediatoren bijdragen aan het stimulerende effect. Deze
hypothese werd ondersteund door de sterke versnelling van chemische azokleurstofreductie door
riboflavine. Riboflavine is een vertegenwoordiger van de hittestabiele redoxmediatorstructuren van
veelvoorkomende flavine enzymcofactoren.

Katalyse van de reductie van azokleurstoffen door redoxmediatoren beperkt zich niet tot de chemische
reactie met sulfide, maar geldt ook voor het biologische mechanisme van azokleurstofreductie. Dit is

aangetoond in de Hoofdstukken 4 en 5, met de waarneming dat katalytische hoeveelheden AQDS de
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reductie van azokleurstoffen door levend korrelslib in afwezigheid van zwavelcomponenten sterk

stimuleren.

7.5’ De rol van bacterién

7.5.1' Biologische azokleurstofreductie

Zoals bleek uit het hierboven besprokene is de aspecifieke en vermoedelijk extracellulaire reductie van
azokleurstoffen voornamelijk een biologisch proces. Azokleurstoffen worden biologisch gereduceerd
in een direct-enzymatische reactie (Figuur 7.5’ — schema I) of indirect, in een reactie met gereduceerde
enzymcofactoren (Figuur 7.5° — schema II).

Volgens het direct-enzymatische mechanisme bezitten azokleurstofreducerende bacterién enzymen,
bijvoorbeeld flavoproteinen, die de overdracht katalyseren van reductie-equivalenten die afkomstig
zijn van de oxidatie van organische substraten, naar de azokleurstof. Totnogtoe bleken alle uit
(facultatief) ana€robe bacterién geisoleerde azokleurstofreducerende enzymen in staat tot reductie van
vele verschillende azoverbindingen. Dit duidt erop dat de actieve structuren in deze enzymen
(bijvoorbeeld flavinen in geval van flavoproteinen) nogal aspecifiek zijn voor wat betreft de
elektronenacceptor. Volgens het indirecte mechanisme worden azokleurstoffen gereduceerd door
gereduceerde enzymcofactoren, bijvoorbeeld door FADH,.

Extern toegevoegde redoxmediatoren, bijvoorbeeld kunstmatige redoxmediatoren zoals AQDS,
kunnen zowel de direct-enzymatische als de indirecte biologische azokleurstofreductie stimuleren
(Figuur 7.5” — schema’s III, IV en V). In het geval van direct-enzymatische azokleurstofreductie zal
het stimulerende effect van AQDS veroorzaakt worden door enzymatische AQDS-reductie (paragraaf
7.5.2°) naast enzymatische kleurstofreductie (Figuur 7.5° — schema III). Beide reacties worden
mogelijkerwijze door dezelfde aspecificke periplasmatische enzymen gekatalyseerd. In het geval van
azokleurstofreductiec door gereduceerde enzymcofactoren zal het stimulerende effect van AQDS
veroorzaakt worden door de versnelde overdracht van elektronen van de gereduceerde enzymcofactor
op AQDS (Figuur 7.5 — schema 1V) of door enzymatische AQDS-reductie naast enzymatische
reductie van de enzymcofactor (Figuur 7.5 — schema III). In het laatste geval zal de introductie van
AQDS simpelweg de hoeveelheid elektronentransporteurs vergroten.

Het onderzoek dat in dit proefschrift werd besproken staat niet toe een afdoend oordeel te vellen over
het mechanisme dat verantwoordelijk is voor de biologische reductie van azokleurstoffen door
anaéroob slib. De vergelijkbare snelheden van azokleurstofreductie door sulfide in afwezigheid van
slib en die in aanwezigheid van y-bestraald slib (Hoofdstuk 4) lijken aan te tonen dat natuurlijke
elektronentransporteurs niet beschikbaar zijn voor (extracellulaire) kleurstofreductie, hetgeen wijst op
het direct-enzymatische mechanisme van biologische azokleurstofreductie. Hoewel het vermogen tot
aspecifieke azokleurstofreductie zowat een alomtegenwoordige eigenschap van anaéroob
geincubeerde bacterién lijkt te zijn, toonden experimenten die het effect van biomassa-adaptatie aan

azokleurstofreductie evalueerden aan, dat er interessante verschillen zijn wat betreft het gebruik van
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verschillende elektronendonoren. In deze experimenten werd de substraatathankelijkheid van de
reductie van de azokleurstof Reactive Red 2 (RR2) door ongeadapteerd korrelslib vergeleken met die
van korrelslib uit een UASB-reactor die synthetisch afvalwater behandelde dat RR2 en vluchtige
vetzuren bevatte. Waterstof, toegevoegd als bulkelektronendonor, was duidelijk de geprefereerde
elektronendonor voor RR2-reductie. Bacterién die de reductie van azokleurstoffen koppelden aan de
oxidatie van waterstof waren reeds aanwezig in het ongeadapteerde entslib. Alleen het RR2-
geadapteerde slib kon de elektronen die afkomstig waren van vluchtige vetzuren aanwenden voor

kleurstofreductie, hetgeen wees op verrijking van vetzuuroxiderende RR2-reducerende bacterién en/of

enzymsystemen.
Direct-enzymatische reductie Indirecte reductie door gereduceer de enzymcofactoren
ED azokleurstof ED ECF azokleurstof
ED aromg‘usche ED ECF,_, aroma_ltlsche
x aminen ox e aminen
1 II.
+ externe + externe
mediator xmedmtor/
V SR
ED AQDS azokleurstof  gp ECF, AQDS azokleurstof
aromatische X aromatische
ED .
o WAHQDS aminen EDor ECF,,~ #AH,QDS Jminen
~_ ¥
II1. IV.
or
ECF |
ED AQDS azokleurstof
aromatische
ED AH,QDS .
ox aminen
ECF
V.

Figuur 7.5° Schematische voorstelling van direct-enzymatische azokleurstofreductie (schema I) en
azokleurstofreductie door gerduceerde enzymcofactoren (schema II), alsmede van het stimulerende effect
van AQDS in beide mechanismen (respectievelijk schema III en schema’s [Ven V).

ED = primaire elektronendonor; b = bacterién; ECF = Enzymcofactor, ox. = geoxideerd; red. = gereduceerd
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7.5.2' Biologische AQDSreductie

Het mechanisme van redoxmediatorgestimuleerde biologische azokleurstofreductie (schema’s IIl en V
in Figuur 7.5”) behelst biologische reductie (regeneratie) van de mediator, bijvoorbeeld biologische
reductic van AQDS naar het corresponderende hydrochinon, antrahydrochinon-2,6-disulfonaat
(AH,QDS). Het vermogen van micro-organismen om AQDS en andere chinonen te reduceren staat
bekend als ‘humus- of chinonademhaling’, i.e. het gebruik van chinonen (in humusstoffen) als
elektronenacceptor voor de oxidatie van elektronendonerende substraten. Deze eigenschap, die
alomtegenwoordig lijkt te zijn onder een brede verscheidenheid aam micro-organismen, is pas relatief
recentelijk onderkend '*°. Het mechanisme van chinonademhaling behelst waarschijnlijk de activiteit
van periplasmatische enzymen met een lage specificiteit voor wat betreft de elektronenacceptor, zoals
het periplasmatische hydrogenase van Desulfovibrio vulgaris waarvan is geconstanteerd dat het
verschillende chinonverbindingen snel kon reduceren ***. Biologische azokleurstofreductie, om het
even of het nu een direct-enzymatische reactie of een reactic met gereduceerde elektronentransporteurs
betreft, zou heel goed van dezelfde enzymen afhankelijk kunnen zijn.

De aanwezigheid en levensvatbaarheid van chinonrespirerende micro-organismen in anaéroob slib is

in recent onderzoek aangetoond ** ¥

. Reductie van AQDS en vele andere chinonverbindingen is
thermodynamisch voordeliger dan methanogenese. Competitiestudies met anaéroob slib bevestigden
dat chinonrespirerende bacterién methanogene bacterién verdrongen voor de oxidatie van acetaat .
Het is daarom uitgesloten dat het toepassen van redoxmediatoren ter versnelling van de reductie van
azokleurstoffen in anaérobe bioreactoren belemmerd zal worden door beperkte beschikbaarheid van
chinonreducerende kracht.

Hoewel het vermogen om chinonen te reduceren zowat een alomtegenwoordige eigenschap van
anaéroob geincubeerde bacterién is °* ®, lieten experimenten waarin het effect van biomassa-adaptatie
voor AQDS-gekatalyseerde azokleurstofreductie werd onderzocht (Hoofdstuk 5) interessante
verschillen zien voor wat betreft het aanwenden van verschillende elektronendonoren. In deze
experimenten werd de substraatafthankelijkheid van AQDS-gekatalyseerde kleurstofreductie door
AQDS-ongeadapteerd korrelslib vergeleken met die van korrelslib uit een UASB-reactor die een
synthetisch afvalwater behandelde dat RR2, AQDS en vluchtige vetzuren bevatte. Het bleek dat het
stimulerende effect van AQDS op de ontkleuring van RR2 door ongeadapteerd slib vooral verband
hield met de overdracht van elektronen uit endogeen substraat naar de kleurstof. Het stimulerende
effect van AQDS op de ontkleuring van RR2 door slib uit de reactor die blootgesteld was aan AQDS
was daarenboven eveneens verbonden met de overdracht van elektronen van waterstof en vetzuren (in
het bijzonder acetaat) naar de kleurstof, vermoedelijk door verrijking van het slib met gespecialiseerde

AQDS-reducerende bacterién.
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7.6° Toepassing van redoxmediatoren ter versnelling van azokleurstofreductie in

anaérobe bioreactoren

7.6.1' AQDS

In Hoofdstuk 5 werden de resultaten gepresenteerd van een studie naar de toepassing van AQDS als
redoxmediator gedurende de continue behandeling van azokleurstoffen in bioreactoren. Voor dat doel
werd de continue behandeling van een synthetisch afvalwater dat de azokleurstof Reactive Red 2
(RR2) bevatte in een laboratoriumschaal UASB-reactor bestudeerd. In de initiéle fase zonder AQDS
was de kleurstofverwijdering laag, minder dan 30%. Het gevolg hiervan was dat er
toxiciteitproblemen optraden die uiteindelijk resulteerden in de volledige remming van de
methanogene activiteit. Het toevoegen van katalytische concentraties AQDS aan het reactorinfluent
leidde onmiddellijk tot toename van de kleurverwijderingsefficiéntie en herstel van de
methaanproductie. Uiteindelijk stabiliseerde de RR2-kleurverwijderingsefficiéntie zich op een hoog
niveau (88%) en hogere AQDS-doseringen leidden zelfs tot nog hogere RR2-
kleurverwijderingsefficiénties (tot 98%). Stabiel reactorbedrijf werd langer dan een jaar volgehouden.
Ook in een korter durend parallelexperiment met een UASB-reactor die een andere azokleurstof
(AO7) behandelde leidde continue AQDS-dosering tot verhoogde kleurverwijderingsefficiénties *.
Het is dan ook duidelijk dat AQDS met succes kan worden toegepast ter versnelling van

azokleurstofreductie in anaérobe bioreactoren.

7.6.2" Actieve kool

Hoewel de vereiste effectieve AQDS-doses laag zijn brengt continue dosering met zich mee dat er
continu kosten zijn in verband met het chemicaliénverbruik en ook dat er voorturend lozing
plaatsvindt van deze recalcitrante verbinding. Het zou daarom een belangrijke verbetering zijn als er
gebruik kon worden gemaakt van een alternatieve redoxmediator die zich in het slibbed laat inbouwen.
Het onderzoek dat in Hoofdstuk 6 werd gepresenteerd liet zien dat actieve kool (AC), waarvan bekend

is dat het oppervlak chinongroepen bevat 27 ° 1?7

, als zo een alternatieve, onopgeloste redoxmediator
dienst kan doen. Laboratoriumschaal UASB-reactoren waarvan het korrelslib gemengd was met AC
waren beter in staat gehydrolyseerd RR2 te verwijderen dan de controlereactor zonder AC. Het effect
van AC overschreed de adsorptiecapaciteit van de kool vele malen, hetgeen duidde op verbeterde
azokleurstofreductie. Dit verschijnsel uitte zich ook in hogere concentraties aniline, een van de
aromatische aminen die ontstaan bij reductie van RR2, in het effluent van de reactoren.
Batchexperimenten leverden aanvullende ondersteuning voor de hypothese dat AC zich als
redoxmediator kan gedragen. Het werd aangetoond dat bacterién uit vermalen korrelslib, net als
bacterién van een acetaatoxiderende chinonreducerende verrijkingscultuur die voornamelijk uit
Geobacter sp. bestond, acetaat konden reduceren onder gelijktijdige reductie van AC. Voorts werd
aangetoond dat AC de snelheid van chemische azokleurstofreductie door sulfide in belangrijke mate
versnelde. Wanneer dit alles bij elkaar in ogenschouw wordt genomen lijkt het er sterk op dat AC

elektronen accepteert die afkomstig zijn van de biologische oxidatie van organische zuren en deze
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elektronen overdraagt op de azokleurstoffen, waarmee de biologische reductie van azokleurstoffen
versneld wordt. Dit vormt het eerste voorbeeld van biokatalyse door AC als redoxmediator en plaatst
de rol van AC in een nieuw licht.

AC kent een lange geschiedenis van milieutechnologische toepassing als adsorbens van
verontreinigingen tijden de zuivering van drink- en afvalwaters *”’. Een gevestigde toepassing van AC
in bioreactoren is het gebruik ervan als adsorbens van schokbelastingen van remmende
verontreinigingen. Daarnaast staat AC bekend als katalysator van verschillende chemische reacties bij
hoge temperaturen (> 250 °C), bijvoorbeeld de reductieve dechlorering van chlooralkanen en de
hydrogenering van aldehyden *, gasfase-hydrogenolyse van gesubstitueerde benzeenverbindingen '*
9 en oxidatieve dehydrogenering van ethylbenzeen ** **°. Het enige bekende voorbeeld van koude
katalyse door AC is de oxidatie van sulfide naar elementair zwavel door elementair zuurstof > 7> "%,
Voor zover ons bekend is het gebruik van AC om biologische reacties te katalyseren nooit eerder
gerapporteerd.

Het mechanisme van AC-gekatalyseerde redoxreacties is niet volledig bekend, maar men heeft
geopperd dat het gaat om reacties met chinongroepen aan het oppervlak van de kool ® **. Het is
daarom gerechtvaardigd om een mechanisme voor te stellen dat uitgaat van redoxmediatie door

chinonstructuren in AC.

7.7’ Concluderende opmerkingen en perspectieven

Uit wat hierboven is besproken is het duidelijk dat de reductie van azokleurstoffen kan worden
versneld door gebruik te maken van redoxmediatoren, i.e. door opgeloste chinonverbindingen continu
te doseren of door de inbouw van AC in het slibbed. Door de lange reactietijd die nodig is voor de
reductie van verscheidene azokleurstoffen te verkorten maken redoxmediatoren het mogelijk om
bioreactoren te bedrijven bij veel kortere hydraulische verblijftijden dan anders nodig zouden zijn voor
de reductie van deze kleurstoffen. Toepassing van redoxmediatoren is daarom een handige truc ter
optimalisering van de ana€robe eerste stap in de volledige biologische afbraak van azokleurstoffen.
Van een anaérobe reactor die op een dergelijke manier is geoptimaliseerd kan worden verwacht dat
deze het leeuwendeel van de azoverbindingen in het afvalwater zal reduceren. De a€robe reactor, i.e.
de tweede stap in de volledige biologische afbraak van azokleurstoffen, zal daarom nauwelijks enige
niet-gereduceerde, a€roob niet-afbreekbare azokleurstoffen ontvangen. In plaats daarvan zal de aérobe
reactor voornamelijk aromatische aminen ontvangen, die vermoedelijk aéroob te verwijderen zijn door
een combinatie van biologische afbraak en auto-oxidatie.

De potentie van het gebruik van redoxmediatoren beperkt zich waarschijnlijk niet tot het verbeteren
van de reductie van azokleurstoffen. Ook van andere reacties is bekend dat ze versneld worden door
redoxmediatoren van het chinontype, bijvoorbeeld reductieve dehalogenering 2 ** 6% 74 96. 246. 262, 263 301
en reductie van nitroaromaten % ®% % 118129 294327 © Apagrobe behandeling van afvalwaters die
dergelijke stoffen bevatten zal baat hebben bij het gebruik van redoxmediatoren omdat de vereiste tijd

zal worden teruggebracht, vooral als de niet-gekatalyseerde reductiesnelheden laag zijn of als reductie

119



Hoofdstuk 7

892 De potentie van het gebruik van redoxmediatoren

van dergelijke stoffen detoxificering impliceert
is voorts waarschijnlijk evenmin beperkt tot afvalwaterbehandeling, maar zou ook kunnen gelden voor
de bioremediatic van bodems die verontreinigd zijn met bijvoorbeeld meervoudig gechloreerde
oplosmiddelen of nitroaromatische pesticiden. Ook in deze milieus kan het toevoegen van
redoxmediatoren helpen om elektronen van natuurlijke of extern toegevoegde elektronendonoren over

te dragen.
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List of abbreviations

AC Activated carbon

AO7 Acid Orange 7

AQDS anthraquinone-2,6-disulphonate
AQS anthraquinone-2-sulphonate

BCF Bioconcentration factor

C.L Colour Index

COD Chemical Oxygen Demand

EO Redox potential at standard conditions
EO’ Redox potential at standard conditions and pH =7
ED Electron Donor

ECF (Redox mediating) Enzyme cofactor
EGSB Expanded Granular Sludge Blanket
FAD Flavin adenide dinucleotide

FADH2 reduced FAD

FMN Flavin adenide mononucleotide
FMNH2 reduced FMN

GC Gas Chromatograph

HPLC High Performance Liquid Chromatograph
HRT Hydraulic Retention Time

ITD Inclined Tubular Digester

Kow partition coefficient octanol/water
Amax wavelength of maximum absorbance
LAS Linear Alkylsulphonate

LCs 50% Lethal Concentration

LDs, 50% Lethal Dose

log P log Kow

M molar

My molecular weight

MWCO Molecular Weight Cut-off

NAD Nicotinamide adenine dinucleotide
NADH Reduced NAD

NADP Nicotinamide adenine dinucleotide phosphate
NADPH Reduced NADP

PVA Polyvinylalcohol

RM Redox mediator

RR2 Reactive Red 2

SA Sulphanilic acid

SBR Sequenced Batch Reactor

SRM Sludge redox mediator

UASB Upflow Anaerobic Sludge Blanket
VFA Volatile Fatty Acids

VSS Volatile Suspended Solids
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Wetenschap bedrijven op het gebied van de milieutechnologie is een merkwaardige bezigheid. Er is
een toepassing en er zijn duizend relevante vragen, vragen die tot op zekere hoogte vaak niet eens zo
moeilijk te beantwoorden zijn, maar let wel: tot op zekere hoogte -en dat is niet voldoende. Je moet de
diepte in, want het moet wel wat voorstellen, wetenschappelijk (consultant worden kan immers altijd
nog). Dus maak je een sprong in de bodemloze poel van het onderzoek, kopje onder in de verstikkende
vrijheid van de vele, vele mogelijkheden. Als het goed is heb je een beetje leren zwvemmen, maar dat
wil nog niet zeggen dat je dan ook een baron von Minchhausen bent: om jezelf op te kunnen richten
heb je steunpunten nodig, de rest is een kwestie van smaak, intuitie en geluk.

Over de steunpunten (ook een kwestie van geluk!) wil ik het hier hebben. Het waren er veel — of beter
gezegd: ze waren met velen. 1k ben ze allen enorm dankbaar. Omdat het maken van onderscheid veelal
nogal lastig, zo niet onmogelijk, is, wens ik te benadrukken dat ik niet getracht heb om in de
onder staande opsomming een duidelijke hiérarchie aan te brengen.

Er is niettemin één persoon die ik hier bedlist als eerste wil noemen, want zonder hem zou ik wellicht
niet eens aan het promotieonderzoek begonnen zjn, zou het proefschrift nooit in deze vorm gestalte
hebben gekregen en zou de afronding ervan me waarschijnlijk veel meer tijd hebben gekost. Het gaat
om Jim Field, mijn copromotor, wiens voortdurende betrokkenheid, enthousiaste begeleiding en
inspirerende inbreng van onschatbare waarde zjn geweest. Daarbij dank ik Jim andermaal, alsmede
‘Mrs. Field" Reyes Serra en hun kinderen Jessi en Carlos voor hun gastvrijheid tijdens mijn drie
maanden in Tucson, Arizona.

In de tweede plaats bedank ik Gatze Lettinga, niet alleen omdat hij mijn promotor heeft willen zjn,
maar ook omdat hij mij nu alweer meer dan een decennium geleden heeft aangestoken met het
anaérobe vuur, dat naar ik hoop voor altijd zal blijven branden.

Voorts dank ik ‘mijn’ studenten (in alfabetische volgorde): lemke Bisschops, Valérie Blanchard,
Renske Bouwman, Annemarie Vogelaar - van Leeuwen, David Strik en Zhigang Xie. |k had het goed
met hen getroffen. Het werk van lemke, Valérie, Renske en David is deels in dit proefschrift
opgenomen. Zhigang had de ondankbare eer de eerste student op mijn project geweest te zijn; van zijn
resultaten is weliswaar niets terug te vinden in dit proefschrift maar ze zijn bedlist van waarde geweest
bij de verdere ontwikkeling van het onderzoek. Annemarie haar onderzoek, dat tevens begeleid werd
door de inmiddels gepromoveerde Nico Tan, viel voornamelijk in het kader van het
promotieonderzoek van laatstgenoemde en een deel van haar resultaten kan dan ook worden
bewonderd in diens proefschrift (ISBN 90-5808-374-8).

Ik bedank de partners-uitvoerenden van het EET-project voor de prettige samenwerking: Carla
Frijters, Ronald Mulder en Ramond Vos (Paques b.v.), Anton Luiken en Dan Ravensbergen (TNO-
textiel), Willy van Tongeren (TNO-MEP) en de heer van Hensbergen (VTN).

De xenobiotica-collegae zjn de volgenden op m'n lijst: Paco Cervantes, Laura Puig en Nico Tan -it
was great to work with you! Ik hoop dat de (tot op heden hoofdzakelijk Nederlands-Mexicaanse)
traditie van dergelijk onderzoek in de toekomst zal worden voortgezet.

Hardy Temmink bedank ik voor de samenwerking tijdens een voortijdig afgebroken experiment en
Maurice Luijten van het Laboratorium voor Microbiologie bedank ik voor de samenwerking tijdens
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een tweetal niet geheel geslaagde experimenten. De Nobelprijs moet dus helaas nog maar even
wachten.

Dan haast ik me nu verder met een welgemeend en in elk geval jegens één persoon enigszins door
géne ingegeven dankwoord aan mijn (voormalige) kamergenoten in suite 714. Op volgorde van
binnenkomst: Niels van Ras, Laura Puig, Johan Vermeulen, Paula Paulo en Jan Spma. Dank voor
jullie gezel schap/ thanks for your company!

Voor het regelmatige vervangen van de kapotte lamp van de spectrofotometer, alsmede voor andere
analytische ondersteuning bedank ik llse Gerrits, Johannes van der Laan, Geert Meijer en Hillion
Wegh. Hed hartelijk bedank ik bovendien Vinnie de Wilde, voor het advies over velerlel praktische
zaken

Uiteraard bedank ik ook de dames van het secretariaat en de administratie; Heleen Vos, Liesbeth
Kesaulya, Anita van de Weert, Gerda de Fauw, Marianne Pluigers, Inge Ruisch en Manja Stulen.

Voor (hulp bij) het oplossen van de —dankzij microsoft (vooral het gruwelijke Word) onvermijdelijke-
computer problemen bedank ik onder meer Hans Donker, Ton Erenst en Jan Daniél Houthuijzen.
Andere (ex-)collegae op het Biotechnion die ik evenmin onvermeld wil laten, in verband met de vaak
leuke, soms ook wetenschappelijke, gesprekken bij koffie, lunch of anderszins, zjn (wederom in
alfabetische volgorde): Marc Boncz, Harry Bruning, John Copp, Chiel Cuypers, Miriam van Eekert,
Sybren Gerbens, Tim Grotenhuis, Bert Hamelers, Look Hulshoff-Pol, Michiel Kotterman, Robbert
Kleerebezem, Son Kortekaas, Piet Lens, Marjo Lexmond, Jules van Lier, Peter van der Maas,
Adriaan Mels, Titia de Mes, Huib Mulleneers, Henri Spanjers, Adrie Veeken, Marcus Vallero, Jaap
Vogelaar, Jan Weijma en Marcel Zandvoort, zo ook de vele studenten en gastmedewerkers die
kwamen en gingen, de Bennekomse proefholbewonders, als ook de meeste anderen wier namen hier
onbedoeld, maar met welgemeende excuses, ontbreken.

| am also grateful to the people of the Department of Chemical and Environmental Engineering of the
University of Arizona, especially to the anaerobic colleagues: Hani, Juan, Claudia and Jennifer.

Aan het dlot van mijn laatste promotieonderzoekexperiment waren Caroline Plugge en Maaike de
Vries van het Laboratorium voor Microbiologie zo vriendelijk om vele uren naast mij achter de
microscoop te zitten om foto’s te schieten van het koolreducerende beestje uit Hoofdstuk 6. Hartelijk
dank! en ook excuses, want het bewijs van deze sessie heb ik uiteindelijk toch niet af laten drukken.
Hoe onbevredigend of ronduit rampzalig de week van deze promotieonderzoeker soms ook was, de
vrijdagavond in Loburg hielp altijd om dat allemaal te vergeten. Dat lag niet alleen aan de drank of
het personeel, maar vooral ook aan het gezelschap: Maurice, Miriam, Hardy, alsmede een in getal en
samenstelling steeds wisselende groep collegae milieutechn- en microbiologen plus aanverwanten.
Ook dank ik mijn huisgenoten Marc Debets en Jean-Paul Haerkens, omdat ze al die jaren garant
stonden voor mijn leefbaar Wageningen.

Tot bedluit bedank ik mijn ouders, voor hun interesse en vertrouwen. Helaas maakt mijn moeder de
promotie van haar zoon niet meer mee. Aan haar draag ik dit proefschrift op.
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