Treatment of a textile dye in the anaerobic baffled reactor
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Abstract

Synthetic organic colourants, the majority of which arerecalcitrant in nature, are used in many different manufacturing processes.
The dyes are released into the environment in industrial effluents and are highly visible even at low concentrations (< 1 mg/l).
Decolorisation of the dye Cl Reactive Red 141 wasinvestigated in alaboratory-scal e anaerobic baffled reactor (ABR). Theresults
of the physical decolorisation tests suggested significant decolorisation due to adsorption to the biomass; however, it is possible
that the dye chromophores were reduced due to the low redox potential environment within the test bottles. No dye breakthrough,
due to adsorption saturation, was observed during operation of the reactor. COD reduction was consistently > 90 %. Colour
reduction averaged 86 %. The biomass showed acclimation to the dye, with increased methanogenic activity with each increase
in dye concentration. The reactor operation was stable, even with increasesin the dye concentration. Thisinvestigation has shown
that successful treatment of a highly coloured wastewater is possible in the ABR.
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Introduction

The successful application of anaerobic technology to the treat-
ment of industrial wastewaters depends on the development of
high-rate bioreactors, which achieve a high reaction rate per unit
reactor volume by retaining the biomass in the reactor for long
periods of time (solids retention time — SRT), independent of the
hydraulicretentiontime (HRT). Whilethere have been many high-
rate designs devel oped, the ABR has many advantages compared
to these, such as:

e better resilience to hydraulic and organic shock loads,

» longer biomass retention times, lower sludge yields, and

» theability to partially separate the various phases of anaerobic
catabolism (Barber and Stuckey, 1999).

The ABR is a high-rate reactor that contains between 3 and 8
compartmentsin which theliquid flow is alternately upwards and
downwards between compartment partitions (for a review see
Barber and Stuckey, 1999). During upflow, thewasteflowsthrough
an anaerobic sludge blanket and is thusin contact with the active
biomass but, because of the design, most of the biomassisretained
within the reactor.

Dyewastewaters enter the environment from dye manufactur-
ers and dye consumers, e.g. textile, leather and food industries
(Cooper, 1995), usualy intheform of adispersionor atruesolution
(Seshadri et al., 1994), and often in the presence of other organic
compounds. Dyes are normally present in dyehouse effluent at
concentrationsof 10to50 mg/l (Laing, 1991). Cl ReactiveRed 141,
or Evercion Red HE7B, is an azo reactive dye (Fig. 1) with a
molecular mass of 1 634 Da. The dye is representative of a dye
class known to be problematic with treatment in a conventional
wastewater treatment system; reactive dyesare hydrophilic, there-
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fore, they havelittleaffinity toadsorbto biomassand generally pass
through activated sludge systems (Bell, 1998). The red hue is
known to giveriseto aesthetic problems at relatively low concen-
trations. Previous investigations have determined the reaction
kinetics of Cl Reactive Red 141 (Carliell, 1993; Carliell et al.,
1994; Carliell et a., 1995; Carliell et a., 1996; Bell, 1998).

It washypothesi sed that anaerobicdigestion,inthe ABR, could
reducethe COD and colour of aCl Reactive Red 141 waste stream
at alow (20 h) hydraulic retention time (HRT). The objectives of
this investigation were to determine whether adsorption to the
anaerobic biomass played asignificant rolein the decol orisation of
thewaste stream, to assessthe feasibility of the ABR for treatment
of a Cl Reactive Red 141 waste stream; including reduction of
COD and decol orisation, evaluate any impact on reactor perform-
ancewithincreasing dye concentrations, and to determinewhether
the anaerobic biomass became acclimated to the dye, thereby
improving degradation and decolorisation, with time.

Materials and methods

A batch control run (datanot shown) investigated the differencein
degradation potential of both un-hydrolysed and hydrolysed dyes.
Four azodyeswerehydrolysed, toimitatetheir forminawastewater
stream, by raising the pH to 11 with 0.2 M NaOH and heating at
80°C for 2 h. Therewas anegligible differencein the results, thus
un-hydrolysed dyes were used for the remainder of the study.

Physical decolorisation: Two tests were conducted to determine
the extent of adsorption of Cl Reactive Red 141 to the digester
sludge sincethis could contribute to the decol orisation potential in
the ABR. Thetest conditions are outlined in Table 1.

In Test 1, mixed anaerobic digester sludge collected from the
Umbilo Sewage Works (Pinetown, South Africa) wasinactivated
by autoclaving at 121°C for 80 min. Once the sludge had cooled,
aliquots were transferred into a series of serum bottles. The ClI
Reactive Red 141 dye stock solution was diluted to the required
concentration (2 g/l). In Test 2, sodium azide, whichisaninhibitor
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TABLE 1
Test conditions to assess the extent of physical decolorisation of Cl Reactive Red 141
Test Sludge Dye Chemical addition
Test1 Non-acclimated 29/l Cl Red 141 None
Autoclaved (80 min at 121°C)
Test 2 Non-acclimated 29/l Cl Red 141 0.05 g/l sodium azide
Un-autoclaved
| / _< >_ \>_
SOsNa SOsNa
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SOsNa SOsNa
Figure 1
Chemical structure of Cl Reactive Red 141
44 CODIL Anaerobic Baffled Reactor
g
100 mg/L CI Red 141 ,J T T 7 T Effluent
Figure 2
Schematic diagram showing meat extract, 0.07 g; K,HPO,, 0.02g; NaHCO,, 0.81 g; and alsothe
:hs exi)e”me”}a'ggutt Ofche trace minerals CoCl,.6H,0, FeCl,.4H,0, MnCl,.4H.,0,
Organic Feed Digilled Zrasly%rtyh_:tci? ?:I Reaciila; "9 NaMo00,.2H,0andNiCl,.6H,0wasfedtothereactor during start-
(40g COD/L) Water up (Bell, 2002). Oncethereactor had reached steady state, at a20 h

Red 141 stream (not to
scale)

+
Cl Reactive Red 141

of metabolic activity, was added to give afina concentration of
0.05 g/l in the serum bottle. For each test, a control was set up,
containing the same amount of sludge, with no dye. The function
of the controls was to evaluate the background absorbance of the
sludge. The bottles were sealed and incubated in a constant
temperature room, at 35°C. Sampleswere periodically taken from
thebottles, over 7 d. Immediately after their collection, thesamples
were centrifuged (10 000 r/min) for 5min and the supernatant
liquor filtered through glass-fibre filters (0.45 um). The samples
werediluted 1 in 5 with distilled water and then analysed using a
spectrophotometer at 545 nm (maximum absorbance) to determine
the dye concentration. The results of each test are presented and
discussed below.

Experimental design: An 8-compartment laboratory-scale ABR
wasset upinaconstant temperatureroomat 35 °C. Thereactor was
seededwith7.68 1(0.96 I/compartment) of screened digester sludge
taken from Umbilo Sewage Works (total solids = 28 g/l; volatile
solids = 20 g/l). The sludge was | ft to settle for one week before
feeding began. The feed connections for Cl Reactive Red 141
degradation areillustrated in Fig. 2. The synthetic feed containing
(per litre): sucrose (standard white sugar), 0.67 g; peptone, 0.2 g;
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HRT, the Cl Reactive Red 141 dye was added to the feed solution.
The dye powder (2 g) was diluted in 21 of the sterilised feed
solution (concentration of 40 g COD/I). The feed was diluted 10x
withdistilled water, suchthat thefeed tothereactor contained adye
concentration of 100 mg/l. The COD concentration to the reactor
wasmaintained at 4 g COD/I, which represented the COD of waste
streams produced in the dyeing process; the COD of the dye was
negligible. Toachieveacclimation, theconcentration of Cl Reactive
Red 141 wasincreased stepwisefrom 100 mg/l (0.12 g/l.d), to 250
mg/l (0.3 g/l.d) on Day 96, to 500 mg/l (0.6 g/l.d) on Day 127.
Throughout the experimental period, thereactor was supplied with
aconstant COD loading of 4.8 g COD/I.d of the synthetic feed co-
substrate.

Analytical methods: The reactor was sampled and analysed as
described previously (Bell et al., 2000). Thecomposition of biogas
samples (0.2 ml) was analysed by GC (GowMac 350 GC-TCD)
with a Poropak N column (1 500 mm x 6.35 mm). To determine
colour, samples were centrifuged (10 000 r/min) for 5 min, the
supernatant liquor was filtered through glass-fibre (0.45 pm)
filters, whilst being kept anaerobic by bubbling oxygen-freenitro-
gen gas through the solution. The absorbance was measured
immediately ontheUV-V 1S Spectrophotometer (PharmaciaBiotech
Ultrospec 2000 UV/V1S), in quartz microcuvettes (vol = 1.5 ml;
path length = 10 mm) at 545 nm.
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Results and discussion

Theresultsof thephysical decolorisation Test 1 (Fig. 3(a)) showed
almost complete decol orisation. Thedecol orisationinthesebottles
was due to adsorption to the biomass but the results may not be
completely representative since the autoclaving may have in-
creased the surface area available for adsorption by rupturing the
cells. Itisa sounknownwhether all of thebiomasswasinactivated
by autoclaving, therefore, some of the decolorisation may have
been due to degradation or breakdown of the dye athough thisis
unlikely since no biogas was produced in any of the assay bottles
and enzymes would be denatured at 121°C. The decolorisation
could have occurred due to the reducing conditions of the liquid
associated withthebiomassor thechangeintheredox potential due
to the autoclaving of the biomass.

Theresultsof Test 2 (Fig. 3 (b)) exhibited linear decol orisation
withtime. Therewas somebiogasproductionintheseassay bottles
which suggeststhat the biomasswas not completely inactivated by
the sodium azide (the concentration may have been too low) and
that some of the decolorisation may have been due to metabolic
degradation or associated reduced conditions. Theresults of these
tests suggest significant decolorisation due to adsorption to the
biomass; however, itisal so possiblethat thedyeswerereduced due
to theanaerobic, or reducing environment within the serum bottles
(sodium azideisareducing agent). Further tests could incorporate
sodium azide alone to determine the concentration at which it is
completely inhibitory, or investigation of another metabolicinhibi-
tor. The adsorption capacity of normal, untreated biomass should
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Figure 4
Results showing (a) the pH profiles through the reactor
and (b) the cumulative solids lost from the reactor,
during the experimental period

be determined. Thereisafinite capacity for the biomassto adsorb
dye and thiswill be limited by the generation of new cells.

Figure 4 (a) showsthe pH measured in Compartments 1 and 8
of the ABR. The dotted lines indicate the changesin dye concen-
tration in the feed. These data show that changes in the dye
concentration had a slight effect on the reactor pH and also
illustrate the horizontal separation of acidogenesis and
methanogenesis through the ABR (Bell, 2002). The pH in Com-
partment 1 dropped with the addition of the dye to the feed stream
and with each subsequent increasein dye concentration. Thiscould
be attributed to the production of volatile fatty acids due to the
degradation of sugarsin the synthetic feed (Bell, 2002). ThepH in
Compartment 8 wasnot affected whichillustratesthe ability of the
compartmentalised reactor to protect the more sensitive
methanogenic species, in the later compartments, from inhibitory
components or concentrations in the feed stream.

Figure 4 (b) isaplot of the cumulative solidswashed out of the
reactor. The measure of volatile solids was taken as an indication
of the biomass concentration. These results show that there was
biomass washout with each change in dye concentration and that
thetotal amount of solidslost wasrelatively high (3.37 kg of which
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creased with each increase in dye concentration.
Thiscould be attributed to reduced metabolic activ-
ity of themethanogens(degrading theintermediates
fromthe sucrosein thefeed) sincethey were shown
to be inhibited by Cl Reactive Red 141 and its
degradation products (Bell, 2002). Theprofilesalso
show very little COD reduction in the last three

COD Reduction (%)

compartments of the reactor; thiswas substantiated
by the biogas results and the popul ation characteri-
sation experiments (Bell, 2002), which showed low
metabolic activity in these compartments.

The concentration of Cl Reactive Red 141 inthe
influent wasincreased periodically after at least 20
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‘ hydraulic retention times (HRT of 20 h) and when
140 160  more than 75 % remova of the dye and the co-
substrate (sucrose in the synthetic feed) COD had

been achieved. Figure 6 (a) showsthecolour reduc-

tion with time. These results show efficient de-

colorisationof theCl ReactiveRed 141 wastestream.

—=— Day 91 (100 mg/L. ClRed 141)
Day 105 (250 mg/L. ClRed 141)
Day 131 (500 mg/L. CIRed 141)

The colour reduction averaged 87 % with a 100
mg/l dye concentration in the feed and 85 % for the
250 mg/l concentration. Thecolour removal dropped

COD (mglL)
:

:

to 65 % when the dye concentration was increased
to 500 mg/l (Day 127). Thiswas the lowest colour
removal achieved throughout the duration of the
test, and had increased to 80 % within one HRT.
Thus, colour removal was efficient with an average
colour removal of 86 % over the whole test period.
The minimum dye concentration achieved in the
effluent was 5 mg/l, on Day 91; however, this con-
centrationisstill significant sincecolourisvisibleat
concentrations< 1 mg/l. Theeffluentwouldrequire
further treatment beforedischargeto awater source.
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Compartment

Figure 5

COD measurements in (a) the reactor effluent and (b) within each

compartment, during the experimental period

1.47 kg were volatile solids).

Figure 5 (a) shows the soluble COD removed by the reactor
over time. The COD removal during start-up, or beforetheaddition
of thedyeto thefeed stream, averaged 95%, or an effluent COD of
189 mg/l. A COD removal efficiency of >80 % is considered
acceptable to conclude the start-up period (Willetts, 1999). CI
Reactive Red 141 was added to the feed stream at a concentration
of 100 mg/l, on Day 65. This resulted in a slight decrease in the
COD reduction with an effluent COD of 303 mg/l. The COD
reduction stabilised within 3HRTs to give an effluent COD
concentration of 163 mg/l. The average COD reduction for the
complex feed containing 250 mg/| dye concentration was 92% and
91% for the 500 mg/l concentration. Thus, there was a slight
decrease in the COD removal efficiency with each increasein the
dye concentration.

Figure 5 (b) shows the COD profiles through the reactor, at
different timeperiodsduring theexperiment. Ontheplot, Compart-
ment O represents the reactor feed and Compartment 9 represents
thereactor effluent. The profilesshow that themajority of the COD
was reduced in the first three compartments of the reactor. The
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If this colour reduction was achieved by pretreat-
ment at the factory, further aerobic reduction of the
aromatic aminescould beachieved by conventional
treatment at a wastewater treatment works.

The colour reduction profiles (Fig. 6 (b)) show
that, for all investigated dye concentrations, at |east
50 % of the colour was removed in the first two
compartments of the reactor. The results of the
adsorption assays indicated that adsorption would
contribute significantly to the decolorisation of the Cl Reactive
Red 141 waste stream. If decolorisation was only achieved by
adsorption, i.e. there was no reduction of the dye molecules, then
the biomass would have reached a saturation point where no more
dyemol eculescould beadsorbed and abreak-through of dyewould
have been observed in the reactor effluent. Thiswas not observed,
thereforeit was concluded that there was al so metabolic reduction
of the dye molecules contributing to the decolorisation of the dye
waste.

Themethanecompositionisgivenasamolefraction of thetotal
biogas (Fig. 7). The profile plot shows that for al of the investi-
gated dye concentrations, the methane composition of the biogas
increased in each compartment, from Compartment 1 throughto a
maximum methane composition in either Compartment 5 or 6
(ca. 70%). In @l cases the methanogenic activity was low in
Compartments 7 and 8 which could indicate that the methanogens
inthesecompartments(predominantly thescavengingMethanosaeta
spp.) were inhibited by the dye degradation products, or that the
organic load to the reactor was such that the metabolic activity in
thesecompartmentswaslow. Thiscorrel ateswiththe COD results.
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Thisinvestigation hasshownthat success-
ful treatment of a highly coloured
wastewater is possible in the ABR. The
results of the physical decolorisation tests
suggested significant decolorisation due
to adsorption to the biomass; however, it
is possible that the dye chromophores
were reduced dueto the low redox poten-
tial environment within the test bottles.
Although therewas someinhibition of the
methanogenswitheachincreaseinthedye
concentration (upto 0.5 g/l), the COD and
colour removal wereefficient. Theresults
of thisexperiment showed very low meta-
bolic activity in the final three compart-
ments of the reactor, therefore, in a pilot-
or full-scale design, these compartments
could be removed. If the dye wastewater
was to be treated with a high-strength
COD wastewater, themetabolicactivity in
the last three compartments would be
higher and facilitate further COD reduc-
tion.
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