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ABSTRACT

The continuing industrial development has led tocoaresponding increase in the
amount of waste water generation leading to a apresgial decline in levels and
quality of the natural water in the ecosystem. ffexndustries consume over 7 x°10
tons of dyes annually and use up to 1 litre of watr kg of dye processed and are
third largest polluters in the world, the problemirg aggravated by the inefficiencies
of the dye houses. An abundance of physio-chermethods are in use world wide,
however, there is increasing concern as to thgrachin effectively treating textile
effluents as they introduce secondary pollutantenduthe ‘remediation’ process
which are quite costly to run, maintain and clepnRiesearch on biological treatment
has offered simple and cost effective ways of mwdiating textile effluents. While
aerobic treatment of textile dyes and their efflsdms been reported, its major draw
back is commercial up-scaling and as such anaesyistems have been investigated
and shown to degrade azo dyes, which form the btike dyes used world wide.
However, the mechanisms involved in the bioremeahiadf these dyes are poorly
understood. The aims of this study were to identfyd investigate the role of
enzymes produced by sulphate reducing bacteria Y$RBioremediating textile dye

and their effluents.

Sulphate reducing bacteria were used in this shebause they are tolerant to harsh
environmental conditions and inhibit the prolifecarof pathogenic micro-organisms.
The appearance of clear zones in agar plates oomganzo dye concentrations
ranging from 10 — 100 mglshowed the ability of SRB to decolourize dyes unde
anaerobic conditions. Assays of enzymes previotggpprted to decolourise azo dyes
were not successful, but led to the identificatioih hydrogenase enzyme being
produced by SRB. The enzyme was found to be laghlia the membrane and
cytoplasm. A surface response method was used timinp the extraction of the
enzyme from the bacterial cells resulting in apprately 3 fold increase in
hydrogenase activity. Maximum hydrogenase actiwis found to occur after six
days in the absence of dyes but was found to cafter one day in the presence of
azo dyes. A decline in hydrogenase activity theeeafsuggested inhibition of

enzymatic activity by the putative aromatic amirm@educed after azo cleavage.



Purification of the hydrogenase by freeze dryingly ethylene glycol, and Sephacryl
— 200 size exclusion- ion exchange chromatographgaled the enzyme to have a
molecular weight of 385 kDa when analyzed by a %@ SDS-PAGE.
Characterisation of the enzyme revealed optimalvigctat a pH of 7.5 and
temperature of 40C while it exhibited a poor thermal stability wighhalf-life of 32
minutes. The kinetic parameters,y and K, were 21.18 U mt and 4.57 mM
respectively.

Application of the cell free extract on commeraiges was not successful, and only
whole SRB cells resulted in decolourisation of tyes. Consequently trials on the
industrial dyes and effluents were carried out witiole cells. Decolourisation rates
of up to 96 % were achieved for the commercial dya$sup to 93 % for the industrial

dyes over a period of 10 days.
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1 LITERATURE REVIEW

1.1 Introduction

Textile demand has been steadily increasing wortteviollowing world population
growth and stimulated by a growing Gross DomestiodBct (GDP) in many

countries, primarily in Pacific Asia (Figure 1.1).

Africa/ Mid-east
Latin America %

5% / Western Europe
Eastern Europe 17%

3%

North America
21%

Asia/ Pacific
47%

Figure 1.1 World textile demand by region, 2001. (8apted from, Textile world, 2005)

Cotton and polyester account for 78 % of the wark#'xtile demand. Following this
trend, reactive and disperse dyes are the mostadtidyes for colouring cellulosic
fibres (Table 1.1). Azo dyes that account for @0% of the dyes consumed in textile
processing (Mendez-Pa&z al, 2004; Yanget al, 2004) are characterised by a typical
double azo bond linkage (-N=N-), which is the masimmon chromophore of

reactive dyes. The delivery of colour onto fabsmbt an efficient process and up to
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40 % of the dyes are lost during the dyeing pro¢8ssiz, 2001; Pearcet al, 2003;
Moreiraet al, 2004).

Table 1.1 World textile dye market in 1998 (Adaptedrom Hunger, 2003).

Dye class Market share, 10Tons Market share, %
Disperse dyes 2.3 28

Reactive dyes 2.3 27

Vat dyes 0.8 10

Indigo 0.3 4

Sulphur dyes 6

Direct dyes 10

Naphthols 4

Others (anionic, cationic, etc) 11

Total 8.7 100

Dyeing, desizing and scouring are the major souofewater pollution in textile
effluent. Textile and dyestuffs waste waters araratterised by their highly visible
colour, high chemical oxygen demand (COD), susperstdids and alkaline pH (9 —
11) (Manu and Chaudhari, 2001) thus effluent diegphdrom these industries into the
environment is a major cause for concern. As dyesdasigned to colour various
substances and solutions indefinitely, there isagneotential for these dyes to
accumulate in the environment as many of them a&wealcitrant to normal
bioremediation (Belet al, 2000).

Several chemical and physical decolourisation nughihat are available include:
adsorption, precipitation, coagulation/ flocculatio oxidation, electrolysis and
membrane extraction. These techniques are effedtivecolour removal but are
energy intensive and introduce chemicals which rasewanted in the first place.
They also concentrate the pollutants into solidigquid side streams which require
additional treatment or disposal thus escalatirsg 0b effluent treatment (Beét al,
2000; Robinsort al, 2000; Shavet al, 2001).

Biological decolourisation is the most common anidespread technique used in
textile effluent treatment (Hunger, 2003). There &vo types of biological treatment:

aerobic and anaerobic. Aerobic systems require exyigpr fungi and bacteria to
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perform the degradation process whereas, anaeopbi@te in the absence of air and
under static conditions. Activated sludge has bskeown to remove a moderate
amount (10 — 20 %) of the colour by adsorption ¢ and sludge biomass (Stolz,
2001; Hunger, 2003). The efficiency of biologiaaatment systems in textile effluent
treatment has stimulated investigation into thei@cmechanism behind the process.
As such there has been a growing recognition thayrees can be used in many
remediation processes to target specific pollutdotstreatment. In this direction,
recent biotechnological advances have led to tlelymtion of cheaper and more
readily available enzymes through improved isotatand purification procedures
(Nuran and Esposito, 2000). The potential advastagieenzymatic treatment as
compared with conventional treatments include: igppbn on recalcitrant materials,
operation at high and low contaminant concentratimver a wide pH range,
temperature and salinity range, acclimatizationbtomass and the easy control

process (Nuran and Esposito, 2000).

1.2 Textile processing and dyeing

In order to understand the impact of textile effiijat is necessary to gain an insight
into the processes that bring about the effluehe fhajor sources of textile effluent
are the dye houses and the major processes invaheedesizing, scouring, bleaching,
mercerizing, dyeing and finishing. A schematic esgntation of these main stages

involved in processing textile fibres is shown (g 1.2).
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Scouring Weaving Scouring

—»E

[ I [
Dyeing Desizing Dyeing

I | [
Carding Scouring Scouring and

I | Bleaching
Fulling Bleaching |

| Finishing

I
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Dyeing and
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Figure 1.2 Diagrammatic representation of textile ibre processing and the major stages
of effluent discharge (adapted from Barnest al., 1992). E denotes the effluent discharge
at each stage.

The major stages involved in the colouring of cottmd synthetics, using azo dyes
are:
a) Desizing This is the preliminary stage of cotton procegsiBasically it
involves the removal of size from cotton with the af enzymes or detergents
(i.e. acid or alkali) to produce a homogenous falmi preparation for the
subsequent processing. Sizes are organic compauulisas starch, and its
derivatives, cellulose-derivatives, polyacrylatesl @olyvinyl alcohol (PVA).
Therefore desizing effluent is characterised byhhagganic compounds and
Chemical Oxygen Demand (COD), (Carliell, 1993). &afly size effluents
represent the main component (~ 60%) of the orgl@id of effluents from
the textile finishing mills (Schluter, 1991).
b) Scouring. The purpose of this stage is to remove oils,, faixes, soluble
impurities and any other solid dirt that may haeerb left over by desizing.

The fabric is treated with detergents. Scouringluefit is therefore
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d)

characterised by high COD and pH values. The «iflue coloured by a
strong yellow-brown colour which is often referreas “Brown Yorkshire
Grease” (Trotman, 1968).

Bleaching This process removes the natural colouring maltiatr cannot be
removed by scouring in a purely chemical reactibime overall objective of
this stage is to improve the whiteness of the lextbric, through redox
reactions. The main chemical used is sodium hypoitbland as a result the
effluent has high levels of halogens (Carliell, 229

Mercerizing. Involves the treatment of cotton fibres with appmately 20 %
caustic soda, to increase tensile strength andowepdye affinity of the fabric.
High pH is the major characteristic of mercerisaffjuents.

Dyeing and finishing There are three methods of dyeing textiles namely
mass dyeing, which involves dying of synthetic moty before fibre
formation; pigment dying where an insoluble coldraraffixed on to the fibre
surface with the aid of a binder; and exhaustioairtly from an aqueous bath
with dyes that have an affinity for the fibre. Ofet three methods, the
exhaustion method is the most commonly used (Hyr2§83).

Dyes used for imparting colour include cationichfionic or anionic. The
cationic and anionic dyes are direct, acid and trneaadyes (Mishra and
Tripathy, 1993). It is these water soluble reactwel acid dyes that are the
most problematic as they tend to pass through ctdioraal treatment systems
(Willmott et al, 1998). Non-ionic dyes refer to disperse dyesibse they do
not ionize in aqueous media and, if they are nebdzked onto the fabric, they
end up being discharged as waste water (Robiesah, 2000). Application
of dyes can be continuous or batch. The volumeyefabntaining effluent
resulting from batch dyeing is greater than thategated from a continuous
process, as between four and ten rinses are reqaifter batch dyeing
(Carliell, 1993). Finishing involves final rinsingf the fabric after dyeing to
improve quality. Therefore colour is the major netible characteristic in

dyeing and finishing effluent.
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1.3 Dyes and Pigments

1.3.1 History of textile dyeing

The first steps into the world of textile and dygivere started when man discovered
the use of animal hides and skins to interlace tedde derivatives such as hemp,
creeper, mannilla, sisal and even pulp bark in waiegform tape cloth (Robinson,
1969). This led to the subsequent development afl witax, linen, cotton and silk.
Once the ‘material’ became available there waseal te add colour to the material.
The art of dyeing and fabric patterning with dyesl @igments dates back to 800BC
(Robinson, 1969), however, scientists have bees tabtlate the black, yellow, white
and reddish pigments made from ochre used by pvenihan in cave paintings to
over 15000BC (Grierson, 1989).

In order to understand the art and history of dyeinis important to understand how
the process of dying started. By definition theredyeing’ refers to the process of
colouring fibres, yarns or fabrics using a liquidntaining colouring matter for

imparting hue to a substance. The substances tbe¢ wsed for decorating or
imparting a particular hue in the earliest timeg/rbe classified into four categories
(Robinson, 1969). The first and most primitive noethwas to use natural products
such as leaves, flowers, fruits, sticks, wood, Ishékir, and similar objects without
modification. These were merely interlaced and ggdsnto or stuck on the body or
fabric with albumen or clotted blood to impart angorary coloration (Robinson,

1969).

The second method involved physical rubbing ofdbsired colours onto the cloth.
The pigment colours were derived from crushed antblime, gypsum and clay to
give white and creams; haematite, ochre, iron fumh iron minerals and earths
generated yellow, reds and browns; soot and coet weed to give black and grey
shades. The pigments were bound to the fabric bynmithem with resins obtained
from trees, egg albumin, clotted blood or saliva.sbme cases the pigments were

roasted with turpentine, glues or wax to enhanstéss of pigments to the fabric.

The third method in the development of the dyamdustry entailed use of a true

dye, where the colour of a substance was depositéal the fabric in an insoluble
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form. Many of these dyes were obtained from crugliinits, flowers, roots and even
bark to yield a thin coloured paste which was tharshed onto the fabric. These true
dyes were also boiled or steeped in water to gidyeatype concoction to improve
fastness (Robinson, 1969).

The fourth method employed the use of the sun diiremoke to impart colour in the
form of patterns onto the fabric. Light rays frone tsun tend to bleach out the natural
colour of fabric such as bark, grass, and clotivel as many dyed fabrics. Addition
of colour onto the fabric was achieved by placitensil plates over the fabric and
exposing it to direct heat from the sun. A darkerat then emerges from underneath
the plates when treated with heat from fire, toega/ similar result, however, extra
soot (almost pure carbon) was deposited as ani@aalippattern through the stencil or
the whole fabric would be heavily stained to yieldleep, even black colour often
difficult to obtain from natural dyestuffs. Thisctenique was widely applied in East
African tribes where the soot was scraped off decbhg plate and mixed with
cooking fat, resin, clay or soil onto bark fibresyield a beautiful deep black stain
(Trotman, 1968).

The biggest drawback to all these methods of fattyieing was inefficiency of the
fixation process. All these pigments although fadtght, they were not fast to water,
humidity or sheer wear. Therefore there was a ssridemand for a permanent
fixation of dyes onto fabric. This stimulated a wheoange of experiments leading to
the discovery of ‘magic’ properties being foundcartain rivers, sea water, saliva and
even urine. These provided a more permanent effgoh the fabric. As technology
progressed, further experiments gradually isoldtesl ‘magic’ quality leading to

discovery of mordanting and chemical conversions.

Interestingly, not all the fabric was meant to ntaiim colour, some ceremonial gowns

for royalties were brightly coloured with non-pemeat stain dyes (Robinson, 1969).

1.3.2 The basis of colour in dyes

Dyes are characterised in accordance with theiaafpto absorb the energy of a
particular part of the electromagnetic radiatiorwtoich the human eye is sensitive

(Rys and Zollinger, 1972). Dyestuffs give colouthe material onto which they have
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been anchored, by selectively retaining some ofwheelengths out of the light
falling upon the surface. However, there are onlyea organic molecules that
possess this property of absorbing light selecti@rotman, 1990). Therefore if a
dye absorbs strongly at the red end of the spectihwerlight which is reflected is of a
bluish hue (Table 1.2).

Table 1.2 Colour absorbance spectrums (Adapted frofirotman, 1990, p254).

Wavelength of Absorbed light Visible colour
Light absorbed nm

400 - 435 Violet Yellowish Green
435 — 480 Blue Yellow

480 — 490 Greenish Blue Orange

490 - 500 Bluish Green Red

500 - 560 Green Purple

560 — 580 Yellowish Green Violet

580 — 595 Yellow Blue

595 — 605 Orange Greenish Blue
605 - 750 Red Bluish Green

A coloured compound is built up from three subsystenamely aromatic groups
called chromophores which are characteristicalpctebn accepting molecules and
secondly, nucleophiles commonly referred to as elw@mes. These are electron
withdrawing and contain substituted groups like ramihydroxyl, sulfonic and

carboxylic groups. The third constituent of a tgbicoloured compound is a system
of conjugated double bonds that joins the chromoplamd auxochrome to form a
colour specific compound known as a chromogen (@cell 2001). Besides
supplementing the chromophore in the productioncolour, they also enhance
solubility of the dye and increase its affinity tamds fibres (Trotman, 1990). Both
auxochromes and chromophores shift the higher wagéh absorption bands of the
conjugated system to longer wavelengths (bathocically) and both can be

classified empirically in order of increasing bathmmic effect on a particular

conjugated system (Rys and Zollinger, 1972).

1.3.3 Classification of dyes

Dyes may be classified according to either chemisalucture (chemical
classification) or by usage (colouristic classifica) (Rys and Zollinger, 1972;
Trotman, 1990). Chemical classification is predaanithy used by the practising dye

chemists who use terms such as azo dyes, anthoaguidyes, or phthalocyanine
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dyes. On the other hand, the dye technologist esésuristic classification and
speaks of “reactive dyes for cotton” and “disperdges for polyester” (Trotman,
1990).

However, a review of the whole field of technicayed reveals that the two
classifications are interlinked, since there isdhama chemical class of dyes which
occurs solely in one colouristic group and vicesaerSimilarly some colouristic
groups can be applied to two or more substratedstwdthers are more specific to a

single substrate (Rys and Zollinger, 1972).

1.3.3.1 Chemical classification

This is probably the most appropriate classificatiand offers advantages over
colouristic classification. Firstly it readily idefies dyes belonging to a particular
group that has characteristic functional propereéeg. azo dyes are strong, have good
all round properties and are cost effective. Amjbmaone dyes on the other hand are
not as effective and are more expensive (Trotm&30;1 Robinsonet al, 2001).
Secondly this classification is manageable withpees to the number of different
chemical groups (about a dozen). Most importanttys classification is widely
applied by both the synthetic dye chemist and greetdchnologist. Thus both parties
can readily identify with phrases such as ‘azo ol anthraguinone red, and
phthalocyanine blue (Rys and Zollinger, 1972; Hun@@03). Figure 1.3 shows the
structural formulas of the dyes that were usedthim study.
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Figure 1.3 Structural representation of textile dyediversity
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1.3.3.2 Colouristic classification

Classification by usage or application is the gplec system adopted by the colour
index (Trotman, 1990). The most important and wideded textiles fibres are cotton
and polyester, and because of this the dyes predmthy used are those for dyeing
these two fibres, and to some extent polyestecootblends. Dyes classified
according to method of application maybe anioniceal or disperse depending on
their terminal application i.e. either uses on @it cellulose or polyamide fibres
(Hunger, 2003).

1.3.4 Azo Dyes

Azo dyes are by far the most important and veesatiss of dyes which have been
studied and used more than any other class (2012]; Hunger 2003). They are
water-soluble synthetic organic compounds possgs8ie characteristic —N=N-,
which links the chromophore and auxochrome to feotoured molecules of great
structural diversity. Generally azo dyes contaitmeen one and three azo linkages,
linking phenyl and/or naphthyl rings that are uBuasubstituted with some
combination of functional groups including triaziamino, chloro, hydroxyl, methyl,
nitro and sulphonate (Bedit al, 2000). Azo dyes exist in theansform (Figure 1.4)

in which the bond angle is ca. 120°. The nitrogemma are sphybridized and the
designation of A and an E group is consistent walour index (C.l.) usage (Colour
index, 1971).

A—N

N\

N—E
Figure 1.4 The azo chromophore

Typical properties of an azo dye are the groupsvhAi represents electron accepting
substituents particularly hydroxyl and amino grqupdile E represents electron
withdrawing groups such as halogens and carboxgt@ups. Dyes without any
substituents that carry only aromatic groups sichemzene are known as carboxylic
azo dyes while those with heterocyclic groups eferred to as heterocyclic azo dyes

(Hunger, 2003). The fact that the azo bond can together various chromophores

11
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and auxochromes illustrates the enormous struatlivatsity that is possible with azo
dyes leading to a wide spectrum of shades, mainihirw the scale of red.
Unfortunately, the disadvantage limiting their ftion is that none of the azo dyes are

green (Rys and Zollinger, 1972).

1.3.5 Anthraquinone dyes

These dyes constitute the second largest dyes%-abthe entries in the colour index
(Van der Zee, 2002). Anthraquinone dyes are cheigetd by a quinoid ring which
has either hydroxyl or amino groups attached togdeeral chromophore structure.
Hydroxy-anthraquinones are more common due to thistological application and
include mordant dyes such as alizarin and alizagthS. The amino-anthraquinones
are less common and include dyes like nuclear regtwhich is used in staining

nuclei red.

1.4 Textile effluent and waste water

Textile industries consume large volumes of watad a&hemicals during wet
processing of textiles. The chemical reagents dsethg manufacture and processing
are diverse in chemical composition ranging fromrganic compounds to polymers
and organic products (Banet al, 1996; Juangt al, 1996). There are over 100 000
commercially available dyes with about 700 000 tbasig consumed in the textile
industry (Robinsoret al, 2001; Parac-Ostermann, 2004). By design the nibajof
dyes are recalcitrant so that they can confer coldo the designated materials
(Plumb et al, 2001) and resist fading on exposure to sweatp,swater, light or
oxidizing agents (Banat al, 1996; Robinsoet al, 2001).

Dye waste waters enter the environment from manwfacs and consumers (i.e.
textile, leather and food industries) usually ie fbrm of dispersion or a true solution
(Seshadraet al, 1994; Bellet al, 2000) and often in the presence of other organic
compounds originating from operational processego@ is the first contaminant to
be recognized in textile waste water and has toeb®ved before discharging into
water bodies or onto land (Barett al, 1996; Kumaret al, 2005). The presence of
small amounts of dyes in water (even < 1 ppm) ghlyi visible and it affects the
aesthetic merit, causes significant loss in lumiyosind any increase in the
temperature will greatly deplete the dissolved @tygoncentration in waste water.

This results in subsequent alteration of the aquetosystem (Moreirat al, 2004).

12
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The removal of colour from textile waste water iep more important than the
removal of the soluble colourless organic substandaich usually contribute to the
major fraction of Biochemical Oxygen Demand (BOMethods for the removal of
BOD from most of these effluents are fairly welltaddished (Banatt al, 1996;
Sponza and Isik, 2002; Peareeal, 2003). On the other hand textile waste waters
exhibit low BOD to COD ratios (< 0.1) indicatingeih difficulty to bioremediate or
breakdown (Pagga and Brown, 1986). On the wholgtilde waste water is
characterised by unfixed dyes, organic pollutamtsah higher than regular domestic
waste water), large amounts of COD (organic comgsyrhigh conductivity due to
salts, high amounts of sulphide and heavy metadstdichlorinated bleaching agents

and halogen, sulphur or heavy metal dyes (Poré£8;1Balidia, 2001).

1.5 Environmental legislation on textile effluent

In the last few years, environmental legislaturewtthe appearance of colour in
discharges, combined with increasing cost of wattehe industrial sector has made
treatment and re-use of dying effluents increagiagfiractive to the industry (Maiet
al., 2004). Effluent discharge from textiles and dy#sindustries into water bodies
and waste water treatment systems is currentlyirmgussgnificant health concerns to
environmental regulatory agencies. Government lgas is increasingly becoming
more stringent especially in the more developechttas, regarding the removal of
dyes from industrial effluents. Environmental pglim the United Kingdom (UK)
has, since September 1997, stated that zero syntfemicals should be discharged
into the marine environment (Willmogt al, 1998; Robinsort al, 2003). Effluent
discharge regulations in Germany are amongst thet stiongent in the world. Textile
effluent discharge has to meet the following gurded: coloration, toxicity, Total
Organic Carbon (TOC) content, absorbable of orghaiogens, presence of metals,
and salt content (Carliell, 1993; Robinsztral, 2003).

However in developing countries there is lack gfaleenforcement of environmental
legislation, mainly as a result of limiting finaatresources. This results in significant
contamination of the environment by large industtieat can afford to pay municipal
fines. Protection and preservation of the enviromme South Africa is increasingly
becoming a national concern. The Department of WéiH#airs and Forestry
(DWAF), which is the custodian of South Africa'steraresources (Zokufa, 2001) has

13
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policies and laws that are based on integratedrafe#d management. Its fundamental
objectives include the achievement of equity ineascof water resources, and its
sustainable and efficient use; and to minimise gbeential risk of environmental
contamination (Fresh water country profile, 2002gislation in South Africa states
that discharged effluent must conform to a genstaahdard of zero colour, although
in practise the measurement of colour is often dmaed by interference from
natural colouring agents and suspended solidsamiter bodies (Carliell, 1993).
There are no stringent limits set for effluent T@@d COD in South Africa, thus
allowing textile industries to get away with dumginigh organic content effluents to
municipal waste water treatment plants (Quikedllal, 1997). The municipalities
calculate effluent charges based on the organic lof the effluent (usually
determined by COD), and therefore the dischargdesfzing and scouring effluents
usually results in extremely high effluent treatmpenalties. However, the cost of
pre-treating these effluents versus the penalteesalivays debatable as some
companies prefer to dump their waste at the expehsiee environment. Therefore,
there is need to develop cheap cost effective mdsthior removal of these

contaminants before discharge into the environment.

1.6 Textile effluent treatment methods

Effluents from textile industries are the most egsive from an ecological and

physiological perspective (Parac-Ostermah al, 2004). In order to achieve

satisfactory and acceptable quality levels thaivaltecycling of textile waste water,

removal of dyes and related compounds is very atuBased on the fact that azo
dyes constitute the largest percentage of textjlesdmost treatment methods are
based on the decolourisation of azo dyes (Raghawgah1997). Currently the main

operational methods used in treatment of textilestevavater involve physical and

chemical processes (Shatval, 2001; Liuet al, 2005).

There are several factors that determine the teahand economic feasibility of each
dye removal technique. These include; dye type,pamition of the waste water, dose
and cost of required chemicals, operational castsjronmental fate and handling
costs of generated waste (Van der Zee, 2001). Bgehremoval technique has its

limitations and one individual process may not bfficent to achieve complete

14
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decolourisation (Table 1.3). To overcome this peabl dye removal strategies

involve a combination of different techniques (Ragdcharya, 1997).

Table 1.3 Advantages and disadvantages of physicaind chemical textile effluent
treatment.

Physical/ Chemical Methods Advantages Disadvantages
Fenton’s reagent Effective  decolourisation dludge generation
both soluble and insoluble dye
Ozonation Applied in gaseous state; n8hort half life
alteration of volume
NaOCI Initiates and accelerates azBelease of aromatic amines
bond cleavage
Photochemical No sludge production Formation of preducts
Cucurbituril Good sorption capacity forHigh operating cost
various dyes
Electrochemical destruction Breakdown compounds are ridigh cost of electricity
hazardous
Activated carbon Good removal of a variety d¥ery expensive to operate
dyes
Peat Good adsorbent due to cellulé8pecific surface areas for
structure adsorption are lower than
activated carbon
Wood chips Good sorption capacity for aci®Requires long retention times
dyes
Silica gel Effective for basic dye removal  Side react prevent
commercial application
Membrane filtration Removes all dye types Conceattaludge production
lon exchange Regeneration; no adsorbent loss  Nexttafé for all dyes
Irradiation Effective oxidation at lab scale Rigs a lot of dissolved O
Electro kinetic coagulation Economically feasible ghisludge production

1.6.1 Physical methods

These include traditional physical-chemical techegsuch as ultra filtration, reverse
osmosis, ion exchange and adsorption on variousriaeists (activated carbon, peat,
fly ash, and coal, wood chips, and corncob) (Azhat al, 2003). Adsorption
techniques are more popular due to their efficieimcthe removal of pollutants too
stable for conventional methods (Lin, 1993; Chatyal, 1999). Decolourisation of
azo dyes is a result of two mechanism$;adsorption onto a solid matrix afg) ion
exchange as a result of differential charges betvdyes and the matrix (Slokar and
Le Merchal, 1998). These two mechanisms are infiednby physical-chemical
factors such as dye-sorbent interaction, sorbenfase area, particle size,
temperature, pH and contact time (leual, 2005).

Adsorption with activated carbon is also a widelyed technique especially for

decolourisation of mordant and acid dyes and tligatly lesser extent disperse, vat,
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pigment and reactive dyes (Raghavacharya, 1997vBaRao and Ram Mohdao,
2005).

Physical treatment methods have the advantagdéhéatare non destructive, but the
major set back is that they do not effectively remdhe colour but they simply

transfer the pollutant from the liquid phase (water a solid matrix, (adsorbent). This
normally requires expensive regeneration operatanfie adsorbent materials thus
post treatment of the solid waste is required (Ségat, 2001; Liuet al, 2005).

1.6.2 Chemical methods

Widely used techniques include oxidation reactigrsptochemical oxidations and
electrochemical treatment (Shawal, 2001; Basava-Rao and Mohan-Ra005), of
which, oxidation processes are the most commons T$iprimarily due to its
simplicity of application with hydrogen peroxide ibg the main oxidizing agent.
Chemical oxidation removes the dye from the dyentaiaing effluent by oxidation
resulting in aromatic cleavage of the moleculesgfR&acharya, 1997). Other newer
emerging techniques which include oxidation witmtéa’s reagent (Liet al, 2005),
photo catalysis (Yangt al, 1998), and ozonation have shown great poteftial
effectively removing dyes from waste water. Thesehhiques, however, involve
complicated procedures and are economically urdkasior application on a
commercial scale (Chang and Lin, 2000). Use oaultolet light in photo catalysis is
not effective for dark coloured effluents as the tdhnot penetrate the depth of the
waste water. Chemical treatment methods also passriaus threat of introducing

secondary pollution due to excessive chemical Bsargceet al, 2003).

1.7 Bioremediation of textile effluent

A wide range of structurally diverse dyes are comstdl within a very short time
during textile processing. Therefore, textile effits are extremely variable in
composition (Correi@t al.,1995). This underlines the need for a largely noeegic

treatment process of textile effluents. Alternati@pproaches utilizing microbial
biocatalysts to remove dyes in textile effluenteddf potential advantages over
conventional processes due to minimal impact on émeironment and cost
effectiveness (Hiroyuket al, 2002). These treatment textile processes asntaly

self sufficient and do not require rigorous mornitigr Options for biological
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treatment of textile effluent may be single phasFohic or anaerobic or a
combination of the two (Stolz, 2001).

1.7.1 Fungal biodegradation

Lignin degrading (White Rot) fungi have been showndegrade several aromatic
compounds due to the presence of three lignin mindjfenzymes, namely laccase,
lignin and manganese peroxidase (Fu and Viaragha2@@dl, Wesenbergt al,
2003). The most studied white rot fungi in regatdsxenobiotic degradation is
Phanaerochaete chrysosporiut8everal researchers have shown the ability &f thi
fungus to degrade dioxins, polychlorinated biphen®CBs) and several azo dyes
(Banatet al, 1996; Wesenbergt al, 2003).

Although stable operation of continuous fungal eamtors for the treatment of
synthetic dye solutions has been achieved (Mielgal, 2001; Zhang and Yu, 2000),
commercial utilization of lignolytic fungi in thegatment of dye containing waste
water is faced with several problems:

a) traditional sewage treatment plants are not ideditats for lignolytic fungi
and therefore their cultures require special bici@s,

b) lignin modifying enzymes require an external souwtearbon for cultivation
because neither lignin nor any of the pollutantgrdded by the enzymes has
been shown to be utilized as a carbon source. Merethey are thought to be
expressed during secondary metabolism, followirgmjn when carbon and
nitrogen sources become limiting (Swamy and Ramka§6b),

c) the enzymes function optimally at low acidic pHues (4.5 — 5). This would
require extensive acidification of the characterédly highly alkaline textile
waste water which may result in the inhibition ofher useful micro-
organisms like bacteria (Zhang and Yu, 2000),

d) turnover rates of lignolytic fungi are rather loghanget al (1995) reported
the decolourisation of Acid Orange 7 by a funguswo months. In other
experiments dye decolourisation rates ranging f&in— 150 mg per litre
within 5 — 10 days have been reported (Paszczyetski, 1992; Swamy and
Ramsay, 1996a, b; Hardat al, 2000). Therefore application on a commercial

level is economically feasible when the turnoveretiis long, and
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e) lignin modifying enzymes are highly unspecific tbe oxidation of aromatic
and xenobiotic compounds. Therefore, their appboain a typical textile
effluent that contains a complex mixture of dyesl @hmemical compounds

would be extremely inefficient.

1.7.2 Bacterial biodegradation

1.7.2.1 Aerobic

Investigations into bacterial dye biotransformati@ve been mainly focussed on the
most abundant class (azo) of dyes. The electrohdvatving nature of the azo
linkages obstructs the susceptibility of azo mollesuo oxidative reactions (Fewson,
1988). It has been reported that aerobic sewagémient plants reduce the level of
dyes by adsorption to the sludge biomass, in aemymatic process (Pagga and
Taeger, 1994). Therefore conventional aerobic sewagatment systems are not
useful for the decolourisation of effluents contagnazo dyes and related coloured
compounds (Schonberger, 1997). Specialized persgig@aoducing bacterial strains
of the gener&Streptomycesind Sphingomonasvere shown to decolorize azo dyes
(Caoet al, 1993; Paszczynski, 1992). Later research regesdene limitations of
bacterial aerobic azo dye decolourisation. Zssial (1997) observed that these
bacterial strains could only decolorize azo dyetha presence of additional carbon
and energy sources when they ugatillus subtilisto decolourizep-amino-azo-
benzene in the presence of glucose to yield anilihes is not economically viable on

a commercial scale since the carbon source is ekpen

1.7.2.2 Anaerobic

Under anaerobic conditions many bacteria reducditjidy electrophilic azo bond in
the dye molecule through non-specific enzymaticoac(Stolz, 2001; Pearcet al,
2003). The non-specific action of anaerobic baatatiows the biodegradation of a
wide range of textile dyes thus making this progasse suitable for application on a
commercial scale. Anaerobic reduction of azo dygdécteria seems to be better
suited for the decolourisation in sewage treatrsgatems (Stolz, 2001). This process
offers the following advantages:

a) reactions take place at neutral pH and are extsemeh-specific when low

molecular weight redox mediators are available,
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b) in static cultures the depletion of oxygen is gasitcomplished thereby
allowing obligate and facultative anaerobic baetéoi reduce azo dyes, and

C) sewage systems often provide additional carboncssumhich generally
increase the reduction rates. These carbon soalse$acilitate formation and

regeneration of reducing equivalents through tbeidation.

All processes, however, tend to have disadvantagée major restriction of
anaerobic azo dye reduction is that the aromatimesnformed from reductive
cleavage cannot be further mineralized (Reffial, 1990; Chunget al, 1992; Van der
Zee, 2002). Their accumulation is a serious cafisemcern since they are presumed
carcinogenic (e.g. naphthylamine or benzene dévesit and the fact that these
amines maybe formed in the lower intestine aftgegtion of dye containing foods
(Chunget al,, 1992). Fortunately the potential carcinogenizdpicing dyes have been

banned from the market (Reife and Freeman, 2000).

1.7.3 Anaerobic — aerobic (combined) biodegradation

The complete mineralization of aromatic amines amifionated amino aromatics by
aerobic bacteria (Nortemarmt al, 1994; Feigel and Knackmuss, 1993) has led to the
suggestion of combining the anaerobic cleavageofdyes with aerobic treatment to
mineralize the aromatic amines generated in therab& step. This can be done
sequentially or simultaneously. In the former pssss the anaerobic phase and
aerobic phases may be combined alternatively irsimee vessel or in a continuous
system with separate vessels (Glasséral, 1992; Sponza and Isik, 2002).
Simultaneous treatment systems utilize anaerolmeszaovithin aerobic bulky phases
as demonstrated in bio-films, granular sludge avmass immobilized in other
matrices (Jiang and Bishop, 1994; Kudlieh al, 1996). Both treatments require
auxiliary substrates to feed the bacteria in treeaobic zones with carbon and energy

sources as well as reducing equivalents for azd letgavage.

Generally it can be concluded that, in continucuseaobic — aerobic systems, there is
complete decolourisation of dyes and significaniuction in BOD and COD levels.
In the subsequent aerobic stage the remaining B@ick includes the aromatic
amines) from the auxiliary substrates may be cotalylenineralized (Zaoyaet al,
1992; O'Neillet al, 2000a, b).
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1.8 Sulphate reducing bacteria

1.8.1 Classification of sulphate reducing bacteria (SRB)

Sulphate reducing bacteria classification is prilpabased on morphological and
nutritional characteristics, which is supported $gme chemotaxonomy such as
guanine: cytosine ratios of the genetic make-uph¢der, 1988). Occasionally, the
presence of certain pigments has also been usetheinclassification of SRB
(Zehender, 1988; Feiet al, 1998). The diverse nature and abundance of RBei
environment tends to complicate the classificatioh the sulphate reducers.
Morphologically similar types may have differenttritional requirements, as well as
the presence of different types of pigments whiolhndt compliment the nutritional
and phenotypic traits. This complexity of featuoesnpromises the classification of
SRB. Because of this, it is important to note 8cies and genera of this group that
have been established thus far, for determinativgpgses and do not necessarily

indicate phylogenetic relationships (Zehender, 1988

1.8.1.1 Morphological classification

Like any other bacteria, the genus names of sudpretucers, apart from the prefix
‘desulfo’ have been derived from optical observatibrough microscopy studies
(Zehender, 1988). The varying environment cond#jdrowever, that these sulphate
reducers grow under heavily impacts on the celpslend motility. Therefore it is not
adequate to classify these bacteria based on mloghomotility and nutritional
requirements, but rather on a combination of al &alvove characteristics (Postgate,
1984). As more and more sulphate reducers weresed, it could not be avoided
that the genus names were used less preciselybfare, as can be exemplified by
the designatiorDesulfovibriowhich was originally given to sulphate reducershwi
curved cells and a distinct vibrating motility. batwith the advent of technology, the
rod-shapedDesulfovibrio strains ‘Norway 4’ (Postgate, 1984R. thermophilius
(Rozanova and Kudyakova, 1974); baculatus(Rozanova and Nazina, 1976) were
all discovered. This classification was later reeerin the classification @. baarsii
(Pfenniget al, 1981; Postgate, 1984) which had the same motilks typical of

Desulfovibriosp but nutritionally it was distinctly different.
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1.8.1.2 Nutritional classification

Typical Desulfovibriosp. has been shown to grow well using lactatenbtiicetate as

a carbon source (Mudrykt al, 2000). They are also referred to as incomplete
oxidizers since they can only oxidize lactate tetate. In contradD. baarsii grows

on fatty acids up to stearate that are completelgized but it cannot utilize lactate as
a carbon sourceDesulfovibrio sp. can also be cultured with, lér formate but it
requires acetate as a carbon source for cell syisthgoweverD. baarsiirequires no
additional C-source when grown on formate (Janeeral., 1984). Most of the
different types of SRB have been isolated from tbaanrichment cultures that are
specific for one type of sulphate reducer dependimghe following factors: carbon
source and electron donor, temperature profile, sahcentration, and source of

inoculum.

1.8.1.3 Chemotaxonomic classification

Comparative studies on the chemistry of cell congmés: and on nucleic acids from
SRB highly complement the classification based arrpimology and nutrition. At
molecular level some sulphate reducers appear tedserelated to members of their
own genera. Chemotaxonomic studies have reveal&tioreships of sulphate
reducers with non-sulphate reducing bacteria, wihiaiie so far been explained as

being evolutionary (Scheid and Stubner, 2001).

The DNA base ratios (molecular % guanine + cytgsafeknown sulphate reducers
within the genus tend to vary depending on the owktbf determination and
calculation (Zehender, 1988; Cas#roal, 2000; Scheid and Stubner, 2001). The G+C
values of the ‘classicaDesulfovibriosp isolated with lactate range from 49 — 65 mol
%. Phylogenetic classification of SRB by rRNA sequencalysis has a variety of
advantages, including providing insights into theolationary origins of sulphate
reduction in distantly related species and in ftibn of development of group
specific phylogenetic probes and PCR primers ferinscological studies (Casted
al., 2000; Lloydet al, 2004). This led to the observation that thers waignificant
gap between the sporing and non-sporing sulphdigcess, where the spore forming
Desulfotomaculum nigificansand D. acetoxidans resemble and cluster with

Clostridiumsp that are gram positive; contain a cell wall&uiee and are capable of
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forming spores. The analysis of rRNA sequences faaslitated the broad

classification of SRB into four distinct sub-groug$) gram negative mesophilic; (2)

gram positive spore forming; (3) thermophilic SRBda(4) thermophilic archaeal

SRB (Ogranet al, 2000) (Table 1.4).

Table 1.4 Important characteristics in

reducing bacteria (Castroet al., 2000).

the classiftation of representative sulphate

GC content Oxidation
Shape Motility of DNA (%) Desulfovirin Cytochromes  of acetate
Gram-negative mesophilic
SRB
Desulfobulbus lemontorod —/+ 59 - 60 - b,c,c3 2
Desulfomicrobium ovoid to rod +/- 52 - 67 — b,c I
Desulfomonas rod - 66 + c |
spiral to
Desulfovibrio vibroid + 49 - 66 +/~ cs,b,c |
Desulfobacter oval to rod +/~ 44 - 46 - c
Desulfobacterium oval to rod +/~ 41 - 52 - b,c C
spherical or
Desulfococcus lemon —/+ 46 - 57 +/~ b,c C
Desulfomonile rod - 49 + C3 C
Desulfonema filaments gliding 35-42 +/~ b,c C
oval rods or
coccoid,
Desulfosarcina packages +/~ 51 - b,c C
Gram-positive spore-forming
SRB
straight to
Desulfotomaculum curved rods + 48 - 52 - b,c I/IC
Bacterial thermophilic SRB
Thermodesulfobacterium vibroidtorod —-/+ 30-38 - C3,C |
Archaeal thermophilic SRB
Archaeoglbus coccoid +/— 41 - 46 — n.r.° I

3, incompleteC, completen.r., not reported

1.8.2 Ecology of SRB

Sulphate reducers are a mixed group of morpholtgieamd nutritionally diverse,

strictly anaerobic bacteria which utilize sulphateother sulphur compounds as an

electron acceptor for the dissimilation of organampounds (Widdel and Pfennig,
1981; Gibson, 1990 Castet al, 2000). SRB are environmentally important micro-

organisms which regulate sulphate levels and plawatal role in both carbon and

sulphur cycles, and thus are extremely importamipmments of the global microbial

community(Mudryket al.2000; Purdyet al,2002;) They are primarily found in the

anaerobic regions of marine, estuarine and mindemaater sediments as well as
saline ponds due to the high sulphate content (®ib$990; Zuo and Wood, 2004).
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SRB’s occurrence has been detected in other halstath as sour whey digesters
(Zelleneret al, 1989); anaerobic purification plants (Nanningd &ottschal, 1987);
sewage effluents (; Gibson, 1990; Buismanregaal, 2000). SRB derive their carbon
source from activities of heterotrophic micro-origams in the water column
overlying the sediments, or from a direct organituence especially habitats that are
contaminated by a secondary nutrient input suckeasage effluent (Gibson, 1990;
White and Gadd, 1996). The majority of SRB are rogltiles with maximum growth
obtained in the pH range 7.0 — 8.0, although twairs$ belonging to the genus
Archaea have been found to grow in acidic pH ranges of 4.55.5 while
Desulfonatronovibrio hydrogenovorared Desulfonatronum lacustrecan grow at
alkaline pH 8.0 - 1@Pikutaet al, 1998; 2000). Because of the vast diversity oBSR
and occurrence in varying ecosystems, they can gr@w a broad temperature range
from 4 — 98 °C although optimum temperature fomdlois around 35 °C (Holmer
and Storkholm, 2001).

1.8.3 Physiology

The physiological properties of SRB were first istigated by Baars (1930) who
isolated the sulphate reducing bacteriDesulfovibrio rubetschickiihat was capable
of directly oxidizing acetate to carbon dioxide.bSequent attempts, however, to
isolate species capable of utilizing acetate lebivge and Postgate (1959) to the
conclusion that the original culture was part ahixed comensal population. Earlier
research on SRB concentrated on strains thatediliactate as a carbon and energy
source which were classified into two subgroupsjudion 1) spore-forming straight
or curved rods belonging to the gendssulfotomaculunand (Equation 2) non-spore
forming Desulfovibrio containing motile vibrios or rods (Postgate andn@hell,
1966; Gibson, 1990). The preferred carbon sourcesdcteria belonging to each of
these genera include organic acids, lactate, pyeyaad malate, and alcohols such as
ethanol, propanol and butanol which are incompledridized to acetate.

SRB were the first non-photosynthetic bacteria twate shown to generate ATP
through electron transfer coupled phosphorylatising sulphate as a final electron
acceptor, from respiration of ;Hor the various organic acids mentioned above
resulting in the production of hydrogen sulphideansend product (Heidelbesy al.,
2004).
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1.8.4 Electron donors and degradative capacities of SRB

Specific electron donors oxidized by SRB are alwdg® molecular weight
compounds predominantly derived from fermentatioodpcts of anaerobic bacterial
primary degradation of macro-molecular compounelsdarbohydrates, proteins, and

lipids and other components of dead biomass( Zedred988).

Inorganic sulphate is the highest oxidation statéd & the most stable form of all
sulphur compounds which is used as an externatrete@cceptor to perform net
oxidation of the organic substrates through electtoansfer phosphorylation.
Sulphate respiration, however, is only ATP yieldifighe SRB are grown in the

presence of For acetate (Nicolett al, 2000).

There are two major metabolic groups that can k&ndjuished in the nutritionally
diverse SRB which are ;(1) species oxidizing tliseibstrates incompletely to acetate
and (2) species which in principle are able to cemepy oxidize their organic
substrates including acetate to £0he equations of incomplete and complete lactate

oxidation are as follows:

2CHCHOH COQ+ SQ*——»  2CHCOO + 2HCQ; +HS +H"........... (1)

2CHCHOH COQ+ 3SQ*———— 6HCO+3HS+H".........cccceeeeeeeene. (2)

1.8.4.1 Incomplete lactate oxidizing SRB

The classical lactate oxidizing species of the germ#esulfovibrio (Postgate and
Campbell, 1966) andesulfotomaculum(Zehender, 1988)) are not capable of
terminally oxidising their organic substrates. Q@thiecomplete oxidisers which
physiologically resemble the ‘classicaDesulfovibrio sp include Desulfovibrio
thermophilus, Thermodesulfobacterium commameé some named fatty-acid sulphate
reducers with vibrio-shaped cells. The inability tompletely oxidize organic
substrates is because they lack an operating eizymeachanism similar to the citric
acid cycle, which allows complete oxidation of tlaeetate unit (Acetyl-CoA)
originating from substrates and is thus excretech@tate (Pfenning and Widdel,
1981; Pfenniget al.,1981; White and Gadd, 1996).
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These organisms cannot oxidize acetate when ddsdexternally as enrichment or
if naturally present in the medium. Only €ompounds such as oxalate and glycine
(which are more oxidized than acetate) andc@mpounds such as formate and
methanol are completely oxidized. Acetate may dmdyassimilated as an organic
source for cell growth when the species are grovth W, or formate as electron
donors (Gibson, 1990). Some electron donors yiebddlycts or fragments other than
acetate that may not be metabolized further by rdspective sulphate reducer
(Zehender, 1988). On the whole, the incompletediglining sulphate reducers are
nutritionally less versatile than completely oxid species. One of the few versatile
incomplete oxidizers is ®esulfovibrio species thautilizes glycerol, choline and a
number of amino acids, in addition to the tradiibhl,, lactate, pyruvate malate,
fumarate and ethanol (Zehender, 1988). Incompleigizers may grow significantly
faster than the complete oxidizers; therefore batmtichments with electron donors
that can be utilized by both types usually selbetihcomplete oxidizers (Badziong
and Thauer, 1980).

1.8.4.2 Complete lactate oxidizing SRB

Species of the genel@esulfobacter, Desulfococcus, Desulfosarcina, Cfeseima,
and Desulfobacteriurare, in principle, able to oxidize all their substs completely
to CO,.. SomeDesulfovibriosp ©. Baarsi) andDesulfotomaculuniD. acetoxidans,
D. sapomandejsare complete oxidizers and differ from other esgntatives of the
same genera (Klempst al, 1985). The degree of assimilation, however, egri
among these genera. Specialized obligate acetatkzers Oesulfobacter grow
relatively fast (doubling time of ~ 20 h) and geaterhigher cell yields as they utilize
acetate as a carbon source. Versatile completatacetidizers tend to prefer other
organic acids or alcohols and only utilize acefeten the medium very slowly with
low cell yields (Zehender, 1988). It is interestitmg note that these completely
oxidizing sulphate reducers are capable of gemgyaticetate from other organic
compounds as exemplified By acetoxidangrowing on ethanol or butyrate (Widdel
and Pfennig, 1981) anBesulfobactersp growing on ethanol (Laanbroeét al,
1984). This pathway is favourable probably becdhseoxidation of these substrates

to the level of acetyl-CoA is faster than its temali oxidation, so that acetate
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excretion via acetyl phosphate and a substratd |g@vesphorylation are favoured
(Carepoet al, 2002).

1.8.4.3 Bioenergetics of sulphate reduction

Sulphate reducing bacteria are capable of usirfgrdiit carbon sources as electron
donors and the sulphate molecule is often implged aespiratory’ substrate (Hansen,
1994; Carepet al, 2002). Sulphate is the most abundant form qftsud available to
micro-organisms. It exists as a stable non-reactivkecule that needs to be activated
before being used up in subsequent metabolic oeec{Schiff and Saidha, 1987).
There are two types of sulphate metabolism: assiioil and dissimilation. In the
former, sulphate is reduced to sulphide and is theorporated in the biosynthesis of
sulphur amino acids while in the latter termed ididlatory sulphate reduction, in the
absence of @the oxidized forms of sulphur are used as elecacteptors for the
biological oxidation of organic substrates by spkped group of anaerobic bacteria
(SRB).This reduction of the organic compounds sefee energy conservation (Peck
and LeGall, 1982; Peck and Lissolo, 1988). For pses of this study, the latter

process of sulphate reduction will be discussed.

Sulphate reduction occurs primarily in the cytoplasf SRB (Nicoletet al, 2000),
Warthmann and Cypionka (1990) investigated the spart of sulphate in
Desulfovibrio sulfuricans, Desulfobulbus propiors@nd Desulfococcus multivorans,
and their findings suggested the presence of alaegy system to conserve the
internal chemical balance and avoid sulphate oadrld@his regulatory system was

also found to be coupled to enzyme expression ¢daaisal, 1984).

Dissimilatory sulphate reduction starts with ATPtiation of the non-reactive
sulphate molecule by the enzyme ATP-sulphurylagekP1959; Hansen, 1994), to
yield adenosine-5"-phosphosulphate (APS) and pyrggitate PPi), which may be
subsequently cleaved by pyrophosphatase to yieldyamic phosphate (Figure 1.5)
(Trudinger and Loughlin, 1981; Peck and Lissolo88)9 APS serves as an electron
acceptor which is rapidly converted to bisulphited aadenosine monophosphate
(AMP), catalysed by APS reductase. Miller and Mag4€©69), in agreement with

studies on sulphite- flavin adducts proposed ARfsigion involves the transfer of a
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sulphonate group from APS to the N-S of the enzymend reduced FADH The
sulphite is thought to be cleaved off leaving thet@n with the oxidized FAD (Peck
and Bramlett, 1982). At physiological pH, the sulphis partially protonated to
bisulphite and then reduced to sulphide by the ewezlgisulphate reductase (Peck and
Lissolo, 1988; Gavett al, 1998).

Sulphate Sulghide

Bacterial
membrane

Sulphate + ATP —» Sulphite Sulphide

l L1

Pyrophosphate + Adenosine phosphosulphat

| )

oF AMP + Sulphite¢————

Sulphite Thiosulphite

L1

<& e
)l

»
L

Metabisulphite Trithionite

A

Dithionite

Cytochrome ¢

Figure 1.5 Dissimilatory sulphate reduction and sylhide generation pathway (adapted
from Gibson, 1990)

Sulphate reducing bacteria have shown a uniquétyalid couple dissimilatory
sulphate reduction with net ATP synthesis via ettt transfer linked
phosphorylation (ETLP) or substrate level phosplatign (SLP) to the reduction of
sulphate, depending on the oxidation state of tleetren donor (Peck, 1966).
However, SLP cannot generate the sufficient ATPelewequired for sulphate
reduction and cell growth. Therefore, another meidm of energy conservation is
required for cell growth and oxidation of organiabstrates (Rashamuse, 2003;
Heidelberget al, 2004). The solution to this problem is deriveoni the hydrogen
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coupled metabolism which plays a central role mméhergy generating mechanism in
various micro-organisms. Studies on the gdbesulfovibriohave proposed hydrogen
cycling with vectorial electron transfer as a gaheznergy coupling mechanism,
which occurs when cells are grown on organic sabsdrin the presence of sulphate
as demonstrated by Heidelbeeg al (2004). They showed that during growth
vulgaris derives energy from oxidative phosphorylation byming the reduction of
sulphate to sulphide with oxidation of.HDesulfovibriosp capable of consuming or
evolving H, can carry out intracellular transfer of molecutgrbetween cytoplasmic
fermentation and a membrane-bound respiratory cHdirs recycling of H within
the same organism bestows energetic and adaptivantdie on the organism
(Rashamuse, 2003).

cell wall periplasm cytoplasm

2 Lactate »2 Lactate

2 Acetyl-P

2 Pyruvate + Pi

Figure 1.6 Proposed mechanism of H2 cycling in D.ulgaris [Hase=Hydrogenase; c3=
cytochrome C3; PDH = lactate dehydrogenase] (Adapteflom Odom and Peck, 1984).

Work onD. vulgarisby Odom and Peck (1984) and more recently Heidglbeal
(2004) suggests intracellular i coupled to energy production during cell growth
organic substrates such as lactate. They postugatedchanism in which molecular
H, produced in the cytoplasm from oxidation of |lagtat other organic substrates

diffuses across the cytoplasmic membrane (Figusg The H is then oxidized by

28



Chapter One Literature Review

periplasmic hydrogenases which are coupled to viettelectron transfer across the
cytoplasmic membrane which is simultaneously usethe reduction of APS and
involves consumption of protons. On the outsidéhefcell wall, lactate enters the cell
and is rapidly oxidized to pyruvate by lactate dirlegenase enzymes located on the
internal aspects of the cytoplasmic membrane (Hiegtiget al, 2004). The electrons
generated from this oxidation step are used to rggmehe H. Pyruvate is then
converted to acetyl-phosphate, £@nd lower potential electrons that serve as
electron donors to the molecular,.HThis reaction is facilitated by an internal
hydrogenase (Odom and Peck, 1984). This hydrogealasedistinguishes electron
transfer leading to the production of Bind the electron transfer leading to reductases
involved in respiratory sulphate reduction. The ptoduced in the cytoplasmic
membrane rapidly diffuses across the cytoplasmimbmane, but in the presence of
electron acceptors like sulphate, it is re-oxidised protons and electrons by
periplasmic hydrogenases and its cofactor cytochranjAubert et al, 2000). The
electrons are transferred across the cytoplasmiobreme whilst the protons are left
at the external surface of the membrane, thus ledialy a proton gradient and

subsequent energy that can be utilized for trangpat ATP synthesis.

1.9 Dye degrading enzymes

Some of the enzymes that are currently known iteblmological processes such as
amylases and proteases that are being used irbieetic and biochemical reactions
have evolved over millions of years to become &ffit and selective for specific
reactions taking place in living systems. The ptirio use these biocatalysts in
industrial applications has been compromised bgrsd\obstacles as these processes
involve substrates, organic solvents, metallic iand other reactions conditions that
are not normally encountered in their natural cbowds (Bylinaet al 1999). The
introduction of protein engineering has facilitatte adaptation of potentially useful
enzymes so that they can be used commercially. nExie research has been
conducted to try and optimize the application otur@l enzymes in industrial
reactions by directing their evolutiomn-vitro. Controlling in-vitro mutation
efficiencies and screening for enhanced catalytip@rties over multiple generations
has led to the development of new enzymes that b@0dold more activity than the

natural enzymes. Different microbial populations.(fungi, bacteria, and algae) with
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different chemical and physiological characterstiave been investigated for their

potential to produce dye degrading enzymes.

The physiology and production of lignin modifyingizymes (LME) by white-rot
fungi has shown great potential in degrading azesdgnd related effluents. The
enzymatic system that constitutes lignin degraéimzymes transforms aromatic dyes,
polycyclic aromatic hydrocarbons (PAHS), chlorimhighenols, pesticides and even
explosives (Rodrigueet al 1999). The main LME include two types of perosies
lignin (LiP) and manganese (MnP) and a phenol mddaalso called laccase.
Production of these enzymes occurs during the skeegnstage of white-rot fungi
metabolism since oxidation of lignin does not proglany net energy. Thus synthesis
and secretion of these enzymes is induced in donditwhere nutrients (carbon or
nitrogen) are limiting. It is interesting to noteat the production of LiP and MnP is
optimal at high oxygen tension but is represseadiyation whilst on the other hand
laccase production is enhanced by agitation. Researer the years has shown that
expression of LME varies according to taxonomy acwlturing conditions
(Wesenberet al, 2003).

In the course of investigating the degradation pd ayes by lignolytic fungi,
Paszczynsket al (1992) and Caet al (1993) discovered the decolourisation of azo
dyes by some peroxidase-producing bacterial stramsnly Streptomycespecies
and gram-negativBphingomonas chlorophenolics or Flavobactefufrhe oxidation

of azo dyes bystreptomyces chromofuscfidl involved an extracellular peroxidase
that showed restricted substrate specificity armalsgto that ofPhanaerochaete
chrysosporiumor horse radish peroxidase. The only significaftecence with the
lignolytic fungi peroxidase was that bacteria pdédese produced insignificant

amounts of“CQ; from industrially relevant’C-labelled azo dyes (Stolz, 2001).

1.9.1 Laccases (benzenediol: oxygen oxidoreductases, EQ.3.2)

These phenol oxidase enzymes have broad subspetédicty with respect to their
electron donor. The mechanism of laccase involeesowal of an Hatom from the
hydroxyl and amino groups of thertho- and para- substituted mono and poly-
phenolic substrates, and aromatic amines. Thishgewed through a one electron step

abstraction to form free radicals capable of undieig further re-polymerization, and
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demethylation or quinone formation (Abdullahal, 2000). As a result laccases have
found application in the treatment of a wide rangendustrial effluents such as paper
and pulp, textile, tannery and other industrialugfiit containing chloro-lignins or
phenolic compounds. Laccases have been shown der@hmenolic compounds less
toxic via degradation or polymerization reactiomsl/ar cross-coupling of pollutant

phenols with naturally occurring phenols (Huttermanal, 1980).

The application of laccases to such processes hmwdemands the production of
significant amounts of enzyme, usually cultivatedlaboratory shake flasks. This
requires development of efficient production systeand is costly (Kahramann and
Yasilada, 2001; Mougiet al, 2002).

1.9.2 Peroxidases

Lignin peroxidase (diarylpropane: oxygen(d4 oxidoreductases EC.1.11.1.14 and
manganese peroxidase (II)®b oxidoreductases EC.1.11.1.13) are glyco-proteins
containing one iron protoporphyrin IX heme prosihefroup. They have molecular
weights ranging between 32 — 62.5 kDa and are t®etrim multiple isoforms
(Wesenberget al 2003). The two enzymes have a similar mechangstadcase but

generally have lower oxidation potential.

Studies have shown that LiP catalyzes the oxidationon-phenolic aromatic lignin
moieties and structurally similar compounds. ltoatatalyzes several oxidations in
the side chain of lignin and related compoundb&ak been reported that LiP has the
ability to catalyze the cleavage of aromatic ringu&ures including azo dyes
(Umezawa and Higuchi, 1987; Wesenbetal, 2003). This enzyme was also found
to mineralize a variety of recalcitrant 3- and 4#agr polycyclic aromatic hydro-
compounds (PAHSs) (Gunthet al, 1998), while Chivukulat al (1995) successfully

decolorized azo dyes.

LiP degrades azo dyes by oxidation of the phergizip to produce a radical at the
carbon bearing the azo linkage. The phenolic carBothen attacked by a water
molecule resulting in its break down to produce mfdiazene which is easily

oxidised by a one electron reaction to generategen (Rodrigueet al, 1999).
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Manganese peroxidase is the most commonly prodwereyme by white-rot
basidiomycetes. This enzyme has generated a iateest in enzyme biotechnology
because of its high degradative potential. It $pecific enzyme that oxidizes Mo
Mn®* ions which are highly reactive (Ziegenhagen andriefater, 2000). However,
these reactive ions give the MnP an apparent uiigjycwhich is caused by the
secondary reactions of the reactiveMions. As a result this reactivity is stabilized
by chelation with organic acids such as oxalatdpnae, malate or lactate which are
produced and excreted into the microenvironmentulgi under natural conditions.
The chelated M ions act as redox mediators which oxidize a widage of
aromatic compounds including lignin, humic subsémmrgano-pollutants (i.e. dyes
and pesticides). The resultant products consisktowf molecular mass fragments,
guinones, ring-fission products, organic acids aarbon dioxide, all of which can
serve as substrates for other reactions (Ziegemhage Hofrichter. 2000). MnP
production is regulated by the concentration ofMons (Brownet al, 1990; Perez
and Jeffries, 1992) and a 24 —fold increase in erezgctivity has been reported when

fungi are grown in the presence of MnS® MnCh.

1.9.3 Azoreductases

These are non-specific cytoplasmic enzymes thatlyz# the cleavage of the

characteristic (-N=N-) azo bonds. The physiology amechanism of azoreductase is
still unclear as many mechanisms and theories baea proposed. For purposes of
the present study, a few of the mechanisms postulaill be discussed. There are
two broad classes of azoreductases; - the true@dzoiases produced under aerobic

conditions and those that are said to be produnddrianaerobic conditions.

Aerobic azoreductases catalyze reductive metabalisazo dyes in the presence of
molecular oxygen. Previous studies conducted bynzmmann and co-workers
(1982, 1984) orPseudomonastrains K22 and KF46 revealed two azoreductases
capable of decolorizing Orange | and Il respecyiv&@he two enzymes were purified,
characterised and compared. It was found that bethieductases were monomeric
flavin-free enzymes that preferentially used NADBRO to some extent NADH as
co-factors. They also demonstrated the ability eédluctively cleave sulfonated

substrates in addition to the carboxylated growttsgrates. The only unique aspect of
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these two enzymes was in their mechanism of azo dbgradation. Orange |

azoreductase from strain K22 strictly requiredghesence of a hydroxyl group in the
para- position to the azo bond while on the other handnQ@e Il azoreductase from
KF46 strain required the hydroxyl group to be ia dtho- position relative to the azo

bond for catalytic activity (Stolz, 2001) (FigurerL

Azoreductases transfer the reducing equivalenginating from the oxidation of
organic substrates to the azo dyes. Studies wittesmerobic and facultative aerobic
bacteria demonstrated that azo compounds can beedtias the sole source of
carbon, with azo bond cleavage being facilitatedebygymes that are thought to be
either intracellular or membrane bound (Van der &eal 2002). These specifically
adapted strains synthesize true azoreductases wddciatively cleave the azo group

in the presence of molecular oxygen.

SO.Na

Orange Il
HZNO—sogNa

Sulphanilic acid

N Orange Il azoreductase

N// / \ NH,
oH 2NAD(P)H+H 2NAD(P)+ O [ OH

1 — amino-2-naphthol

Figure 1.7 Proposed mechanism for the aerobic degdation of Orange Il azo dye by
Orange Il azoreductase produced by Pseudomonas stmiKF46 (Zimmermann et al.,
1982).

The reductive cleavage of azo dyes under anaembiditions is still unclear and
quite interesting, as it has generated severalitt®eas to how the mechanism works.
Previous studies have indicated that azo reducsia@nzymatically catalysed by an
‘azoreductase’ (Kahret al, 1983. cited by Kremer, 1989), but it still remsi
uncertain whether a single enzyme or compositesysff enzymes is responsible for
these reactions. The only evidence of the so cddedreductase’ has only been

demonstrated in studies with some aerobBac{llus) and facultative aerobic
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(Pseudomonad)acteria (Zimmermanet al, 1982; Van der Zee, 2002). However azo
dye reduction under anaerobic conditions has begorted, where reductive cleavage
of azo dyes readily occurs. These reactions uswalbur with rather low specific
activities but are extremely unspecific in termgh#d organism involved and the dyes
that are converted (Stolz, 2001). There is theeefoore potential for dye degradation
in anaerobic systems as opposed to the highly fapedoreductases from aerobic
bacteria. These unspecific processes make usewofrlolecular weight mediators
(e.g. flavins or quinones) which are enzymaticalyluced in the cells. In earlier
studies with facultative anaerobic bacteria, it weyseatedly suggested that reduced
flavins generated by cytosolic flavin-dependentuctdses were responsible for the
unspecific reduction of azo dyes (Roxemh al. 1967). Russet al (2000) later
reinforced these earlier findings by demonstratihg ability of cytosolic flavin
reductases to act as-vitro azoreductases using a recombinant flavin redudtase
different genetic backgrounds. It was also shovat the addition of external redox
mediators e.g. benzene viologen, or quinones ictlgtanaerobic bacteria resulted in
a significant increase in decolourization of azeslyStolz, 2001). This was also
supported by the findings of Kudlicht al (1997) and Kecket al (1997) who
postulated that azo reduction by bacteria doegemiire a transport system for the
dyes or the reduced equivalents. Instead they stemgjethat the quinones
(anthraquinone-2-sulfonate or 2-hydroxyl-1-4-naplgihinone) which acted as redox
mediators were enzymatically reduced by the catid the hydroquinone formed
subsequently reduced the dyes in a purely chemigattion. Cell fractioning
experiments demonstrated that the quinone reduetassty was located in the cell
membrane ofSphingomonas xenophadN6. Therefore there was no need for the
sulfonated azo compounds or the hydroquinone/q@éinmedox mediators to be

transported via the cell membrane (Kudlettat, 1997).

In summary, it appears that under anaerobic camditin the environment, or sewage
treatment systems, specific azoreductases, if #wagt at all, are of very little
significance in the reduction of azo dyes. Thistesteent does not hold for true

azoreductases which are produced under aerobidticorsd
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1.9.4 Hydrogenases

Hydrogenases are a class of enzymes that cataheeaetersible reduction and
oxidation of molecular hydrogen (Guirl-Brugeaal, 2001) in the reaction (Equation
3):

Hydrogen metabolism plays a central role in thergne generating mechanisms of
various micro-organisms in particular sulphate o#oy bacteria (Brugneet al,
2000). It is important to know that the various fggkenases found in different
microbial species differ in molecular weight, quatey structure, active site
orientation, and specificity with respect to theayof electron carriers (Zadvormey
al., 2004). The catalytic processes of hydrogenasesies the following steps: (a)
activation or production of hydrogen at the acteatre, (b) transfer of two electrons
between the active site and the redox partner ehifdrogenase and (c) transfer of
two hydrogen atoms between the active centre amanédium solvent (De Lacest
al., 2000).

Three types of hydrogenases are known to dateherbasis of their metal content,
two groups have been described, namely [Fe] ang=fJli(which includes [Ni-Fe-
Se]) hydrogenase. The third type does not contaynraetals, instead they attribute
their catalytic activity to the presence of an migafactor (Zadvornyet al. 2004).
Studies have shown that all three types of enzysasde found in the same bacteria.
A survey of genomes of several sulphate reducingeba indicated that only the [Ni-

Fe] enzyme is uniformly present (Brugeisal, 2000).

Iron only hydrogenases have high specific actisiad usually function to evolve

hydrogen. Amino acid sequence analysis and eleeaigostic resonance (EPR)

studies have demonstrated that Fe — only hydrogsengenerally contain two [4Fe —

4S] clusters (the F-clusters) in a ferredoxin-ld@main. In addition an unusual EPR
signal has been attributed to a novel 6F clustgpgsed to be the active site called the
H-cluster (Nicoletet al, 2000). Studies on th®esulfovibrio desulfuricans~e

hydrogenase have shown that it is a periplasmidepromade of two different
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subunits of molecular masses 43 and 10 kDa. Itldeen demonstrated that the
location of hydrogenases in bacterial cells is @spntative of its function. According
to Nicolet et al (2000), theD. desulfuricanshydrogenase’s physiological role is
hydrogen uptake. InDesulfovibrio sp investigated, protons resulting from the
oxidation of molecular hydrogen by Fe — hydrogenaséhe periplasm create a
gradient across the membrane that is thought toobeled to ATP synthesis in the
cytoplasm. The resulting electrons generated @ tehnsferred to the cytoplasm by
a redox trans-membrane system where they are nsadtepwise manner to reduce

sulphate to sulphide or generate reducing powethcell (Nicoleet al, 2000).

Nickel-Fe hydrogenases have low specific activiied have been shown to function
in the oxidation of hydrogen. They are found pred@mtly in all Desulfovibrio sp
and a lot of research has been done on this tygazonfme fronD. gigas(Albracht,
1994) They are periplasmic proteins consisting of twbuwsuts of molecular masses
60 and 28 kDa. Other subunits may also be preshkithvallow the hydrogenase to
interact with dedicated electron carriers such #DN Fs0 and cytochromeb
(Albracht, 1994). This metallo-protein contains A2 atoms, 12 acid labile sulphides
and one Ni atom per molecule (De Laagyal, 2000). The Fe- and sulphide atoms
are arranged as 2[4Fe48] clusters and 1[3Fe4S]’ cluster. X-ray structure studies
revealed that the active site is located in thgdaubunit near the interface with the
small subunit. The active site consists of a bieacNiFe centre and accessibility of
hydrogen to the active site of this protein seenitecclear, as x-ray crystallographic
and molecular dynamic studies have shown the edst®f hydrophobic channels
that connect the molecular surface of the enzyntle thie active site. However there
is still some great controversy on whether thettaplj of the hydrogen occurs on the
nickel or iron atom (De Lacest al, 2000).

Nickel-iron-selenium hydrogenases occur less fratiyeas compared to the other
two metallo-enzymes, although their existence hasnbdemonstrated in some
Desulfovibrio sp. NiFeSe hydrogenases differ from their NiFe tewarts by

replacing one cysteine amino acid with a selendetrys amino acid complex. They
also contain equimolar amounts of nickel, iron 4r@ - 4S centres. The location and

functional physiology is similar to NiFe hydrogeaagFauquet al, 1988).
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1.9.5 Role of hydrogenase in azo dye reduction

Previous reports that there is no clear evidence tli@ existence of specific
azoreductases in anaerobic bacteria have genexdtedf interest and have led into
the investigation of the enzymes that are resptmdir the non-specific azo dye
reduction. Evidence to suggest the presence of spenific enzymes that are
responsible for the almost ubiquitous capacityeduce azo dyes in many bacterial
strains has been reported recently by Van der Z662). Earlier research by Rafii
and Cerniglia (1995) with purified cell free exttsdérom intestinal bacterial strains
showed that a ‘flavoprotein’ was capable of catalyshe reduction of azo dye as
well as other nitro-aromatics. These observatiorsy rndicate that enzymatic
anaerobic azo dye reduction is more or less aifousi reaction catalysed by enzymes
such as hydrogenases which are usually used fer otlactions (Van der Zee, 2002).
It is not known whether these hydrogenases arecttlirenvolved in azo bond
cleavage or whether they facilitate the reductibreduced equivalents (i.e. FAB
FADH,). The latter seems to be more evident as some\@isms from studies with
Desulfovibrio vulgarishas shown their ability to reduce artificially &ddquinones
(Tatsumiet al, 2000). A mechanism for the involvement of hydnogses in azo dye

degradation has been proposed in SRB (Figure 1.8).

Aromatic amines

Figure 1.8 Proposed schematic representation of aeeobic azo degradation, mediated
by hydrogenase reduced electron donors. RM = redamediator; ED = electron donor;
Hase = Hydrogenase enzyme (Modified version adaptdtbm Van der Zee, 2002).
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1.10 Current research study

1.10.1 Hypothesis

Enzymes produced within a biosulphidogenic biomactare capable of

bioremediating textile industrial effluent.

1.10.2 Objectives

The aim of this study was to investigate the enza/mesponsible for the anaerobic
degradation of azo dyes and effluent. Biologicahtment is fast becoming the most
popular and efficient method of industrial effluergatment. As a result there is need
to seek cheaper alternative ways of bioremediatxgjle effluent. Sewage sludge,

which is an effluent itself, has been reported éove as a good carbon source for

anaerobic bacteria including SRB and methanogeas (ér Zee, 2002).

While the treatment of textile effluent has beardstd extensively, most research has
been centred on fungal aerobic systems, which anée cdifficult to upscale
commercially due to the sensitivity of the -cultgrirconditions (Stolz, 2001,
Wesenberget al, 2003). On the other hand SRB have been showpetoobust
bacteria that can withstand harsh environmentabitions (Zehender, 1988), and
because of these properties, it was decided tcsiipage their potential to produce
enzymes that can bioremediate textile effluent evhitilizing sewage sludge as a
carbon source, thereby leading to an overall afetiéfe treatment of the two waste
waters. The following objectives were made up talguhe investigation:
a) to identify enzymes that can degrade textile dyedeu biosulphidogenic
conditions,
b) toisolate, purify and characterise the selectezldbgrading enzymes,
C) to optimize enzyme activity,
d) to optimize enzyme production — by inducing thetbda to express the target
enzymes in the presence of substrate and,

e) to carry out field trials on industrial effluenofn Da Gama Textiles.
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2 PRODUCTION OF DYE DEGRADING ENZYMES BY SULPHATE
REDUCING BACTERIA

2.1 Introduction

The ability of micro-organisms to degrade textii alyes has been studied extensively
in both aerobic and anaerobic processes (Betralt 1996; Pearcet al, 2003). More and
more recalcitrant dyes are manufactured with thpehof improving the delivery of
colour onto fabric, at the expense of becomingaasingly difficult to bioremediate. This
has created a need to investigate and understanddtual mechanisms behind the
biodegradation of textile waste water. Several emey from fungi and bacteria have

been identified and used in the breakdown of azssdy

White — rot fungi produce Lignin Modifying Enzym@8sME) namely; laccase, lignin and
manganese peroxidase. These enzymes have been shaxitize coloured phenolic
compounds and aromatic amines via a one step @teotridation (Haveet al. 1997;
Couto et al, 2004). The wood degrading white rot basidiomgcdehanaerochaete
chrysosporiunis the only one that has been shown to completeyratle a number of
azo dyes (Chivukula and Renganathan, 1995). Ligamal manganese peroxidase
produced byP. chrysosporiumappear to initiate the azo degradation while tloedaes
oxidize aromatic compounds such as aniline and gdeen the presence of oxygen. The
substrates are oxidized by one electron to generateesponding phenoxy radicals,
which either polymerize to yield a phenolic polyneerare further oxidized by laccase to
produce a quinone (Bollag, 1992). The electronsegdad from these reactions are
transferred onto oxygen which is reduced to watéhough several white rot fungi have
shown great potential to degrade azo dyes, theyddfieult to apply in the actual

bioremediation of textile waste water. The majaadivantage is that they can only be
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used in lab scale operations where they are cdltureshaking flasks. Their ability to

adapt and survive in a sewage waste water treatohamtis minimal.

Earlier research in this field identified bactesglecies that are capable of reducing and
degrading azo dyes includgacillus, Xanthomonasnd PseudomonagZimmermannet

al., 1982; Sugiuireet al, 1999). Azoreductase enzymes produced®bgudomonasp
catalyze reductive cleavage of azo dyes in thegpias of molecular oxygen (Nakanishi
et al, 2001), thus making them favourable for the depelent of azo dye
bioremediation systems. These enzymes have higktrate affinity but can only
degrade a small fraction of the vast range of amsdhat are manufactured annually.

They are therefore, not readily applicable to indaktreatment of textile effluent.

Research on bacterial azo dye reduction has wadity been focused on the activity of
facultative anaerobic bacteria from mammalian tirtes. As the removal of dyes from
waste water became a cause for concern, bacterradther origins which included pure
cultures, mixed consortia, anaerobic sedimentsestigy sludge, anaerobic granular
sludge and activated sludge were investigated (Fda@set al, 1997; Van der Zee,

2002). Since a large proportion of azo dyes camebeced by different bacteria under
anaerobic conditions, this indicates that azo dyauction is a non specific reaction.
There are two main enzymatic mechanisms that avegtit to be involved in the

anaerobic reduction of azo dyes, namely: direcymratic azo dye reduction and indirect

azo dye reduction.
2.1.1 Direct enzymatic azo reduction

In this mechanism, enzymes transfer reducing etpnts generated from the oxidation

of organic substrates (e.g. lactate) to the azs @ygure 2.1). Enzymes that catalyze azo
dye reduction may either be specific or non-spe@fizymes to catalyze a wide range of
compounds including azo dyes (Van Der Zee, 2008¢. latter seems more likely as the
existence of specific azo reducing enzymes (azatedas) have only been found in

studies with aerobic and facultative aerobic baztgrown on simple azo compounds as
the sole source of carbon and energy. On the b, non specific enzymes catalyzing
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azo dye reduction which were isolated from aerdlyicgrown cultures ofShigella
dysenteriae, Escherichia ca@ndBacillus were found to be flavin-proteins (Ghoshal,
1992, 1993; Suzulet al, 2001).

]
8
Q
©
m

Aromatic

Figure 2.1 Mechanism of direct enzymatic azo dye deadation (Adapted from Van der Zee,
2002)

2.1.2 Indirect biological azo dye reduction

The second mechanism of azo dye reduction invaivediated reduction of the double
azo bond by enzymatically reduced electron carnengch include FADH2, FMNH2,
NADH2, or NADPH2 (Section 1.9.5, Chapter 1, Figure8) Previous studies have
demonstrated that a periplasmic hydrogenase enZgone Desulfovibrio vulgariscan
reduce several quinone compounds as exogenousoelexiceptors coupled to hydrogen

oxidation (Tatsumiet al, 2000; Ngwenya, 2004).

2.1.3 Localisation of hydrogenase enzymes

The cellular localisation of bacterial enzymesirectly related to its function (Nicoleitt
al., 2000). Faugue and co workers (1988) suggestddrih localisation of hydrogenases
in Desulfovibriospecies is dependent on the particular growth tiomdi, which in turn

determines the mechanism of metabolic regulationdi&s withDesulfovibrio vulgaris

41



Chapter Two Production of dye degrading em=y by sulphate reducing bacteria

Hildenborough have demonstrated that, during hyeinometabolism: the protons and
electrons produced in lactate and pyruvate oxidat@act with cytoplasmic hydrogenase
to form hydrogen which diffuses across the membramere it is re-oxidized by
periplasmic hydrogenases to form a proton gradiemis proton gradient is further used
for additional ATP synthesis (Heidelbegg al, 2004). Therefore presence of distinct
hydrogenases, with different intracellular locaiisas implies that appropriate cell lysis
techniques should be applied to release most ofathigity into the aqueous extract
(Walker, 2000).

2.1.4 Cell disruption and extraction

Several standard procedures for lysis of bacterdls are available (Rotman, 1956;
Bollag, 1992; Borthwiclet al.,2005), but it is crucial to make use of the moshpatible
and efficient method of cell disruption so as tavieat maximum activity of target
protein. Common methods of cell disruption usedsaramarized (Table 2.1). Previous
studies on hydrogenase enzymes in sulphate redbairtgria have shown that maximum
enzyme yield can be achieved by using sonicaticgll @isruption methods such as
French press and cell lysis with detergents redultdoss of activity between 20 — 30 %
relative activity (Rashamuse, 2003; Ngwenya, 2004grefore, enzymes were harvested
using the sonication method throughout this studespite previous workers
(Rashamuse, 2003; Ngwenya, 2004) from our resegrohp having established that
sonication was the preferred method for cell disampof SRB, it was still necessary to
optimise the conditions of this method, which haat been done before. A surface
response methodology of determining the optimallauge and exposure time was used
in this study.

2.1.5 Principles of the surface response method

Surface response methodology allows the compamdamore than two variables that

affect the optimal performance of enzymes or chahreactions. The method selects the
best points from three dimensional maps that wibivitle the best operating conditions
based on a series of experiments with the varigdslameters. A two dimensional contour

map can thus be drawn from the surface responsetonamvide a detailed account of
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the methodology (Box and Wilson, 1951). This tegei was used in the current study to
investigate the best conditions of harvesting taegeymes for down stream application.

The variables compared were sonication time, pgwatts) versus the enzyme activity.

Table 2.1 Cell disruption methods for various tissas (adapted from Bollag, 1992)

Disruption type Cell Lysis Technique Type of Tissue
Physical/ Mechanical Sonication Bacteria, yeast, animal tissue
French Pressure Cell Bacteria, Yeast, plant cells
Blade Homogenization Animal and Plant Tissue
Grinding Bacteria, plant tissues
Freeze —Thaw Lysis Cell suspensions
Osmotic shock Erythrocytes, bacteria
Chemical Detergent Lysis (Triton-X-100) Tissue culture cells
Organic Solvent Lysis Bacteria, yeast
Biological Enzyme Digestion (lysozymes) Bacteriaagt

2.2 Methods and materials

2.2.1 Source of micro-organism and culturing conditions

A mixed consortium of sulphate reducing bacterevmusly isolated from an acid mine
drainage (Grootvlei mine, South Africa) and frone tBnvironmental Biotechnological
Research Unit (EBRU) Bio-suteprocess (Grahamstown, South Africa) was used. The
culture was maintained in a 10 L stock batch bici@a containing modified Postgate
medium B (Postgate, 1984). The bioreactor was &egerobic by purging regularly with
N2: CO,(80:20 %) (Afrox, South Africa) for 15 minutes foled by H (99 %), (Afrox)
gas for 5 minutes at room temperature. The bioogaehs covered with aluminium foil
to minimise exposure to light and was sub-cultuegdry 3 weeks with new Postgate
medium. A 15 % (v/v), (750 ml) inoculum was takeonh this stock bioreactor and used
as a starter for a smaller 5L bioreactor (Figu #hich was used for all experiments
carried out during the research. The metabolisns®B as a measure of growth was
monitored by measuring pH, sulphide, sulphate a@d @oncentrations. Sulphate and
sulphide concentrations were determined using 8ppcant® Nova 60 (Merck, South
Africa) while COD was measured using a Thermospedatr Aquamate (Aquamate,
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England). Protein concentration was determinedhieyBradford assay (Bradford, 1976)
(Appendix B), and protein absorbance was measuset) e PowerWave X (Bio-Tek,
Instrumental inc., USA). The Level 1 Inolab pH me(@&/TW Ltd) was used for pH

measurement.
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Figure 2.2 A diagrammatic representation of the labratory-scale biosulphidogenic reactor.
[A = Zinc acetate trap; B = rubber stopper; C = 5L flat bottom flask reactor vessel; D =
sampling port; E = Metal clamp; F/G = magnetic stirer; H/H1 = Tygon tubing.

2.2.2 Harvesting cells and preparation of cell free extrats

SRB was harvested during the mid-stationary stagje- (8 days). The cells were
centrifuged (7000 rpm, JA-10 rotor, 15 minutes, )}4°Bacterial cell disruption was
achieved using a Vibra-cell ™ Sonicator (Sonic &t&tels, Inc, USA) at 4°C. The cell
free extract was separated from the cell debrisdnrifuging (10 000 rpm, JA-20 rotor,
25 minutes, 4°C).
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2.2.3 Dye degrading ability of sulphate reducing bacteria

Dye degrading ability was determined using a prott@ciapted from Rafiet al (1990).
One millilitre of sulphate reducing bacteria wakugid in nine millilitre of de-ionized
water (dHO). Tenfold serial dilutions of the SRB were made 8.1 ml of 10 to 10°
dilutions were plated on nutrient agar plates doirig Orange Il azo dye (final
concentration, 100 mg/l). The nutrient agar wasceed with 2 % (w/v) glucose as a
carbon source. The agar plates were sealed with-fphar, placed in an anaerobic jar
which was degassed with oxygen free nitrogas for 15 minutes and placed in an
incubator (30 °C, 48h). Plates showing zones oblberisation and clearing were taken
to possess dye degrading enzymes. Cultures exigldife degrading ability were scaled

up and inoculated in modified Postgate medium asrileed in section 2.2.1, Chapter 2.

2.2.4 Enzyme screening assays

2.2.4.1 Laccase assay

Laccase enzymes have been widely shown to catahgedegradation of azo dyes
through a one step electron oxidation using molcokygen as a terminal electron
acceptor (Abdullaket al, 2000; Stolz, 2001). In light of this, it becamecessary to

investigate the potential of terminal electron @toe to replace the oxygen under

anaerobic conditions.

Laccase activity was determined using a modifiemtqmol from Zarvazinat al (2004),
which used 2, 2’- azino-bis-(3-ethylthiazoline-6fsnate) (ABTS) as a substrate. The
reaction mixture contained ABTS (2 ml) dissolvectitnate buffer (50 mM, pH 6.0). The
reaction was started by adding 1 millilitre (ml)ss&fmple and was monitored at 30 °C for
3 minutes. The change in absorbance was monitgrectrephotometrically at 436 nm.
One unit of activity was regarded as the amounermfyme capable of converting 1
pmole ABTS per min per ml.
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2.2.4.2 Lignin peroxidase assay

Lignin peroxidase activity was measured by recaydhre increase in absorbance at 310
nm, at 30 °C due to the oxidation of veratryl alglofiVA) to veratraldehyde (VAD)
(Haveet al, 1997). The reaction mixture contained in 2 mimllof sample and 1 ml of
VA (2 mM) dissolved in 50 mM citrate buffer, pH 3.0he reaction was started by
adding 100 pl of 0.5 mM ¥D,, and monitored over 10 minutes. One unit of atstivias

regarded as the amount of enzyme capable of canmgdrgamole VA per min per ml.

2.2.4.3 Manganese peroxidase assay

Manganese peroxidase was determined spectrophoicafigtat 270 nm by monitoring
the oxidation of MNS®(1 mM) in 50 mM sodium malonate buffer, pH 4.5 eTfeaction
was started by addition of 0.1 mM.® (Wariishi et al, 1992; Tychanowiczt al,
2004). The mechanism of this reaction is basecherokidation of MA"to Mn** which
forms a complex with malonate that absorbs maxiatll270 nm¢ = 11.59 mM'cmi?).
Enzymatic activity was expressed as internatiomatsu(U), which is defined as the

amount of enzyme required to produce 1 micromabelpet per min.

2.2.4.4 Azoreductase assay

The assay was carried out using a modified protbgoMaier et al (2004), and was
carried out in a four millilitre cuvette. All reages used were dissolved in 50 mM
phosphate buffer, pH 7.0 which has been boiledlech@nd degassed with oxygen free
nitrogenfor five minutes. The reaction mixture contained3irml;1.2 ml of phosphate
buffer; 0.6 ml of Reactive Black 5 (final dye contation 16.3 pM) and 0.6 ml of
sample. The reaction was initiated by the additb®.6 ml of NADH, (7.1 mgl*; final
concentration 2 mM) and the decrease in absorbawas monitored
spectrophotometrically at 595 nm for five minutébe reaction was kept anaerobic by
continuous purging with £free N, The slope of the initial linear decrease in absacka
(Amin™) was used to calculate azoreductase activity basedhe molar absorption
coefficient of reactive black % = 35.5 mM'cm™). One unit of activity was defined as

the reduction of 1 nanomol of dye per second.
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Dye decolourization in the presence of FAD was mess in a similar fashion by
addition of 1.0 mM of FAD solution to 50 mM of phaigate buffer, pH 7.0 to give a final

concentration of 0.2 mM in the assay.

2.2.4.5 Hydrogenase assay

Hydrogenase activity was measured using a protestribed by (De Lacgt al 2000;
and Rashamuse, 2003). The assay was determineogbetometrically at 604 nm, at
room temperature by the reduction of methyl violo@gos nm= 13.9 mMcm™®; electron
acceptor) with H gas (electron donor) in the presence of Tris-H@fdy (7.6, 50 mM).
The assay was carried out in a stoppered cuvettecantained in a final volume 3.105
ml; 3 ml (1 mM) methyl viologen which was pre-aetied by bubbling with Hgas for

15 minutes at 1 atm 30 thhin™, sodium dithionite (100 mM; 5 pl) which was added
into the cuvette to eliminate residual &d the reaction was started by addition of 100 pl
of pre-activated cell free extract. The kinetics mkthyl viologen reduction was
monitored at 604 nm. One unit of activity was defiras the amount of hydrogenase that
catalyzes the reduction of 1 pmol of methyl viologeer min per ml in the presence of
excess hydrogen.

2.2.5 Enzyme localisation

SRB cells (5.0 grams wet weight) were harvestedieasribed in section 2.2.2, Chapter 2.
The pellet and supernatant were separated andnaésiyP1 and S1 respectively and
were assayed for protein and hydrogenase activitg.pellet (P1) was then re-suspended
in Tris-HCI buffer (pH 7.6, 50 mM, 100 ml) and thelsrupted by sonication at 30
second intervals for 4 minutes at 4 °C. Cell debtigsignated (P2) and cell free extract
designated (S2) were obtained by centrifugation @0 rpm, JA -20 rotor, Beckman,
USA, 25 minutes, 4 °C) Both P2 and S2 were oncenagasayed for protein

concentration and enzyme activity.
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Chapter Two Production of dye degrading em=y by sulphate reducing bacteria

2.2.6 Optimization of enzyme extraction

SRB cells were harvested as described in sect®R2,2Chapter 2 to yield a pellet (9.5
grams wet weight) supernatant. The pellet was whshith ddHO and then re-
suspended in Tris-HCI buffer (pH 7.6, 50 mM, 200.nilhe cells were divided into 5
separate samples of equal volume and subjectedbn@asion 30W amplitude for
different times ranging from 1 — 5 minutes. Celedr extracts were obtained by
centrifugation (10000 rpm, JA-20 rotor, Beckman AJ35 minutes, 4 °C). All sonicated

samples were tested for protein concentration gddoigenase activity.

The re-suspended cells were subjected to a sammictitne of 5 minutes with varying
power amplitude ranging from 10 — 50W. The sondaamples were centrifuged and
cell free extracts harvested as previously desdribesection 2.2.2, Chapter 2. The cell
free extracts were assayed for protein conceniratnol hydrogenase activity.

2.3 Results and Discussion

2.3.1 Growth of sulphate bacteria

The growth of SRB in a batch bioreactor was moedoover a period of 15 days. The
rate of sulphate utilization and concomitant sudighproduction was used to measure the
metabolic activity of the actively respiring badterThere was a rapid rate of sulphate
reduction with an efficiency of 90 % at a convensiate of 194 mgla day for the first
nine days (Figure 2.3), and decelerated to 29'mglay from day 10 to 15. The decrease
in the rate of conversion could be due to depletiaghon source (lactate); as a result,
sulphate was no longer required as a terminalrelecicceptor. Another reason could be
that the bacteria starts to generate energy fonter@ance instead, when they enter the
stationary phase of growth thereby, uncoupling tsate reduction. Moreover, the

sulphate concentration becomes limiting after Iysda
The initial rate of sulphide production was slowridg the first four days corresponding

to the lag phase of SRB which can be between Oh{VM@hantyet al, 2000). This was

followed by an accelerated rate with the highesitceatration being produced after nine
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days (354 mgt). This also relates to the log phase of SRB whinmpares well to SRB
isolated from Aska sugar mill effluent that shoveelbg phase of up to 25 days (although
the sulphate levels were much higher; 1.3 iy Mohanty and co-workers (2000). The
sulphide concentration decreased after day nine. Was probably due to speciation of
sulphide which is strongly dependent on pH (Rasls@nw2003). The chemical
equilibrium of the three sulphide species is repmésd below (Equation 4):

HS «— HStH<+«— $+2H ... (4)

At pH 8.0 and greater most of the sulphide is diegbin the agueous medium, while at
pH values below 7.0 most of the sulphide is indlaseous form (b6 ) (Okabeet al.,
1995). This can be related to the decrease inatection of sulphide levels after day 10
when the pH also starts to decrease (Figure 2hBrefore, though the sulphide may still
be present it cannot be detected using the stanslaphide test. Van Hille (2001)
demonstrated with the MintegA2 software package #hgH 7.0, 56 % of the sulphide
exits as HSand 44 % as 1% (. It has been shown that at certain concentratibas
sulphide becomes toxic to the cells and may alsthate to the decrease in sulphide
production (Mohantget al., 2000.
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Figure 2.3 Characteristic sulphate reduction and slphide generation in actively growing
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Figure 2.4 pH profile of SRB bioreactor during growth.
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The pH is stable during the first 10 days and deslithereafter (Figure 2.4). The optimal
pH for SRB growth is in the range 7.5 — 8.0 (Zeleend988.). The decrease in pH could
be due to the production of volatile fatty acidgy(eacetic acid, propionic, and butyric
acid) that are produced during lactate oxidatiofef@niotis and Oldham, 1994). In
addition, as the SRB enter the autolysis stagee isggenerally a decrease in pH.

2.3.2 Dye degrading ability of SRB

Following a 48 h incubation period in nutrient agantaining orange Il under anaerobic
conditions, colonies of sulphate reducing bacteviere observed. Colourless zones
around the colonies indicated that these bacteath reduced the azo dye Orange I
(Figure 2.5). The first catabolic step in the reduc of azo dyes which is accompanied

by a decrease in the visible light absorbance efdyie and then decolourization of the
dye is the reduction of the (-N=N-) azo bridge ({Ref al, 1990).

Figure 2.5 lllustration of the ability of SRB to decolourize the azo dye Orange Il under
anaerobic conditions. In the control, there was nalecolourization as there was no SRB to
reduce the azo bond of Orange Il. (Arrows indicateones of clearing ).

2.3.3 Screening for dye degrading enzymes.

Once the ability of SRB to grow in the presencamfizo dye had been demonstrated, the
next step was to identify the enzymes responsiimdéhfe reductive cleavage of the azo
bond. Lignin modifying enzymes (laccase, lignin amnganese peroxidase) were

51



Chapter Two Production of dye degrading em=y by sulphate reducing bacteria

investigated in this experiment with the aim ofdiimg a substitute enzyme that would
operate under anaerobic conditions, maybe in tihe fof sulphate which serves as a
terminal electron acceptor in SRB metabolism. Utcimately, but expectedly the
activities for the laccase and the peroxidases Wei26 and 0.047 Unfgrespectively
which were significantly lower than that for hydesgse (Figure 2.6). This led to the
conclusion that the enzymes that are normally preduby white-rot fungi are not
usually produced in SRB. It must be highlightedt tha interesting result was observed
with the laccase assay, which uses ABTS as a sbstThis substrate is an azo
compound, and the “normal” oxidation of ABTS in fheesence of laccase results in the
development of a darker green colour. In our cdsmyever, there was a rapid
decolourization of the green colour with the cetbef extract from SRB. This
decolourisation points to further evidence of aroggnase or ‘azoreductase’ present in
the cell free extract, which catalyses the redectileavage of this azo bond molecule
under the aerobic conditions of the assay.

Azoreductase assays resulted in a specific acwfiy.082 Umg which was also low in
comparison with the hydrogenase activity. Theseymes have been successfully
isolated and purified under aerobic conditions g$lseudomonastrains K22 and KF46
(Zimmermanret al, 1982, 1983). It was demonstrated by Zimmermamtha-workers
(1982; 1983) that the enzymes orange | azoreduetadeorange Il azoreductase were
highly specific and required molecular oxygen asnieal electron acceptor for the
reduction of the respective azo dye. Under anaeratmditions, it has been reported that
azoreductases require reducing equivalents to geothe electrons for the reductive
cleavage of the dyes which act as the terminaltrelecacceptors. In our current
experiment, NADPH was used as a redox mediatoregmevious work indicated that
azoreductase enzymes strictly require NADPH to ipethe hydrogen and electrons
required for reductive cleavage of the azo bondn(dermannret al 1982; 1983; Stolz,
2007). Attempts to use other redox mediators like NAD# &ADH did not yield any
significant azoreductase activity. This led to tdwmclusion that the azoreductases were
either not produced by SRB or if they were, theoregotentials (&) of the mediators
used in this experiment were well outside the raageeptable for suitable coupling.

Unfortunately, reliable & values for the azo dyes could not be found. @notiner hand,
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the B values for the redox mediators used in this stwdye -440,-324, -320 and -219
mV for methyl viologen, NADP+, NAD+ and FAD+ respieely (Faroet al, 2002;
Hansonet al, 2004). The redox potential { of a redox mediator (i.e. they’Eof the
couple oxidized/reduced redox mediator) for azaictidn should lie in between the'E
of the primary electron donor and thg Bf the azo dye i.e. ~100mV (Haderlein, 1995).

Significant amount of hydrogenase activity relativehe other enzymes investigated was
observed (Figure 2.6). The occurrence and productib hydrogenases have been
extensively studied iDesulfovibriosp (Brugneet al, 2000; Zadvornyet al, 2004). Ni-

Fe hydrogenase occurs universally in most bactevisle Fe-only and non-metal
containing hydrogenase depends on carbon sourcewnding conditions (Nicoleet
al., 2000). The enzyme activity observed in this expent co-relates with the activity of
Ni-Fe hydrogenases because of the low specificviie8 and low substrate affinities
(Sapraet al, 2000). This characteristic is applicable to #@@aerobic non-specific
reduction of azo dyes. Therefore, further studiesh®e decolourization of azo dyes in

SRB were based on the hydrogenase enzyme.
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Figure 2.6 ldentification of enzymes (that can degmde azo dyes) produced in sulphate
reducing bacteria. The enzymes were quantified fronthe supernatant after sonication.

2.3.4 Localisation of hydrogenase enzyme

Enzyme activity was expressed as a relative pesigenin order to allow comparison of
the hydrogenase activity of the different cell frags. The intact pellet fraction was
considered as 100% because it represented théadiithe cell in its natural state. The
disruption of the cells by sonication resulted ipp@ximately 3-fold increase in
hydrogenase activity of the cell free extract (fFegg@.7). This indicates that there was
release of membrane-bound (MB) hydrogenase thahalichave access to the substrate
when the cell was intact, and this together with pleriplasmic hydrogenases gave the
synergistic activity. The presence and functioM& hydrogenases was demonstrated by
Sapraet al (2000) who showed that Ni-Fe hydrogenases coulittion both as
cytoplasmic, NAD-reducing enzymes and as part ef cbnventional MB respiratory
chains in ATP synthesis. This was also supporteddigelberget al (2004) who showed
the presence of MB Ni-Fe hydrogenase that took paATP generation by electron
transfer-coupled phosphorylation.  Earlier studigg Jones and Garland (1977)
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demonstrated the relative impermeability of theopl{asmic membrane to charged, non-
physiological molecules such as oxidized methylogen (MV) and benzyl viologen
(BV). They reported that only reduced BV crossed tlytoplasmic membranes of
Escherichia colrapidly compared with the diffusion of reduced amxadized MV which
were slow to cross the membrane. This explaindativer activity before cell disruption,
in which the cytoplasmic membrane is the rate Imgitbarrier between enzyme and

substrate.
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Figure 2.7 Relative activity (%) of hydrogenase eryame in different cell fractions before and
after cell disruption by sonication S1=Supernatantoefore sonication; P1= Control (intact
pellet before sonication); S2= supernatant after socation; P2= pellet after sonication.

2.3.5 Extraction optimization by sonication

A surface response methodology was used to deterogtimum conditions that yielded

the highest hydrogenase activity. From the 3-dinwerad surface response diagram (not
shown), a 2-dimensional cross-section known asngoco map was constructed using the
various sonication times and amplitude (Figure.Zl8g best sonication conditions were

an amplitude of 10W for 4 minutes + 10seconds tlatilted in a significant increase in
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hydrogenase activity after optimization, in compan with activity obtained in section
2.3.3. Rotman (1956), in his studies on the meamarf sonic lysis of bacteria, showed
that cell disruption occurs in two steps: damageht® structural integrity of the cell

followed by the lysis of the cell components to es@ the integral components.
According to Rotman, the second stage of lysisniseazymatic process, which was
demonstrated by lowering the pH below 6.0; sepanatd treatment and inhibiting cell
with tetra-ethyl-pyrophosphate (TEPP); there waslysis of the bacterial cell. This

illustrates the importance of other factors suclpldsand temperature during sonication.
In this experiment, sonication was done at 4°Cthndcells were suspended in Tris-HCI
buffer (50 mM, pH 7.6) which has been extensivedgdiin the study of hydrogenase
enzymes.
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Figure 2.8 Contour map showing the best sonicatioronditions that yield the highest
hydrogenase activity.

2.4 Conclusions

The conclusions that can be drawn from this cheager
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a) sulphate reducing bacteria are capable of decaiogriazo dyes in agar under
anaerobic conditions,

b) laccase, peroxidases and azo reductase are nenpiesSRB, despite reports to
the contrary (Stolz, 2001),

c) hydrogenase enzyme, predominant in SRB, is likelye the enzyme responsible
for degradation of textile dyes,

d) the hydrogenase of interest is located in the dgsop and membrane of the SRB,
as activity is enhanced after cell integrity isrdged and,

e) hydrogenase can be optimally extracted by sonigaitrilOW for 4 minutes at 30

second intervals.

These findings led to the investigation of the gt time at which maximum
hydrogenase is produced by SRB, and investigatirgeffect of increasing the enzyme
activity through substrate induction. Since the andirust of this project was to apply
the enzymes commercially, the effect of carbon @®uon enzyme production and
degradation of textile dyes was questioned, leadinghe experiments conducted in
Chapter Three.
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3 PRODUCTION AND INDUCTION OF DYE DEGRADING ENZYMES

3.1 Introduction

3.1.1 The role of bacteria in effluent treatment processe

Enzymes produced by bacteria are responsible fer niany different biochemical
reactions that result in degradation of organictenatWhen bacteria are grown in a batch
culture, they normally exhibit a typical bacterggbwth curve which is characterised by

four phases (Figure3.1):

a) Lag phase — cells initially adjust to the new mediafter inoculation. At this
stage there is no apparent cell division occurraithough cells will be growing
in mass due to the synthesis of proteins, RNA, inotkasing metabolic activity.
It is important to note that the length of the lalgase is dependent on several
factors such as bacterial strain, culturing condsi (i.e. temperature, pH and
atmospheric pressure), and adaptation of cells nmr@nmental shock after
transfer to new medium. The lag phase may take @0® hr as demonstrated by
Mohantyet al (2000) when they cultured sulphate reducing bactsolated from
a sugar mill effluent.

b) Exponential (log) phase — is characterised by rgpmvth, wherein all cells are
dividing regularly by binary fission and growth iacreasing by geometric
progression. Growth rate is dependent on compaosiiogrowth medium and
incubation conditions. As a result of these coondsiand those mentioned in (1),
the log phase may vary from 0.16 — 600 hr (Mohatgl, 2000).

c) Stationary phase — as in most batch reactors, greivth is not continuous.
Population growth gradually ceases due to any btieee factors (in any order);

d) Exhaustion of nutrients — accumulation of inhibjtanetabolites and exhaustion

of space. This stage is also characterised by tioeluption of secondary
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metabolites such as antibodies by some bacteraahst Enzyme production may
also occur at this stage depending on the availlstrates (Kiraet al, 2004).
Spore forming bacteria also express the respedmees that result in the
sporulation process.

e) Autolysis (death) phase — cells start losing th&ibility and begin to disintegrate
as lysozymes are released into the cytoplasm. @énethere is geometric

decline in cell population.
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Figure 3.1 Diagrammatic representation of a typicabacterial growth curve. a; lag phase, b;
log phase, c; stationary phase, d; exhaustion of trients e; autolysis phase.

3.1.2 Production of enzymes by bacteria

As bacteria divide, grow and metabolize, they pogdbhigh molecular weight proteins
often referred to as enzymes that facilitate thedformation of biochemical substrates.
Colonies of bacteria literally serve as factories édnzyme production, although it must
be noted that the enzymes can only be producecttoyely growing cells grown under
specialized conditions so as to harvest the highasientage of the target catalyst. While
humans and other higher animals have a complexstiigemicro-flora, bacteria have
developed sophisticated mechanisms for the regulaif both catabolic and anabolic
pathways (Todar, 2004). Bacteria will not synthestiegradative (catabolic) enzymes
unless the substrates for these enzymes are piedptenvironment, e.g. in the absence

of lactose in the media, bacteria will not synthedactase enzymes as it is not needed,
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however once the substrate becomes available, rlzaciéll activate the genes for
expression of lactase. Similarly, bacteria haveeltged diverse mechanism for the
control of biosynthetic (anabolic) processes. Bameple if the amino acid tryptophan is
readily available in the environment, the bactermith shut down its own pathway of
tryptophan biosynthesis thereby conserving eneiigyddr, 2004). In an uncontrolled
environment, however, the regulation and controthefse metabolic pathways must be

reversible since the environment is always chanf#adpu and Aravind, 2005).

Wortmann was probably one of the first biochemigtdescribe the mechanism by which
living cells can adapt themselves to the utilizatid certain foodstuffs (Wortmann, 1882;
Dubos, 1940). In his studies on unidentified baatdre observed that the cells produced
amylase when grown in media containing starch, edm®ithe enzyme was not present
when the same cells where grown in the absencéaoths In related studies, he also
found that yeast cells always produced invertaservgrown in the presence and absence
of sucrose. Since then, the influence of the coitipasof the culture medium on
enzymatic activity of microbial cultures became ttentre of investigation and it was
discovered that the production of an enzyme mightgbeatly stimulated when the

substrate is a constituent of the culture mediuan@8&nhard and Stafseth, 1953).

Enzymes produced in direct response to the avhilabf a homologous substrate in the
culture medium are called inducible or adaptiveyemzs (Dubos, 1940; Todar, 2004).
They are only produced as and when they are nedddte process of induction, the
substrate or compound that is structurally sintitathe substrate evokes formation of the
enzymes and it is often referred to as an indu€ed4r, 2004). On the other hand,
enzymes that are always produced by the cells dezss of the composition of the
culture medium like those that operate during glysis and TCA cycle are generally

constitutive and are present in more or less theesaoncentration in cells at all times.
Enzymatic activity in intact cells is affected bgveral factors such as age of cell culture,

cellular permeability, substrate concentration gmdduct concentration. Therefore it

becomes difficult to determine quantitatively, t@ncentration of a given enzyme when
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intact cells are used as an enzyme source. The effégtive way of measuring the
activity is to disrupt cell integrity and removenclitions where cellular permeability can
vitiate the interpretation of results (Borthwigt al, 2005). Based on this, it can be
deduced that an increase in enzyme activity dods negessarily mean increased
production of enzymes. However, it remains possibé in other cases an increase in
enzymatic activity or the appearance of a new emiigniunction may not be the result
of production of a new enzyme but rather, mechasigmich result in the activation of
enzyme systems already present (Dubos, 1942; Badbdavind, 2005). Moreover, it is
unlikely in most; if not all cases, that inducibdmzymes may take the form of an
increased production of the specific enzyme, rathen in the formation of a new

enzyme.

While it has been suggested that the formationnoucible enzymes is a result of
evolutionary mechanisms (Babu and Aravind, 2005¢yd is evidence which does not
support this hypothesis:

a) Inducible enzymes have been shown to charactelistiappear and reach their
maximum activity during growth of the first transiaf the culture in the specific
medium, but fail to be formed when the culturerasferred into a medium that
lacks the specific substrate (Dubos, 1940). Itdafeee becomes unlikely that an
enzyme formed and lost so suddenly could be dunatiaral selection.

b) It also appears that the enzyme once formed ardl wsén the reaction becomes
useless to the organism in the absence of theratdasyudkin (1938) grevi.
coli in a formate medium (Dubos, 1940). A hydrogenagyme was produced to
catalyze the reaction (Equation 5). It was theneoled that there was a sudden
loss in the hydrogenase activity once the organsstmansferred into a medium

deficient of formic acid.

HCOOH=H+COu...ceeveieveeiiiiii e v eenenn (B)
The natural selection theory does not support titigtive mechanism of enzymes;
rather, enzyme production occurs without increaseell numbers. Furthermore it was

discovered that enzyme production involves synghesinew protoplasm, during which
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most cells undergo a phase of enlargement and aiongprior to cell division (Todar,
2002).

3.1.3 Application of inductive enzymes

Adaptive enzymes exhibit remarkable specificity aogvthe substrates that initiate their
production and have been shown to be able to diffeate monosaccharides from
polysaccharides. In light of this, the ability t@nipulate microbes into producing desired
specific proteins has increasingly attracted afahterest resulting in the production of a
diversified range of enzyme systems for industapplication. Introduction of new
compounds into the environment that may or may b®toxic to the micro-organism
results in:
a) overproduction of a protein that neutralizes tHeafof the compound,
b) an increase in the efficiency of a transporter teatoves the compound from
the cell and,
c) an increase in the catalytic efficiency of the eneythat processes the
substrate (Babu and Aravind, 2005).

3.2 Materials and methods

3.2.1 Time course survey

A five litre sulphidogenic bioreactor was setuppasviously described in section 2.2.1,
Chapter 2 with a starting COD: $Oratio of 1:1 (2000 mg). Daily samples of 250 ml

were withdrawn from the bioreactor and assayed pootein concentration and
hydrogenase activity. The bioreactor was degassely ¢b maintain an anaerobic
environment. Sulphate/ sulphide concentration addvgre measured in triplicate on a

daily basis.

3.2.2 Induction of pure SRB with commercial dyes

An actively growing SRB inoculum (750 ml) was int¢ated into modified Postgate
lactate medium, which served as the carbon soliwer azo dyes, namely Orange II,
Reactive Black 5, Amido black 10, Reactive Red Hi@ one anthraquinone dye,

Reactive Blue 2 (purchased from Sigma, South Afriware added into the medium
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separately to achieve a final concentration of @0’ of each dye at the start of the five
bioreactors that were maintained under standardrahic conditions. Daily samples of
250 ml were withdrawn from the bioreactors and frelé extract obtained as previously
described (Section 2.2.2, Chapter 2), assayed Hoteip concentration, hydrogenase
activity, pH, sulphide concentration and, decolsation (at the respective maximum

absorbance peak of each dyes with an Ultra Spesd@€trophotometer).

3.2.3 Induction of sludge SRB with commercial dyes

Five bioreactors were setup as described in se@tid2, Chapter 3. The carbon source
was primary sewage sludge from the local municgmal the inoculum was derived from
the Environmental Biotechnology Research Unit (EBRUhe sewage biomass was
filtered through a cheese cloth to remove debhis,GOD of the filtrate was measured,
and adjusted to a starting concentration of 2000 m@orresponding sulphate levels
(2000 mgr") were also used. Daily samples were withdrawn asshyed as described in

section 3.2.2.

3.2.4 Effect of dye concentration on enzyme induction

This experiment was carried out to investigate theeshold levels of the dye
concentration at which bacteria could produce makimydrogenases and to simulate the
varying concentrations that are found in typicaltite effluents. The five dyes were
mixed together at a concentration of 100 Tnghch to achieve a final concentration of
500 mgl* at the start of the bioreactor while a secondegioror had 200 mglof each
dye leading to a final concentration of 1000 thgh 15 % (v/v) (750 ml) SRB inoculum
was seeded in both bioreactors and standard ana@rolsedures maintained.

3.3 Results and Discussion

3.3.1 Time course survey

A time course survey to determine the highest prodn of hydrogenase enzyme during
the growth of SRB was studied. The highest enzyoiwity was observed at day 6
(Figure 3.2) and this corresponds with the mid i@tairy phase of SRB growth
(Rashamuse, 2003; Ngwenya, 2004). It has beentesbtitat enzyme production occurs
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in the secondary stage of the stationary phasendapg on the availability of substrates
(De Laceyet al, 2000). During this study with SRB, this stageresponds with maximal
sulphate reduction and sulphide production (Figu8}, between day 6 and 9, achieving
sulphide concentrations of 354 riglDuring this process ATP generation through H
cycling occurs in which the sulphate acts as a iteahelectron acceptor (Figure 1.6).
This corresponds with work done d@h vulgaris where it was shown that it derives
energy from oxidative phosphorylation by coupliregduction of sulphate to sulphide
with oxidation of B (Heidelberget al, 2004). The hydrogen cycling reactions are
catalysed membrane bound and cytoplasmic hydrogenaisich facilitate oxidation and
evolution of H.
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Figure 3.2 Production of hydrogenase enzyme by SR&ver time. 100% relative activity =
3.0 U/mg

3.3.2 Production of protein during SRB growth

The protein concentration was determined by thedB®rd assay and it gave a
representation of the biosynthesis of proteinsrdubacterial growth. It was observed
that during growth of SRB, the protein concentrmatituctuated slightly between a
maximum of 1.7 mg mi and a minimum of 1.1 mg fhithroughout the time course

survey (Figure 3.3).
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The highest protein concentration on day threeesponds to the exponential growth
phase of the bacteria (Mohargy al, 2000), in which the cells are rapidly growingdan
there is active synthesis of functional cell pnese{amino acids, transporter molecules,
etc), enzymes and RNA resulting in an increaseebbfnesass (Babu and Aravind, 2005). It
can thus be deduced that there is a regulatory anésain that controls the concentration
of protein within bacterial cells at any given tins® that they only contain proteins that
are necessary for the immediate use and thoseenoired are not produced. This is
supported by Todar (2004) who described bacterigls cas having developed
sophisticated mechanisms for the regulation andesspon of enzymes. Regulation of
protein can be enforced, either by the presencerafeolytic enzymes that degrade
proteins not being utilized or through end produnttibition. However, the former is
more practical because the Bradford protein testeissitive towards the amino acids
cysteine and arginine and therefore any protein plossesses these two amino acids
would be detected, whether it is ‘turned’ on or. off
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Figure 3.3 Production of protein by SRB over time.
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It is interesting to note however, that maximhydrogenase activity does not correspond
to the highest protein concentration. This supptiréshypothesis that no new enzymes
are formed but that those already existing in §stesn are ‘switched on’ or induced to

catalyze the conversion of substrate thereby raguib the observed increased activity

(Dubos 1940; Babu and Aravind 2005).

3.3.3 Induction of hydrogenase enzymes with commercial &g

The aim of inducing production of an enzyme is aoviest the highest amount of enzyme
in the shortest time possible. There was induatibhydrogenase with the four azo dyes,
but unfortunately there was limited production gfdiogenase in the presence of the
anthraquinone dye reactive blue 2 (Figure 3.4). Aighest enzyme activity was obtained
from induction with Orange 1l dye which yieldedeative activity of 160 % within 24 h,
whilst only 27 % relative activity was obtained rfroinduction with Reactive blue 2.
Induction with Amido black 10 was equivalent to tentrol at 104 %, with same applies
for the mixture of all the dyes at 99 % all witt#4 h. Reactive black 5 and Reactive red
120 induction levels were quite low as comparethécontrol; therefore it would not be

feasible to utilize these dyes for induction pugms

The time taken to induce maximal hydrogenase agtwias also studied and it was
observed that the azo dyes facilitated an increaeazyme activity within a shorter time
period (Figure 3.4). This was quite interestingehese the control sample took six days to
yield 100 % of the activity whilst, Orange Il yield a much higher activity in only one
day. It is also noticed (Figure 3.1), that, in ttwatrol at day one, there is only 25 % of
the activity whilst, with the induced sample, traivty is at 160 % over the same time
period. The same applies for Amido Black 10 andrinegure of the dyes. Although, the
overall yield in hydrogenase activity was not aghhas the control for reactive black 5
and reactive red 120, it is still evident that éheras increased enzyme activity (78 and
45 % respectively) after only one day of incubatith can therefore be deduced that the

presence of azo dyes induced the production oraizin of hydrogenase activity.
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Figure 3.4 Induction of hydrogenase in the presencef commercial dyes. Relative activity
(100%) is 3.0 U/mg achieved at day 6. Control 1 repsents the maximum activity of
hydrogenase in the absence of dye and control 2 ngsents hydrogenase activity after one
day of incubation in the absence of dye as a compson activity due to induction.

The anthraquinone dye, however, did not induce mezgctivity at all; instead, it took
six days for the SRB to produce maximum activityggfe 3.4), following the same
pattern as the control, with an enzyme activityooly 27 % relative activity being
produced. It can be speculated that this dye itshithie production of the hydrogenase
enzymes in SRB and therefore would not facilitae induction of the enzymes required
to biodegrade textile effluent.
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Figure 3.5 Typical time course survey of hydrogenasproduction in the presence of Orange
Il and Reactive Blue 2. Relative activity is 4.8 Unhg.

3.3.4 Biodegradation of commercial dyes by hydrogenase eymes

The induction of enzyme production was accompanieith dye removal or
decolourisation. Different dyes had different decwisation rates, ranging from 92 % for
Orange Il and 15 % for Reactive Blue 2 (Figure 36k interesting to note that both the
fastest decolourisation rate and highest enzymduygtmn was achieved with Orange |l
azo dye. On the other hand, the slowest decoldimseate and least enzyme production
were observed with Reactive Blue 2 anthraguinonee. dfPrevious work on
decolourisation of dye containing textile effludra@s shown that the structure of the dye
chromophore is more important than the dye applinatliass in determining the ease
with which decolourisation occurred (Wallace, 2Q0Ihe dyes containing mono-, bis-
and poly- azo chromophores were reported to showstantial degrees of
decolourisation, while dyes with anthraquinone amwphores exhibited a broad variation
of results ranging from scarcely degraded (as obsein this study) to substantial
degradation (Kremer, 1989; Carliell, 1993). In teth studies, the anthraquinone dye
Acid Blue 80 which is structurally similar to Reaet Blue 2 only showed 7 %

68



Chapter Three Production and induction of dye déimg enzymes

decolourisation (Brown and Laboureur, 1983a) sugsptine results obtained in the
present study. Interesting observations and perhapselating features about
anthraquinone dyes are tliaey are weak and inefficient when applied to fakout they
tend to be extremely difficult to break down due tteeir fused aromatic structure
(Willmot et al, 1998) (Figure 1.3).
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Figure 3.6 Decolourisation rates of commercial dyeby hydrogenases produced by SRB
over 24 h.

According to Seshadri and Bishop (1994), the ratdihg step of dye degradation is the
permeability of dyes through the cell membrane. [pgemeability through the cell
membrane was shown to be a function of the adsworatesorption equilibrium of the
dye at the cell membrane and the food: micro-osyaniatio and they postulated that
older cells with a reduced supplemental nutrieqpsutend to have better degradative
capabilities. The reduced decolourisation rate eadd®ve Red 120 can be attributed to
the complex structure and high molecular weight (#r1469), which impedes the
permeability of the dye into the cell and hindecsessibility of the reducing equivalents
to the dye chromophore.
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3.3.5 Effect of carbon source on decolourisation rate

The range of carbon sources used by SRB as a ggotgry wide and includes organic
acids, alcohols and hydrocarbons. The preferreocaand energy sources however, are
organic acids such as lactate, pyruvate and malatkalcohols such as ethanol, propanol
and butanol (Gibson, 1990). While application afsh substrates on a laboratory scale is
feasible, up scaling the process onto an industrial is not economical, and therefore
there is a need to investigate a cheaper altemditivthis study, lactate was used in the
preliminary experiments in order to eliminate iféeing compounds and organisms and
to get an understanding of the fundamental priesippnd mechanisms of dye
decolourisation. Once this has been achieved, chedpmore abundant carbon sources

such as primary sewage can be investigated.

Decolourisation of Orange Il in the presence ofdeeresulted in a rapid decolourisation
rate as compared to the decolourisation in theepies of sludge biomass (Figure 3.7).
With the biomass, an adaptation period was requisitch is likely due to the presence
of higher molecular weight compounds and the cormyleof the medium that made it
difficult for the SRB to access the carbon soutnethe lactate medium, however, the
carbon source is readily available and easily akstied. These findings are in agreement
with the hypothesis that biological azo dye degtiadaoccurs as a result of co-
metabolism, when the dyes are introduced as a dacpsubstrate (Seshadri and Bishop,
1994, Yooet al, 2001). Attempts to utilize the dye as sole carand energy sources for
their degradation have not been successful undsgrahic conditions. Only simplified
azo derivatives were shown to be degraded usiPrgeadomonastrain (Zimmermanet

al., 1982) under aerobic conditions. The oxidatiorth&f carbon sources such as lactate
(Figure 1.6) facilitates the generation of reducgggiivalents that are used to reduce azo
linkages. Therefore, although the two carbon s@uveere added to the bioreactors in the
same concentration, the ability to be readily adated by SRB differs and as such
affects the rate of Orange Il azo dye decolousatThe same concept applies for the
other azo dyes (Figures 3.8 — 3.10), though theeesaveral factors that affect the
decolourisation rates of these dyes.
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Figure 3.7 Decolourisation of Orange Il azo dye b¥RB, using lactate or sludge biomass as
carbon sources.
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Figure 3.8 Decolourisation of Reactive Black 5 azdye by SRB, using lactate or sludge
biomass as carbon sources.
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In the decolourisation of Reactive Black 5, thefediénce in the starting absorbance
values can be attributed to the colour of the stulbdigmass which was almost similar to
the colour of the azo dye, therefore resulting amsiderable interference when colour

removal was being measured.
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Figure 3.9 Decolourisation of Amido Black 10 azo dyby SRB, using lactate and sludge
biomass as carbon sources

The effectiveness of decolourisation depends omstitueture and complexity of each dye
as evidenced by the varying decolourisation padteripserved during this study. One
common occurrence with all the azo dyes is thathépresence of sludge biomass the
decolourisation is slower, and there is no completmoval of the colour from the
medium. The most likely reason for this is the ifgeence of the colour of the sludge

biomass which is characteristically black colour.
The slower rates of decolourisation generally oles@with Reactive Red 120, Reactive

Black 5 and Amido Black 10 are probably as a reetilthe double azo linkages that

make up their structures and will therefore requirere reducing equivalents to effect
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bond cleavage and subsequent colour removal afi@updion of the resonance

structures.

12

0.8

0.6

A 610nm

0.4

0.2

O T T T T 1

0 2 4 6 8 10
Time (days)

—&— Sludge —— Lactate ‘

Figure 3.10 Decolourisation of Reactive Red 120 aztye by SRB, using lactate or sludge
biomass as carbon sources.
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Figure 3.11 Decolourisation of Reactive Blue 2 azdye by SRB, using lactate or sludge
biomass as carbon sources.
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Throughout this study, a rather unexpected resa#t ebserved with the decolourisation
of Reactive Blue 2 by SRB using sludge biomasserAftaving established that the
anthraquinone dye cannot be decolourised whentéawtas used as a carbon source, it
was observed that after six days of incubation wittdge biomass (Figure 3.10) there
was a sudden decolourisation which resulted in detmpremoval of the dye. The
intricate and diverse nature of primary sludge laesn(while not being sterile) may
therefore contain other micro-organisms capabléaifitating the aromatic breakdown
of the fused anthraquinone ring structure. Car{te893) reported the ability of anaerobic
sludge culture to degrade anthraquinone dyes.

3.3.6 Effect of dye concentration on enzyme induction andye degradation

Having determined that the presence and type dbcasource is vital for biodegradation
of textile dyes, it became necessary to investigatethreshold levels to which the SRB
can be able to optimally decolourise dye containuagte water. Effluent generated from
textile dye houses is variable in nature dependmghe mode of operation (Robinsen
al., 2001). If living micro-organisms are to be enyad for the removal of colour from
textile effluent, the concentration and properfies. pH, temperature and additives) of
the influent must be optimal and not toxic to thienobes.

An increase in dye concentration resulted in aehes® in the decolourisation efficiency
(Figure 3.12). This correlates with previous stadig which increasing initial
concentrations of reactive dyes; Procion Red HE-EBimarene Blue X3LR and
Remazol Brilliant Blue R respectively, reduce theerof decolourisation by as much as
50 % (Carliell, 1993; Ozswet al, 2005). In this study it was observed that rerh@fa
Orange Il was reduced by 4 % when dye concentratias increased from 100 to 500
mgl* and a further 36 % when the concentration incikasel000 mgt (Figure 3.12).
Increase in concentration of the other dyes yidéss decolourisation efficiency as
evidenced by the higher loss in rate of degradaiorAmido Black 10, Reactive Red
120 and Reactive Black 5 which lose up to 50 %hefdecolourisation efficiency. This
could be attributed to the structural moiety of tlyes which are characteristically di-azo

compared to Orange Il which is a mono-azo. They l&vaequire more reducing
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equivalents to facilitate cleavage of the double lazkages and as a result there is need
for carbon sources which tend to become limitingravme. The generation of aromatic
amino metabolites from the breakdown of the dyeg also become toxic to the growth
and survival of the SRB, therefore leading to redlucapacity to decolourize the di-azo
dyes.

The decolourisation rate of Reactive Blue 2 was graatly affected by increase in
concentration as there was only a decrease inesftig by 5 % between 100 and 1000

mgl™t. This supports the non-biodegradability of thishaaquinone dye under the present
system.
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Figure 3.12 Effect of dye concentration dye decoloisation efficiency over 24 h.

The efficiency of dye decolourisation in a mixtwe the five dyes as simulated in a
typical textile effluent normally made up from avelise range of dyes was investigated.
It was also observed that the decolourisation rdéeseased with subsequent increase in
dye concentration (Figure 3.13). The highest deo@ation rates were observed after
the first 24 h and then declined rapidly theredfberall the azo dyes. The presence of the

anthraquinone dye Reactive Blue 2 did not seenfféatahe decolourisation efficiencies
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of the azo dyes. This may indicate that the anthirexpe dye does not interfere with the
active site of the hydrogenase thereby allowing @éheymes to carry out their normal
function, which results in generation of reducinguiealents that facilitate
decolourisation of the azo dyes.
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Figure 3.13 Effect of dye mixture concentration ortlye degradation.
3.4 Conclusions

Therefore the conclusions that can be drawn frasndimapter are:

a) the highest amount of hydrogenase enzyme is pradateday six of the

bioreactor in the absence of dyes,

b) hydrogenase activity is increased when SRB are griowthe presence of azo
dyes, but is not increased in the presence of angtilmone dye Reactive Blue 2
and,

c) the mono azo dye Orange Il produces the highesuatad enzyme after day one

of incubation, while the other di-azo dyes increasenduce production in the
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shortest time but do not result in a higher enzyawavity than the control.
Reactive Blue 2 appears to inhibit hydrogenaseiagti

d) Orange Il has the highest decolourisation rateslewReactive Blue 2 has the
slowest,

e) Increase in dye concentration results in reductindecolourisation rates,
therefore the concentration of dyes in an efflueeing biodegraded by SRB
should be kept between 100 — 500 ™gb achieve maximum decolourisation
rates and high turnover rates,

f) Lactate yields higher decolourisation rates thawage sludge due to the
bioavailability of the former, as compared to th&dr which are made up of a
complex mixture of polymeric compounds (Carlietlal, 1994). Based on cost
implications, however, further investigation of sge sludge as a carbon source
for SRB will be investigated in chapter five.

Once hydrogenase was found to be the enzyme rabfmisr the degradation of azo

dyes, the next phase of this study was to try aethie, purify and characterize the

enzyme in chapter four.
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4 PURIFICATION AND PARTIAL CHARACTERISATION OF
HYDROGENASE

4.1 Introduction

Protein purification is one the most fundamentagpst in understanding the
mechanism and characteristics of enzymology. Whijdrogenase enzymes have
been found in many micro-organisms including algée, first hydrogenase was
described by Stephenson and Stickland (1931) astaial enzyme that catalysed the
reversible oxidation of H(Equation 3, page 35). This led to the discovdrynore
hydrogenases in a number of anaerobic and aerobl@gyotes. The physiological
functions of most prokaryotic hydrogenases arexidipe H,, or to reduce electron
acceptors and produce; ldnd consequently will maintain the intracellulad pnd

redox potentials at suitable levels (Uart@l, 1999).

The methods used in the purification and charasagdn of enzymes should be
reliable, rapid, efficient, and readily applicalblering the purification steps (Willson,
1999). The purification of a protein is normallysked on the structural and functional
properties of the protein and its intended use, #rid greatly influences the
purification steps that are used. By definitiopratein is pure when it contains only a
single protein species, however, in practice, in@re or less impossible to achieve
100 % purity (Wilson and Walker, 1994). Fortunatebntamination levels between 5
— 10% of other proteins may be permissible. Thiansimportant point, since each
purification step inevitably involves the loss béttarget protein. As a result an extra
(and unnecessary) purification step that increéisegurity of the target protein, say
90 to 98 % may result in insufficient protein faurther work. Therefore, it is
important to determine purification steps that eesihat purity is of a high quality
while retaining enough sample for future intendeedii®s. The purification steps used
in this study will be briefly described so as toingan understanding of their

principles.
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4.1.1 Enzyme purification

41.1.1 Concentration of cell free extract

The main aim of concentrating proteins during peaiion is to reduce the volume of
the aqueous medium, thereby minimizing proteindedsy non-specific adsorption to
container walls or column matrices. Small volumésancentrated protein are easier
to work with for subsequent purification proceduf@se, 2001). There are three main

concentration methods that have been widely usétkipreparation of proteins.

4.1.1.1.1 Ammonium sulphate precipitation

This technique is referred to as ‘salting out’ @dne of the most common methods
for precipitating proteins. The ‘salting out’ efteaperates when high concentrations
of salt are gradually added into a protein contegjnaqueous medium, causing the
proteins to aggregate and precipitate out of smtutBalting out is also dependent on
the hydrophobic nature of the surface of the pnottn most proteins hydrophobic

groups are found within the interior though in son@ses they are found on the
exterior surface (Harris, 2001). The precipitatedtgin is usually not denatured and
activity is normally recovered upon re-dissolvidgnmonium sulphate is the salt of

choice as it combines characteristics such angattut effectiveness, pH versatility,

high solubility, low heat of solution and low pri¢@ollag, 1996).

4.1.1.1.2 Freeze drying

Also referred to as lyophilisation, involves rerabef water from a frozen sample by
sublimation, leaving a dry powdered enzyme extwdath is much more stable than
the aqueous extract (Roe, 2001). Freeze dryingtiselective for salts and these may
affect activity of the enzyme, although this may dwerected by dialysing before
freeze drying. Disadvantages of this techniquetlzae it takes a relatively long time
which may result in loss of enzyme activity, andttthe sublimation process may
cause considerable loss in enzyme activity dubdstidden change in the state of the

medium.

4.1.1.1.3 Polyethylene Glycol (PEG)

This is the most commonly used organic polymeeciitation by the PEG is one of

the simplest and most rapid method of concentragoigtions as it does not require

79



Chapter Four Purification and partial characteatzon of hydrogenase

specialized apparatus. The mechanism of precipitainvolves addition of water
miscible organic polymers which absorb water frohe tprotein extract. The
molecular weight of the polymer should be great@nt4000; normal polymers used
are 6000 and 20000. This technique is advantageatst it does not interfere with
subsequent purification steps and it does not afazyme activity. It is inert and,

unlike ammonium sulphate, tends to stabilize pnstéBollag, 1996).

4.1.2 Size exclusion chromatography

Size differences between proteins can be explaitaize exclusion chromatography.
The basic principle is that molecules are partébietween solvent and stationary
phase of defined porosity. The separation procesziried out using a porous gel
matrix (in bead form) packed in a column and sumd®d by solvent. Molecules that
are too large to pass through the gel are excludet hence elute first from the
column. On the other hand, smaller molecules withi fractionation range of the
gel, penetrate the pores, and will appear as #tectanponents in the chromatogram.
Apart from separation based on size, the extergephfiration also depends on their
shape, as elongated proteins (due to their higydrakion radius) pass through faster
than compact globular proteins of the same molecwaight. Therefore, the
separation mechanism of size exclusion chromatbgrapvolves both molecular
shape and mass of the molecules, and thus it camsée@ to determine molecular
shape in solution and consequently as a monitodéaaturation (Wilson and Walker,
1994).

4.1.3 lon exchange chromatography

This is the most widely used form of chromatograplch relies on the attraction
between oppositely charged particles in proteind amino acids (Wilson and
Walker, 1994). These molecules contain ionisab&igs which carry a net positive
or negative charge which is thus exploited in the@paration. lon exchange
separations are carried out in columns made uhafged groups that are covalently
attached to a support matrix. There are two tygesroexchangers, namely cation
and anion exchangers. Cationic exchangers possgssively charged groups which
attract positively charged cations. These exchangee also called acidic ion
exchangers because their negative charges resafigation of acidic groups. Anion

exchangers contain positively charged groups thieich negatively charged anion
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groups and they normally result from the assoamatibprotons with basic groups and
as such are also referred to as basic ion excha(géison and Walker, 1994).
The mechanism of ion exchange chromatography irmpdf five distinct steps:

a) rapid diffusion of the ion to exchange surface @amiogenous solutions,

b) diffusion of the ion through the matrix structuré the exchanger to the
exchange site which is highly dependent on theadegf cross linkage of the
exchanger and the concentration of the solutioms Ehthought to be the rate
limiting step of ion exchange chromatography,

c) the next step is the exchange of ions at the exgehasite, which occurs
instantaneously at equilibrium. The more highlyrgea the ionised molecule
to be exchanged, the tighter it binds and thereadgily it is displaced by other
ions,

d) the exchanged ions diffuse through the exchangeretsurface, and

e) the final step is the selective desorption by theer and diffusion of the
molecule into the external eluent. This is achielgdhanges in the pH and/
or ionic concentration or by affinity elution (i.en cases where an ion has
greater affinity for the exchanger than that boontb the matrix when it was

introduced into the system (Wilson and Walker, 1994

Over and above these characteristics, size exdusimomatography may be
combined with ion exchange chromatography. In tkigdy, Sephacryl S-200
separates protein molecules by size, as well asxohange of charges on the protein
molecules. The influence of salt ions enables theoa of charged protein molecules

within a sample over a concentration gradient (idaR001).

4.1.4 Enzyme characterisation

Potential application of enzymes as catalysts faootelbhnological processes
necessitates their characterisation so as to azhideir maximum activity.
Physiological properties of enzymes that influeragivity include stability to
temperature change, pH, catalytic properties, @®lecular weight), charge
(electrophoretic mobility), and binding partnersit{strates and co-factors) (Willson,
1999).
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4.1.4.1 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

This is the most widely used method for analysingtggn mixtures qualitatively and
is particularly useful for monitoring protein puciétion. Since the method is based on
the separation of proteins according to size, nit tteerefore be used to determine the
relative molecular mass of proteins. SDS-PAGE camused to determine the purity

of the protein and give an assessment of the patifin steps.

The method starts with boiling of target proteimgée in buffer containings-
mercaptoethanol and SDS (&KCH.)10-CH,OSOsNa’) which is an anionic
detergent. The mercaptoethanol disrupts the tegrteructure of the protein by
cleaving the disulphide bridges, while the SDS bistrongly to and denatures the
protein. This results in the opening up of the @irointo a rod — shaped structure with
a series of negatively charged SDS molecules ofteon charge density per unit
mass, and this facilitates electrophoretic mobiMyich is independent of amino acid

composition (Wilson and Walker, 1994).

The samples are loaded onto a stacking gel wieiores the purpose of concentrating
the protein sample into a sharp band before itrerttee main separating gel. This is
achieved by utilizing differences in ionic strengtid pH between the electrophoresis
buffer and the stacking gel, a phenomenon knownseschophoresis. When an
electric current is passed, the proteins migrateuth the gel and they interact with
the ampholytes (electrostatic interaction). At sqmoeént along the gel, each protein
encounters its isoelectric point; and the migratbithe protein stops. This results in
each protein species concentrating at that poietetly forming a very sharp band
(Voet and Voet, 1995). The distance migrated byptatein is measured, a plot of
logip polypeptide molecular weight versus the relativebiiity (Ry) is used to
calculate the relative molecular mass of the tapgetein (Hames and Rickwood,
1981).
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4.2 Materials and methods

4.2.1 Purification methods

4211 Culture

Cells were cultured in a five-litre bioreactor caining modified Postgate lactate
medium (Appendix A) and harvested as previouslycdiesd (Sections 2.2.1 and
2.2.2).

4.2.1.2 Hydrogenase activity and protein determination

Hydrogenase activity was assayed spectrophotoralyricby monitoring the
reduction of methyl viologen with gaseous lds previously described (Section
2.2.4.5, Chapter 2). Protein was quantified by Bnadford method, using BSA as a

standard as previously described (Appendix B).

4.2.1.3 Preparation of cell free extract

The SRB cells were harvested by centrifugation Q7€fm, JA-10 rotor, Beckman,
USA, 15 minutes, 4°C). The pellet (11 g wet weigh#is washed twice with ddB
and then re-suspended in Tris-HCI buffer (pH 7@Gn8M, 100 ml). Cell integrity was
disrupted by sonication at an amplitude of 10W@s8&cond intervals for 4 minutes.
The lysate was centrifuged at 10000 rpm, JA-20rrd@@6 minutes, 4 °C) to remove
membrane associated material and other cell déiitessupernatant was then assayed

for protein and hydrogenase activity and design@tied1.

4.2.2 Concentration of cell free extract

The concentration procedures reported here aree ttied showed the best results
from several attempts made in this study. The CWE&4 divided into two parts (50 ml
each), one part was concentrated by freeze drymagtlae other with poly ethylene
glycol 20 000.

4.2.2.1 Poly ethylene glycol (PEG 20 000) concentration

The CFE1 (50 ml) was sealed in dialysis tubing r@&ge Rockford, Illinois, USA),

which was then placed in a beaker and covered aieiplwith a dry matrix of PEG
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20 000. The sample was left to stand (4 °C, 2hthasvater was removed from the
cell free extract until the desired volume (5 mlasvobtained. The concentrated

sample was assayed for protein concentration adobggnase activity.

4.2.2.2 Concentration by freeze drying

The sample (50 ml) was poured into a freeze drflagk and frozen by gently
swirling the flask in liquid nitrogen for 10 mingteThe sample was then transferred
onto a freeze dryer and freeze dried at — 60 ° &roght. The powdered extract was
re-suspended in a minimal amount of,@Hand assayed for protein and hydrogenase

activity.

4223 Dialysis

Both concentrated samples were dialysed overnighOitimes sample volume Tris-
HCI buffer (pH 7.6, 10 mM) to remove any contamingtsalts. The samples were

assayed for protein and hydrogenase activity.

4.2.2.4 Size exclusion and ion exchange chromatography on Sephacryl S-200

The concentrated samples (5 ml) each from PEG esekzé drying were applied
separately onto a sephacryl S-200 (Sigma, Souticafcolumn (3 cm x 30 cm). The
column was pre-washed with buffer Tris-HCI buffepH( 7.6, 50 mM) and

equilibrated until Ago of elute had reached baseline. The sample wasedpahd

eluted using the same buffer. An ion exchange gradestablished by using 0.3 M
NaCl was eluted at the same time with the buffeackons (4.5 ml) eluted at 2.2
mimin™, were assayed for protein concentration. Those dbatained protein were

assayed for hydrogenase activity, pooled togethalysed then freeze dried.

4.2.2.5 SDS-PAGE analysis

The effectiveness of the purification procedures watermined by running SDS-
PAGE on samples exhibiting hydrogenase activitymi@as from each purification
step (20 ul) and a standard molecular weight méker— 150 kDa, Merck, South
Africa) were electrophoresed on 10 % SDS-PAGE & Y2 The gels were stained
with coomassie brilliant blue R-250 staining salati(Appendix C1), then destained

in methanol: acetic acid: water (1:1:8 v/v/v) destay solution (Appendix C1). The
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molecular weight of the partially purified hydrogee was determined using a

standard curve of log molecular weight versus distamigrated (Appendix C2).

4.2.3 Characterisation methods

4.2.3.1 pH profile

The optimum pH for the hydrogenase was establiflye-suspending the partially
purified enzyme in different pH buffers, sodium @ate (pH 4 — 5.5, 50 mM); sodium
phosphate buffer (pH 6 — 6.5, 50 mM); Tris-HCI lufipH 7 — 9, 50 mM) and
bicarbonate buffer (9.5 — 11, 50 mM). Hydrogenastevidy was determined in each
of the samples at the different pH levels.

4.2.3.2 Temperature profile

The temperature optimum of the partially purifiegdiogenase enzyme was
determined over a temperature range of 10 — 70 TH& reaction mixture was
prepared as previously described (Section 2.2@lgpter 2). The reaction was
started by addition of hydrogenase suspension gireated with gaseous Jat the

different temperatures.

4.2.3.3 Thermal stability profile

The optimum pH and temperature were used to deterrttie optimal thermal
stability of the hydrogenase enzyme. Hydrogenaskvitgc at time zero was
considered as 100 % relative activity, and was orealsat 10 min intervals for 90

minutes.

4.2.3.4 Kinetic parameters (Vmax and Ky)

The kinetic properties were determined by varyihg substrate (methyl viologen)
concentration between the ranges 0 — 10 mM. Hydragg activity was determined at

each substrate concentration.

4.2.3.5 Effect of aromatic amines on hydrogenase activity

It is a strong probability that aromatic amines gyated from the reductive cleavage

of azo dyes accumulate and become toxic to enzyechgitpa and SRB growth.
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Standard aromatic amines namely, sulphanilic as@tlaniline (Merck, South Africa)
which are the breakdown metabolites from azo dyan@e Il in concentrations
ranging from 10 — 100 mM were added into the reactmixture. Hydrogenase

activity was carried out as previously describegc(®n 2.2.4.5, Chapter 2).
4.3 Results and Discussion

4.3.1 Purification of hydrogenase

4.3.1.1 Concentration of enzyme extract

The effect of the three concentration methods omrdgenase activity was
investigated. Several attempts to concentrate th@rogenase with ammonium
sulphate precipitation resulted in complete losseakzyme activity (results not
shown), and consequently the other two protocalegEe drying and PEG) were used
throughout the purification. Subsequent purificatisteps after concentrating the
enzyme were dialysis, size exclusion / ionic exgeachromatography. Hydrogenase
is a very sensitive enzyme, which can rapidly ldseactivity in the presence of
oxygen (Kamachiet al, 1995). While extreme caution was taken during th
purification steps, loss of activity due to exp@swo air cannot be ruled out. The
purification of hydrogenases in previous work froor research group has also been
hampered by the presence of oxygen (Rashamuse; R@9&nya, 2004). Exposure
was limited by extending the pre-activation timetioé enzyme with molecular,H

under strict anaerobic conditions.

4.3.1.1.1 First purification strategy

A summary of the hydrogenase purification with aeerying, dialysis and Sephacryl
S-200 size exclusion-ion exchange chromatograptshasvn in Table 4.1. The first
purification step of freeze drying increased thec#ic activity from 0.82 to 1.11
Umg® as it managed to remove the water that constitimeciqueous sample as well
as contaminating proteins as seen by the decregsetein concentration from 331.8
to 133.5 mg.
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Table 4.1: Purification table for hydrogenase usingfreeze drying (FDE) as a
concentration step. F17 = Fraction no. 17 and F73 =r&ction 73.

Total
Volume Protein Total Specific Activity Recovery Purification

Sample (ml) (mg) Activity (U) (U/mg) % Fold
Crude 200 331.8 272 0.82 100 1

FDE 50 133.5 148 111 54.4 1.35
Dialysis 50 126.5 150.5 1.19 55.3 1.45
> 200MR 225 38.7 99.23 2.56 36.5 3.13
E%%OOHR 27 5.05 8.208 1.63 55 1.47

The fold purification increased slightly indicatirigat the target protein had been
slightly ‘cleaned up’. The dialysis step removed #alts from the buffer and those
that had been freeze dried, and brought aboutgatsincrease in the hydrogenase
activity as seen in the purification fold and trergentage recovery, from 54.4 to 55.3
%. This most probable reason for this slight insee@ activity could have been
attributed to removal of the salts from enzyme dangmd may have disrupted the
optimal pH and ionic strength of the buffer. Theeize dried extract was then loaded
onto a Sephacryl S-200 size exclusion-ion exchawjemn. The elution profile is
shown in Figure 4.1. Two protein peaks were obskmltefractions 17 and 73 with
corresponding hydrogenase activity, after elutimgsample with a NaCl salt gradient
from 0 — 0.3 M. This suggested the presence of types of hydrogenase with
different molecular size and ionic charge. Theres aasignificant change in fold
purification from 1.45 to 3.13 from the previousrifination step with fraction 17,

whilst there was no noticeable change in fold peatfon with fraction 73.
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Figure 4.1 Sephacryl S-200 size exclusion-ion exclge chromatography after freeze
drying. Column dimension (3 x 30 cm); Flow rate: 2 mimin™. The hydrogenase
activity was eluted by gradient addition of NaCl (0— 0.3M) with Tris-HCI buffer (pH
7.6, 50 mM).

4.3.1.1.2 Second purification strategy

The cell free extract harvested from SRB was atswcentrated using PEG. Unlike
with the freeze dried extract, the first purificati with PEG, resulted in loss of
specific activity from 0.82 to 0.75 Urilg(Table 4.2). Contrary to what to literature
suggests, that it stabilizes the enzyme activitgr(ld, 2001), in this case there was a
slight decrease in fold purification from 1 to 0.%ktivity may have been lost by the
increase in viscosity caused by the withdrawal afew molecules from the cell free
extract. It was later recovered after the dialgsep. During dialysis there is removal
of salts and ions (that may limit the activity bktenzyme) through osmosis from a
highly concentrated solution (enzyme extract) t@ tdilute solution (buffer).
Therefore it can be suggested that the dialysip séwersed the effects of the
concentration step giving a specific activity 08®.Umg". This is also supported by
the purification fold which increased from 0.911t@8 Umg'. On further purification
with Sephacryl S-200, there was a significant iaseein specific activity from 0.88 to
2.49 Umg". While there was significant drop in the vyield asresult of the
chromatography step, there was an overall incrieefidd purification thus indicating

that this purification was successful.
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Table 4.2: Purification table of hydrogenase usin@EG as a concentration step

Purification and partial characteatzon of hydrogenase

Specific
Volume Total Protein Total Activity Recovery Purification

Sample (ml) (mg) Activity (U) (U/mg) (%) Fold
Crude 120 199.08 163.2 0.82 100 1
PEG 50 189.5 141.4 0.75 86.6 0.91
Dialysis 10 34.8 30.7 0.88 18.8 1.08
Sephacryl
200HR 36 21.13 52.56 2.49 32.2 3.03

An interesting observation that was noted betweertwo purification strategies was

the appearance of two peaks with the freeze dédha (Figure 4.1) and only one

peak with the PEG concentrated extract (Figure. 4rffially it was presumed that

two types of hydrogenases had been partially matifFreeze dried extract), but the

second peak at fraction 73 was not observed isd¢cend concentration step. Several

attempts to repeat the PEG did not yield a secead pnd this led to the assumption

that the second peak that was found with the freleymg extract could be the same

enzyme which eluted at different times due to tired strength of the charged amino

acids in the structure. Confirmatory studies weesfggmed with SDS-PAGE to

determine the molecular weight of the hydrogenazgme.
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0.40 +

0.30 +

Protein concentration (mg/ml)
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0.10 +
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1.6
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+ 1.4
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Fraction No.

‘ —s— Protein —e— Hydrogenase activity ‘

Enzyme activity (umol/min)

Figure 4.2 Sephacryl S-200 size exclusion-ion excige chromatography after PEG.
Column dimension (3 x 30 cm); Flow rate: 2.2 mimifl. The hydrogenase activity was

eluted by gradient addition of NaCl (0 — 0.3M) withTris- HCI buffer (pH 7.6, 50 mM).
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4.3.1.2 SDS-PAGE molecular weight analysis

Polyacrylamide gel electrophoresis (PAGE) is on¢éhefmost effective methods that
is capable of separating molecules on the bastheif physical differences both in
molecular size and net charge (Hames and Rickwt®8}1). The results obtained
showed that the size exclusion chromatography wtee successful with the PEG
dried extract as observed by the single band ia Babut was not successful for the
freeze dried extract in lane 3 where were sevaatlb the presence of proteins with
different molecular weights are indicated (Figur8)4The appearance of the bands
on the freeze dried extract in the PAGE analysie akplains the appearance of more
than one peak in the chromatogram (Figure 4.1).mbkecular weight of the protein
band exhibiting hydrogenase activity was estimae®8.5 kDa. The hydrogenase
appears to be monomeric, and its molecular massii® same order of magnitude as
that of larger subunit of hydrogenase foundasulfovibrio desulfuricanfNicolet et

al., 2000). The likelihood that the hydrogenase jrdiin this study could belong to
the iron only class is due to the fact that theamty of enzymes from this class are
monomeric, with molecular weights ranging from 425% (Uenoet al, 1999;
Fontecilla-Campst al, 2002). While Ni-Fe hydrogenases are localizethiwithe
cell membrane, and because of their function, teeg to be dimeric in nature with
molecular weights ranging from 48 — 89 kDa (Win&tral, 2005). Therefore the
speculation that hydrogenase purified in this stadyld be a Fe only hydrogenase

and not a nickel containing hydrogenase remaimssanable argument.
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38.

Figure 4.3 10 % SDS-PAGE analysis of purified hydrgenase. Lane 1. Crude extract.
Lane 2: PEG concentrated sample after Sephacryl S-80size exclusion-ionic exchange
chromatography. Lane 3: Freeze dried extract after 8phacryl S-200 size exclusion-ionic
exchange chromatography. Lane 4: Molecular weighimarkers.

Literature also suggests that the molecular weightsydrogenases in SRB alone are
diverse and quite dependent on the particular iltd the bacteria as well as the
culturing conditions (Kamachet al, 1994; Winteret al, 2005). The hydrogenase
purified from this study was derived from a mixazhsortium of SRB, as a result it is
difficult to speculate which organism producedbiicause the hydrogenase tends to

be uniformly distributed in the sulphate reducipgaes.

4.3.2 Characterisation studies

4.3.21 pH optimum profile

Most enzymes normally exhibit a strong dependerfcactivity on the pH of the
medium (Clark and Switzer, 1977), therefore itngortant to optimize the pH of a
particular enzyme (hydrogenase in this case). Siydeogenase has been found in a
wide range of organisms including bacteria, fungimd algae, and in different
environmental conditions the pH profile was invgsted over a range of 4 — 10,
using different buffers coherent with the pH levéin optimum pH of 7.5 for
hydrogenase was observed (Figure 4.4) and thisdoardance with the optimal pH for
growth of SRB which has been reported to be inrdémge 7.0 — 8.0 (Zehender, 1988).
Enzymes have been known to operate within the pktheforganism that they are
produced in and as a result the hydrogenase piifi¢his study had an optimal pH

that corresponded with the conditions under whith$RB were grown (Figure 2.4).
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Previous studies on hydrogenase characterisatioa &lso found the optimal pH to
be in the same range (7.0 — 8.0) (Rashamuse, 20@enya, 2004), therefore it can
be deduced that hydrogenase enzymes function dptirma a slightly alkaline
environment and it can be postulated that pH degrecel of hydrogenase reactions is
the consequence of the changing degrees of iooizati functional groups in the
enzyme as well as the substrate (Clark and Swit&f7). This is in view of the

reversible redox reactions carried out by the hgdnase enzymes.

4.3.2.2 Temperature profile

A maximum hydrogenase activity was observed at@0xhich is within the growth
temperature of mesophilic SRB. The temperatureectiolows a characteristic bell
shape in which at lower temperatures, the actigitglower but gradually increases as
temperature increases (Figure 4.5). This is tym€ainzyme kinetics in which rate of
enzymatic reaction increases as temperature iresetgs being achieved by increase
in the rate at which enzyme and substrate ‘colliolebecome in contact with one
another (Walker, 2000). The downside to this reacthowever, is that at higher
temperatures (above 50 °C) there is disruptionhef quaternary structure of the
protein resulting in inactivation and subsequentatieration of the enzyme. It must
be noted, however, that SRB are also thermophilid have been isolated from
environments that have temperatures as high a<C7@rid so it points to the vast

diversity and ubiquity of these organisms.
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Figure 4.4 pH profile on hydrogenase activity.
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Figure 4.5 Temperature profile of hydrogenase enzym

4.3.2.3 Thermal stability of hydrogenase

The thermal stability of hydrogenase was inveséidaat optimum pH (7.5) and

temperature (40°C). Minimal activity loss was olser during the first 10 minutes
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and thereafter, activity steadily decreased asbaton time increased (Figure 4.6).
The evident loss in activity observed could haverbeaused by the loss of protective
matrices, which normally protect the hydrogenaseyemin vivo as consequence of
the isolation and purification steps carried duting course of the study (Rashamuse,
2003). These, together with external factors suchk and temperature could result
in progressive denaturation of the enzyme by algethe structural integrity of the
hydrogenase. After 40 minutes, 70 % of the actihidég been lost after which very
little change in the activity occurred. The hydmogse purified in the current study
had a half life of 32 mins4( = 32).
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Figure 4.6 Thermal stability of hydrogenase enzyme.

Hydrogenase enzymes are highly sensitive to oxymehnas such all studies involving
these enzymes are carried out under strict anaemnditions (Kamachet al,
2000). Total anaerobic conditions cannot be ackiesed therefore the lack of
thermal stability to some extent can be attributethe exposure to oxygen. The poor
thermal stability observed in this study is a majdrawback towards the
biotechnological application of these enzymes ie thioremediation of textile
effluent. Furthermore, there is no evidence of aogymmercially available
hydrogenase enzymes, therefore reflecting the metrdifficulties encountered in
purification of this enzyme. These findings suggestay be wise to use whole cells

for the bioremediation of textile waste water imst®f purified enzyme extract.
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4.3.2.4 Kinetic parameters

An investigation into the effect of substrate carication on the activity of
hydrogenase was investigated by measuring actvigy a range of methyl viologen
concentrations (0 — 10 mM). A typical increase ubdrate concentration which
results in a proportional increase in activity bstibstrate saturation was achieved

thus following first order reaction kinetics (Figu4.7).
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Figure 4.7 Dependence of hydrogenase enzyme actyviton methyl viologen
concentration.

Hydrogenase activity of the enzyme purified in tetsdy was rather low, with a
maximum activity (\hay) of 21.18umol.min® mi™* being attained (Figure 4.8), while a
Michaelis constant (k) value of 4.57 mM was recorded (Figure 4.8). Thes#ings
indicate that the purified hydrogenase has a lofinigf for the substrate (methyl
viologen) meaning that they are capable of catafysi broad range of substrates and
is therefore, appropriate for use in catalysingliheakdown of wide range of waste

dyes generated during textile dyeing and processing
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Figure 4.8 Hanes-Woolf plot of hydrogenase enzymectivity versus methyl viologen
concentration

4.3.2.5 Effect of aromatic amines on hydrogenase activity

During the induction studies it was found that fogenase activity declined rapidly
as decolourisation occurred, therefore it becanoessary to investigate the effect of
aromatic metabolites produced after reductive @gavof the azo dye Orange Il on
hydrogenase activity. It was observed that addittdn10 - 50 mM of aniline

(metabolite of orange Il azo dye) into the reactmixture stopped the reaction

immediately thus suggesting the inhibition of tineyame.

4.4 Conclusions
From the purification and characterisation studiean therefore be concluded that:
a) the molecular weight of the purified hydrogenases watermined to be 38.5
kDa, which is in the same magnitude as Ni-Fe hyelnege previously
purified fromDesulfovibrio desulfuricanfNicoletet al, 2000),
b) the purified hydrogenase showed optimal temperatodepH of 40 °C and 7.5
respectively,
c) the enzyme showed a poor thermal stability ovee twith a t,= 32 minutes
d) The kinetic parameters¥and K, were determined to be 21.18 U frand
4.57 mM respectively.
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5 FBIOREMEDIATION OF TEXTILE DYES AND INDUSTRIAL
EFFLUENTS

5.1 Introduction

Over the last two decades considerable amountsefareh has been reported on the use
of micro-organisms as bioremediation agents intteatment of dye-containing waste
water (Ramalheet al, 2004). Although these dyes contribute a minaction to the
usually high load of dissolved organic matter, theyd to be highly visible and must be
removed before effluent that complies with governtrenvironmental legislation can be
discharged into the ecosystem. The textile dyeind fnishing industry uses a wide
variety of dyestuffs with world annual productiomaunting to more than 7 x 1€nnes
(Khehraet al, 2005). The downside, however, is that they galyeexperience difficulty

in meeting waste water discharge limits, partidulaith regard to dissolved solids, ionic
salts, pH, COD, colour and occasionally heavy rsedapending on the dye house (Chen
et al, 2004). While these factors are crucial companémtbe considered in dye effluent
treatment, coloured industrial effluent is the mobtious indicator of water pollution
and the discharge of this highly coloured synthedie effluent is aesthetically
displeasing (Chang and Lin, 2001; Khebtal, 2005).

Traditional-analytical methods for measuring watelour are calibrated against a
yellow-brown standard (Hazen units), and thougls thieasures the colour of natural
water on the basis of dissolved organic acid canteis unrelated to the colour spectrum
and is therefore unreliable (Carliell, 1993). A tbetmethod was developed by the
American Dye Manufactures Institute (ADMI), whichindependent of hue and uses the
absorbance colour spectrum and can therefore béedeto colour imparted by dyes.
These colour measurements, however, still havedd@ssdages such as; interfering
suspended solids that have to be removed and bisatelour bodies that contribute to
the overall colour of the effluent. It is also difflt to correlate analytical colour
measurements with visual perception and therefoa&es it difficult to come to a
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decision as to the acceptable colour to allow disgh into the receiving bodies. In
practise, the zero colour standard may be modg@that a compromise may be reached
in which the impact of the coloured effluent on tkeeiving water body is acceptable to

all existing and potential downstream users (Ciarii€93).

The waste water characteristics from a dye houseéhahly variable from day to day,

depending on the type of dye and fabric and conatoih of chemicals used. Treatment
of such waste waters is, therefore, essential Hticudt. Physico-chemical treatment

methods which include electrochemical oxidation andption are effective as tertiary
treatments but are not economically viable as tiesylt in the generation of secondary
pollutants that require further treatment (Kunearal, 2005). This has led to extensive
research for development of cheaper alternativel as biological treatment. Many of
the world’s textile manufacturers are equipped witieir own waste water treatment
plants which usually combine biological processath whysical — chemical process
(Coste, 1996).

Many micro-organisms belonging to different taxomomgroups have been reported to
decolourise azo dyes and thus their applicatiothéntreatment of the downstream azo
dye containing effluents has been investigated Kikdet al, 2005; Van der Zee and
Villaverde, 2005). Unfortunately the industrial dipgtion of pure cultures in the
bioremediation of textile effluent has not beencassful due to the heterogeneity of the
components in the effluents depending on producticmedule. The treatment systems
having mixed microbial populations are more effextdue to the concerted metabolic
activities of the microbial community (Sharmeaial, 2005). In the anaerobic microbial
degradation of azo dyes, decolourisation is the Btep which results from cleavage of
the highly electrophilic azo bontb yield aromatic amines that cannot be further
mineralized under these conditions (Rajageiral, 2000). Therefore, an ideal industrial
application of microbial treatment should containicnororganisms capable of
functioning under anaerobic/ anoxic and aerobia@@ns in order to achieve complete

degradation.
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In view of these facts, this study concentratedhr@anaerobic phase of textile effluent
treatment since a local textile manufacturing comypgDa Gama Textiles, King
William’s Town, South Africa) was experiencing pleims with colour removal from
their effluent. As far as meeting the municipalleght discharge regulations on other
elements, their effluent quality was acceptabledischarge indicating that their Effluent

Treatment Plant (ETP) was functional.
5.2 Materials and methods

5.2.1 Analysis of industrial dyes, rinse water and effluat

The samples used in this study were obtained frenGma Textiles (King Williams’s
town, South Africa), and they included two sampléseactive dyes, a sample of rinse
water from the dye house and effluent discharge dtntents of these samples were
unknown and therefore tests to characterize there werformed before bioremediation
with SRB. An absorbance scan using Thermospectidgiamate (Aquamate, England)
was carried out on all samples in order to deteentlire different absorbance maxima of

the dyes in the mixture. Samples were measurepgHand COD.

5.2.2 Bioremediation studies of industrial reactive dyes

Batch reactors were setup for each sample as mgyiadescribed (Section 2.2.1,
Chapter 2) with the SRB carbon source as primawage as previously described
(Section 3.2.3, Chapter 3). The starting conceaptraif the mixture of reactive dyes was
diluted to 2000 mgt and the pH was adjusted to 7.5 at the start ofbibeeactor.

Duplicate samples were withdrawn and assayed foredse in absorbance and COD

concentration.

5.2.3 Bioremediation studies on rinse water and effluent

Two bioreactors were set up as described in sebt@2. The starting concentration was
determined from the preliminary analysis in sect®@.1 as it was within the range
acceptable for growth with SRB. Duplicate sampleseialso withdrawn and assayed for

decolourisation and COD concentration.
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5.2.4 Bioremediation of synthetic dyes

Five bioreactors were setup for each of the fiuthentic dyes in which the primary
carbon source was primary sewage sludge as prdyigescribed (Section 3.2.3, Chapter
3). The starting concentration of the mixture dadative dyes was diluted to 2000 gl

and the pH was adjusted to 7.5 at the start ofbibeeactor. Duplicate samples were

withdrawn and assayed for decrease in absorbamc€@b concentration.
5.3 Results and Discussion

5.3.1 Characterisation of industrial effluents

Analysis and characterisation of the samples wa® do as to gain an insight into the
constituents of the sample. In the textile indusitey diversity and magnitude of dyes and
colours required is vast. As a result, not all dges supplied as single units, rather the
dye technologists have devised codes that speciBnge of dyes (Da Gama Textiles,
personal communication, 2005). This reduces theualnd time involved when single

dyes are used and makes up for inefficient mixihgeweral dyes to achieve a particular
hue on the part of the dyeing specialist. The dadenef this, however, is that those dyes
that are not used up during processing (due tdignefcies in the operation or process),

are discharged into the environment.

5.3.1.1 Spectral scan studies

Absorbance peaks were observed at 215, 260, 290440, 490, 510, 515, 600 and 625
nm (Figure 5.1 — 5.3). This is indicative of theeggnce of different colour absorbing
compounds in the reaction mixture. Rys and Zollin@972) reported that ‘dyes are
characterised by their capacity to absorb the enefy a particular part of the
electromagnetic radiation which is visible to thertan eye’. Absorbance peaks observed
in the range 215 — 260 nm are likely to be reprizgime of aromatic chromophores from
within the dye. Peaks in the range 400 — 490 nnrepeesentative of yellowish green,
yellow, orange and red, and those in the range-5600 nm are indicative of purple,
violet and blue (Table 1.2, Chapter 1, Trotman,Q99herefore it can be deduced that

the mixture of reactive dyes obtained from Da Ga&wuite diverse.
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The vat print rinse sample was reported (Da Gamdil&s, personal communication,

2005) to contain insoluble vat dyes and reactivesdyat did not adsorb onto the fabric
during processing and are therefore washed oungluthe rinse stage. The spectral
absorbance scan (Figure 5.2) on the vat print rgesaples does not show dominant
peaks in the visible range of spectrum, thus ilmgythat most of the dyes applied during
fixation are adsorbed onto the target fabric. Wiegamined by the human eye, the
sample is lightly coloured as compared to the gackloured mixture of reactive dyes. In

the ultra-violet range of the spectrum, there disinct peak between 280 — 300 nm,
indicative of the presence of aromatic compoundkiwithe sample. The most probable
origin of these could be as a result of chemicahehge of the coloured dyes to yield

colourless aromatic compounds.

The spectral scan of the textile effluent (Figur®) yenerated during textile processing
and dyeing showed peaks at 450, 510 and 600 nheimisible range and 215, 230, 275
and 340 nm in the UV range. This is typical asléwel of dyeing efficiency in most dye
house operations is poor, with up to 40 % of thesdyeing discharged as effluent (Stolz,
2001; Pearcet al, 2003; Moreiraet al, 2004). The effluent used in this study was quite
dilute (Da Gama Textiles, personal communicatid@@5) and the aesthetic features were
of light blue colour. This sample was taken priorentry into a biological effluent
treatment plant, and as such, the concentrationcatalr of the effluent had to be

adjusted to suit the growth conditions of the miorganisms.

It becomes questionable as to the reason for taidieg this current investigation if Da
Gama Textiles could treat their own effluent viaithEffluent Treatment Plant (ETP).
Their major concern, however, was removal of thiewofrom the effluent which was
not possible with their ETP system. The presentlystbas shown the capacity to
completely remove colour from commercial dyes aymtlsetic textile effluent (Chapter
Three) and consequently it is reasonable to expmoplete bioremediation of Da Gama

Textiles effluent with our biosulphidogenic reactor
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Figure 5.1 UV/Vis scan between 200 — 800 nm of axnire of reactive dyes used for dyeing
textile fibres at Da Gama textiles. The scan is siitar to the mixture of reactive dyes in the
presence of silicate salts and sodium hydroxide.
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Figure 5.2 UV/ Vis scan between 200 — 800 nm of theat print rinse from textile
processing.

The concentration of the dyes and effluent wasrdeted by measuring the COD to give

an estimate of the chemical load of the samplesalk observed that the dye mixture
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without alkali had the highest concentration of ZB® mgl* COD. Addition of silicate
salts and sodium hydroxide into the dye mixturaulted in dilution of the dye (Figure
5.4). Sodium silicates are generally used to endantubility of dyes. During the process
of bleaching, hydrogen peroxide is used as a biegchgent, but the presence of
common metals such as iron, copper and manganestheinwater catalytically
decomposes the peroxide solutions thereby nectsgitaddition of more of the
oxidizing agent which effectively translates to tcdghe addition of silicate salts blocks
the catalytic effect of these metal ions and inntwtabilizes the peroxides (PQ
Corporation, 2003).
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Figure 5.3 UV/ Vis scan between 200 — 800 nm of tlweaste effluent generated after the
dyeing processing.

Alkaline conditions enhance the fixation of dyesoofabric by providing hydroxyl ions
which increase the binding affinity (Trotman, 1990his explains why there is addition
of these additives prior to textile dyeing. It renzato be answered what consequences
these additives have on downstream bioremediatigheoeffluent. While it is apparent

that an increased pH is necessary for applicatibihe dyes, biological treatment
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demands mild alkaline conditions for optimal biatea performance, leading to the

slight neutralization done on the reactive dye ores.
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Figure 5.4 The concentration of the dyes and the fafents were measured by determining
the COD. The pH of the dyes and effluents was alsneasured.

O,

5.3.2 Decolourisation of authentic dyes by sludge SRB

The results obtained from the azo dye degradatipnplire ‘lactate’ cultured SRB
provided a basis for the application of sludge weil SRB on the degradation of azo
dyes. While the culture from the local municipalvage works predominantly constituted
sulphate reducing bacteria, the presence of otheteba such as methanogens and
Sphingomonaspecies (Van der Zee, 2002) cannot be ruled altreay have contributed

to the degradation process.

104



Chapter Five Bimediation of textile dyes and industrial efflient

2

1.8

1.6

1.4

1.2

1

Absorbance

0.8

0.6

0.4

0.2

0
200 250 300 350 400 450 500 550 600 650 700 750 80Q

Wavelength (nm)
‘—O—Od ——-2d +—4d -<—6d —«8d —l—lOd‘

Figure 5.5 Decolourisation of Orange Il by SRB fromthe Grahamstown municipal sewage
works.

Incubation of the azo dye Orange Il with sludge SRB8&ulted in 60 % removal of colour
after eight days. Unlike with the pure SRB cultatedies, an interesting observation was
made during these studies in which a shift in tleximum absorbance peak (490 nm to
530 nm) of the dye was noticed at the beginningthef experiments. A spectral
absorbance scan over time revealed a shift in #gs@mum absorbance peak from 530 to
490 nm after day six (Figure 5.5). A probable erption of this deviation could be the
interference of the sludge culture and biomass hwlisc characteristically black, and
therefore as the degradation progressed there \gesdaal depletion in the colour of the

dye as well as the biomass.

It was also noticed (Figure 5.5) that after two gl@f incubation, there was a sharp
increase in the UV range of the spectrum (260 — 28, which indicated the
accumulation of aromatic compounds in the medium assult of azo degradation. The
peak at 290 nm then decreased after six days abaton. After eight days, there was
another gradual increase in the peak again, whaaicdes with maximal rate of Orange

Il decolourisation. It is possible to assume tihat decrease in the UV absorbance range
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could have been a result of breakdown of the ancmeatmpounds by the mixed consortia
of micro-organisms. There is, however, an overatréase in the amount of aromatic
compounds absorbing in the UV range after 60 %hefdolour has been removed from
the medium which suggests transformation of the é&ym into its constituent aromatic

compounds.

The degradation of the other azo dyes followedstmae trend with 70 % of the Reactive
Black 5 being removed after the first 24 h (Figbt6), reaching a maximum of 74 %
after 10 days of incubation. A gradual decreas¢hen UV absorbance also indicates

further degradation of aromatic compounds.
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Figure 5.6 Decolourisation of Reactive Black 5 by BB from the Grahamstown municipal
sewage works.

With Reactive Red 120 there was a gradual decieas#our over time (Figure 5.7) with
a maximum decolourisation rate of 49 % being addeafter 10 days. The aesthetic
properties of the bioreactor at the end of the lmation showed that the colour had almost

been completely removed from the medium (Figuré. 5.8
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Figure 5.7 Decolourisation of Reactive Red 120 byRB from the Grahamstown municipal
sewage works.

Figure 5.8 Progressive removal of Reactive Red 12®m sludge medium by SRB from the
Grahamstown municipal sewage works. The numbers re@psent days of incubation.
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Figure 5.9 Decolourisation of Reactive Blue 2 by SRfrom the Grahamstown municipal
sewage works.

The decolourisation rate of the anthraquinone dgacive Blue 2 was initially quite
slow with only 10 % of the dye being removed afier days of incubation. It however
accelerated and increased to 96 % after day ekgbtre 5.9) and this was most likely
due to adaptation of SRB and other micro-organigmnssent in the bioreactor,
consequently leading to the degradation of thedus®y characteristic of anthraquinone

dyes and complete removal of the blue colour (Fadguf0).
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Figure 5.10 Progressive decolourisation of ReactivBlue 2 from sludge medium by SRB
from the Grahamstown municipal sewage works. The nmbers represent days of
incubation.

5.3.3 Decolourisation of industrial textiles and effluens

The successful decolourisation of synthetic azasdyesludge cultured SRB led to pilot

trials on industrial textile dyes and the respex®ifluent generated after processing. A
decolourisation rate of 93 % was achieved in 2drtitfe mixture of reactive dyes (Figure

5.11) and the rate is similar to that observed withsynthetic azo dye Orange Il (Section
3.3.4, Chapter 3). The addition of salts and aldali however, affect the rate of colour

removal from the bioreactors as observed by a dserén the rate to 72 %. Since the
presence of the alkali was not significant as tHehpd been neutralized before starting
the bioreactors, the presence of the silicate saitst have attributed to the decreased
efficiency. This could have been due to the digiarof the ionic charges on the enzymes
catalyzing the breakdown of the reactive dyes. Tigdrogenase enzyme that was
partially purified in this study was shown to bendar to Fe-hydrogenase through SDS-
PAGE (Section 4.3.1.2, Chapter 4,), and since & been reported (PQ Corporation,

2003) that the effect of silicate salts in dye migs is to block the effect of ions such as
iron, it is probable that these silicates affedtesl structural moiety of the hydrogenases.

The silicates did not completely inhibit the enzyaetion because their concentration
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had been significantly diluted when the COD wasusidid to meet the requirements for
incubation with the bacteria and also the inculatime was minimal (24h). The use of
whole cells as opposed to cell free extracts imgtdal applications offers the advantage
that cells can protect or buffer the enzymes agjangyme inhibiting or denaturing
compounds as observed in this study.

Decolourisation rates of the effluent samples vieneat 52% and 41% for vat print rinse
and ETP samples respectively. This can be expldnyethe observation that colour in
these samples was quite minimal as demonstrateitieogpectral scan studies (section
5.3.1.1). The decolourisation thus observed waselfrom the residual dyes remaining
in the effluent which are not aesthetically sigrafit but can still be detected. It was

observed that there was no colour remaining aftembation of the effluents with SRB
whole cells.
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Figure 5.11 Decolourisation rates of Da Gama dyesd effluents by sulphate reducing
bacteria after 24 h.
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5.3.4 Degradation of aromatic amines

Absorbance (x 0.1)

\//\/“1\\_““\
e

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\7.\\"'7\p;r'"r"“r"‘r’*‘r*‘r’*"r’*"?'ﬁ"»“v"r"v""’

200 230 260 290 320 350 380 410 440 470 500 530 560 590 620 650 680 710 740 770 800

Wavelength (nm)
‘+ O hrs =8 hrs 16 hrs 24 hrs ‘

Figure 5.12 Absorbance scan of Da Gama reactive dykegradation by sulphate reducing
bacteria.

The degradation of azo dyes is normally charaadrisy the formation of colourless
aromatic amines (Ambrosio and Campos-Takaki, 2084)increase in the absorbance
peak in the UV spectrum in the range 260 — 290 ras wbserved in all bioreactors,
suggesting that the dyes were being broken doventhwir constitutive amines. It was
observed that these peaks decrease during incobattithe reactive dye mixtures with
SRB whole cells. While it has been reported thafrai@ation of aromatic amines readily
occurs under aerobic conditions (Peaste al, 2003; Sponza and Isik, 2003), an
interesting observation was noted during the degirad of Da Gama reactive dyes
(Figure 5.12), as the aromatic amines were miregdjias indicated by the decrease in
absorbance in the UV range (260 — 290 nm). It negrigued that the amines underwent
auto oxidation, which is highly unlikely as our f®actors were operated under strict

anaerobic conditions. Exposure of the bioreactomitomay have resulted in reverse
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oxidation of the aromatic amines, to give coloucedhpounds not similar to the original
colour of the dye. In this case there was no collmimation observed when the
bioreactors were stopped and exposed to oxygenefine, it can be concluded that the
sewage sludge cultured SRB-‘mixed’ consortia wdske &0 completely mineralize the
reactive dyes from Da Gama textiles (Figure 5.12)s was not observed when pure
‘lactate’ SRB was incubated with the same azo dyecfion 3.3.5, Chapter 3) and
therefore suggests the presence of a synergistthanesm, in which the dyes are cleaved
by the SRB and breakdown of the aromatic aminesddris facilitated by the other
micro-organisms present in the culture. Furthernasra result of the breakdown of the
aromatic compounds, the bioreactor is capable migb&ctive for a prolonged period (up

to 10 days). This aspect will be investigated kyrfel research.

5.4 Conclusions

Investigation of the ability of sulphate reduciragcteria to bioremediate textile industrial
effluent led to the following conclusions:
a) sulphate reducing bacteria are capable of degrayinthetic, industrial textile
dyes and their effluents using the sewage sludgepasnary carbon source,
b) bioremediation of textile industrial dyes by SRBukts in the breakdown of
sewage sludge thus effectively treating one eftiwesing one process, and
c) there is evidence of complete breakdown of arontatmpounds derived from
the dyes under anaerobic conditions.
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6 GENERAL DISCUSSION AND CONCLUSION

The combined effect of the increasing populatioongh and industrial development has
inevitably led to an increased volume of industbiased pollutants which have a serious
impact on the environment. While, the advent ohtexdogy has brought about simplified
and modern products onto the market, the downsteféents of these products tend to
pose hazardous effects on both the users and #r®m®ment. Textile production results
in production of potentially carcinogenic and hanhwaste water, which if untreated are
discharged into the ecosystem either by seepageaqtifers to underground water
bodies or into established mainstream water bodiegitional treatment methods have
not only managed to remove the effluent from théewaut have rather aggravated the
problem by introducing secondary effluent throudiericals used in the ‘effluent
treatment’. This has led man to turn back to MotRature to try, where application of
micro-organisms in the treatment of various indaktvastes including dye containing

effluent has been investigated for the last twaades (Asamudet al, 2005).

In light of this on going research, anaerobic b@&thave found favour in the treatment
of textile effluent, mainly due to their robust nia diversified range of carbon sources,
with particular reference to SRB which produce bidp that normally inhibits the
proliferation of pathogenic bacteria and can theeefoe utilized on a large scale. This
current study investigated the potential of SRBptoduce enzymes that can degrade
textile effluent. Azo dyes are the most commonlgdisolouring compounds (Pearee
al., 2003) and they were thus used in this studyntestigate the ability of SRB to
degrade them under anaerobic conditions. It canobeluded that SRB can breakdown
azo compounds under anaerobic conditions, and pgdese enzyme found in the
cytoplasm was responsible for this cleavage ofath@ bond. While hydrogenases have

not been reported to breakdown azo textile dyesattaerobic degradation of textile dyes
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has been reported to be catalysed by non-speeificctases found in the cytoplasm of
bacteria (Stolz, 2001; Van der Zee, 2002). Sorocatit low amplitude (10W) for four

minutes proved to be the best extraction methothydrogenase from the SRB.

After identifying and optimizing the extraction bydrogenase, a time course survey was
carried out to determine optimal time at which kghenzyme production occurs, and
this was found to occur after six days. Followirgst substrate induction using
commercial dyes was investigated and it was fohatl the presence of these dyes in the
bioreactor increased the relative hydrogenaseictiy 140% in 24h. Not all the dyes
induced hydrogenase activity, however, the anthrame dye Reactive Blue 2 did not
induce enzyme activity even after 10 days of intioba This was likely due to the
structural moiety of the dye which did not stimeldéhe production of more enzymes. It
was shown that the mono azo dye Orange Il resuigdde highest enzyme production
while the di-azo Reactive Black 5, Amido Black I©laReactive Red 120 resulted in 80
% increased enzyme activity in 24h. Correspondiegotburisation rates were also
observed in the same order as the decolourisati@s 0f the mono azo dye was higher
than that of the di-azo dyes. The threshold lew#sthe dye concentration were
determined to be in the range 100 — 500 blgher concentrations resulted in limited
decolourisation of the dyes (decolourisation wasbpbly due to adsorption by the dead
SRB cells). Lactate as a primary carbon sourcetegsin higher rate of decolourisation

when compared to primary sewage sludge.

After the induction trials it was necessary to fjuand characterise the hydrogenase
enzymes and two strategies were employed. The ifisgilved concentration of the
enzyme sample by freeze drying and resulted inftactions (one at fraction no. 17 and
the other at no. 73) containing hydrogenase agtivith a specific activity of 2.56 and
1.626 U.mg.proteinwith a fold purification of 3.13 and 1.47. The sedcstrategy used
PEG for concentrating the enzyme sample, this hewesvealed only one fraction that
eluted at no. 17 and it had a specific activity2049 and a purification fold of 3.03.
Analysis of the fractions from both strategies b§(a% SDS-PAGE showed a distinct

band with a molecular size of 38.5kDa which is Ire tsame magnitude as other
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hydrogenases purified from SRB. Characterisationdiss further showed that
hydrogenase operates optimally at a pH of 7.5 angbérature of 40° C and poor thermal
stability over time (- life = 32 minutes). Kinetic parametersyt&nd Vinax for methyl

viologen were found to be 4.57 mM and 21.18 U nelspectively.

The overall objective of the present study wasffiecively bioremediate textile effluent
using a purified hydrogenase extract, howeverstganducted using both the crude and
purified hydrogenase extracts were not successhd. most likely explanation could be
that the redox potentials in the reaction mixtuerevnot favourable enough to facilitate
azo bond cleavage. This problem was overcome byingakse of whole SRB cells
which resulted in complete decolourisation of tke dyes. It can be concluded that the
decolourisation of the azo dyes was a biologicattien because the two controls used,
in which one had an autoclaved SRB inoculum wikdther did not have any inoculum
remained unchanged, thus indicating that the poesehlive SRB resulted in breakdown

of the dyes.

Analysis of the reactive dye mixtures and theirpeesive effluents after processing
enabled the characterisation of these industniadisl An absorbance spectrum revealed
several maximum absorbance peaks ranging from 2885-nm, thereby revealing the
presence of different reactive dyes as specifiedth®y textile company (Da Gama
Textiles, King William’s Town, South Africa). A speal absorbance scan of the effluent
revealed dominant peaks in the UV range and smpéeks in the visible range. This
gave an indication that the bulk of the dyes haenbadsorbed onto the fabric during
processing and to some extent it also highlighés dfficiency of the dye house. After
characterisation of the dyes, and effluents, theyrewthen degraded by SRB under
anaerobic conditions. Decolourisation rates of 98r¥ 72 % for the dye mixture and the
dye mixture plus silicate salts were observed. Wttike primary function of these salts is
to facilitate dye-fabric interaction, their presendownstream, inhibits the bio-catalytic
action of enzymes during effluent treatment anéwsh would need to be removed or

diluted to levels that don’t affect bioremediatioithe effluent.
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The use of primary sewage as a carbon source dobittremediation of textile effluent
offers a cheaper alternative, and was thus invegstijin the current study. Successful
decolourisation of commercial dyes with sewage gduds the primary carbon source
were investigated with decolourisation rates ragdgmom 96 — 49 % for Reactive Blue
through to Reactive Red 120. This led to the demgrad of industrial dyes and their
effluents by SRB using primary sewage sludge, amdded decolourisations rates
ranging from 93 — 41% and thus proved that sewagigs effluent could be used as a

carbon source for the bioremediation of industeatile dyes containing effluent.

Future work involves

a) the chromatographic analysis of the aromatic breakdproducts that are formed
after breakdown of the azo bond,

b) setup of an aerobic system to effectively degradeatomatic compounds that are
formed during azo dye degradation,

c) trials on other industrial effluents such as puid @aper, dairy, tannery, brewery
using SRB and primary sewage sludge as a carbanesou

d) establish the enzymatic mechanism for the breakdwvemomatic amines, and

e) establish a quantitative evaluation of the process.
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APPENDICES

Appendix A: Modified Postgate B preparation

Solution A Add 6 ml Sodium lactate (60% solution w/w), 4.8gS0,, 1.0g NHCI,
1.0g Yeast extract, 0.5g KHAO,, 0.1g Sodium citrate.2}®, 0.06g CaGl6H,O and
0.06g MgSQ.7H,0 and dissolve all components in 990 ml of disdiltkeionised water.
Solution B Dissolve 1.0g ascorbic acid and 1.0g sodium thcdwlate in 100 ml of

distilled/deionised water.

Final preparation of medi&he pH of solution A was adjusted to pH 7.5 with BldOH
solution. The solutions (A and B) were then auteethseparately for 15 minutes at 15
psi -121°C. To make 1L of medium, 10 ml solutiorwBs then added to 990ml solution
A under a UV hood.

Appendix B: Method of protein determination - Bradford assay Bradford, 1976)
B1: Protein stock solution (2mg/ml)
Dissolve 0.02g of Bovine serum albumin (BSA) inriDof ddHO.

B2: Protein standard curve

Different protein concentrations were prepared ftoemBSA stock solution (2mg/ml) as
shown in Table Al. A protein standard curve wasegated by reading the absorbance of
these different concentrations at 595nm (Figurd-dy. the test sample, 250ul Bradford
reagent was added to 5 pl diluted sample and therbance read at 595nm.
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Appendices

Table B1: Preparation of protein standard curve

BSA Stock ddH,O Bradford reagent Protein
solution (40pg/ml) () (ul) concentration
(ul) (ug.mi?)
0 5 245 0
1 4 245 8
2 3 245 16
3 2 245 24
4 1 245 32
5 0 245 40
0.6
*
c 0.5 -
c
3
w04 - ¢
®
(5] L)
e | y=0.0134x+ 0.0061
@ 0.3 2
Xo] R"=0.9942
(@)
3
< 0.2 1
0.1 -
0 T T T T 1
0 10 20 30 40 50
BSA Concentration (ug/ml)

Figure | Protein Standard Curve.
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Appendices

Appendix C: Methods used for purification and partial characterization of
hydrogenase enzyme produced by sulphate reducing tiaria

C1 SDS-PAGE

Solution A: Acryl amide stock solution (30% acryl amide, 0.8% bis-acryl amide) —
weigh 29.2g acryl amide and 0.8g bis-acryl amiael then dissolve in 200ml de-ionised
water and stir until acryl amide powder is comgietiissolved. Store in the dark af@

(30 days maximum).

Solution B: 4x Separating Gel buffer— add 75ml of 2M Tris-HCI buffer (pH 8.8) and
4ml of 10%SDS and then make up the volume to 10Githl deionised water.

Solution C: 4X Stacking Gel buffer — add 50ml of 1M Tris-HCI buffer (pH 6.8) and
4ml 10% SDS, and make up the volume to 100ml watiomised water.

Solution D: 10% Ammonium per sulphate solution (APS)dissolve 0.5g ammonium
persulfate in 5ml deionised water.

Solution E: Electrophoresis buffer —add together 3g Tris base, 14.4g glycine and 1g
SDS. Dissolve all three in 1 litre of deionised erat

Solution F: 5x Sample buffer— add together 0.6ml 1M Tris-HCI buffer (pH 6.8l
50% glycerol, 2ml 10% SDS, 0.5ml 2-mercaptoethahoi| 1% bromophenol blue, and

make up the volume to 10ml with deionised water.

Solution G: Coomassie blue staining solution dissolve 1.0g Coomassie Blue R250 in

a mixture of 450ml methanol, 450ml deionised watead 100ml glacial acetic acid.

Solution H: Coomassie Gel Destain solution -add together 100ml methanol, 100m|

glacial acetic acid and 800ml de-ionized water.
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Table C1 Recipe for Resolving Gel

Solutions Volume @l)

Water 2300
30% Stock Acryl amide 5000
Tris- HCI pH 8.8 2500
10% SDS 100
10% Ammonium per Sulphate 100
TEMED 10

Table C2 Recipe for stacking gel

Volume

Solutions (YD)

Water 2700
30% Stock Acryl amide 600
Tris- HCI pH 6.8 500
10% SDS 40
10% Ammonium per

Sulphate 40
TEMED 10

C2 Molecular weight determination

25
*
2 y =-0.1917x + 2.2594
R” = 0.9834
< 1.5
)]
S
s
g 1
-
0.5 -
O T T T T T T
0 1 2 3 4 5 6
Distance (cm)

Figure 1l Calibration curve of the log molecular weight (M) markers. The molecular

weight markers used consisted of seven preciselyad recombinant proteins of 15 000, 25
000, 35 000, 50 000, 75 000, 100 000, 150 000 dal{®erfect Protein ™ Markers, 15 — 150

kDa, Novagen, Germany)
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