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Abstract

Mixed anaerobic bacterial consortia have been show to reduce azo dyes and batch decolourisation tests have also demonstrate
that predominantly methanogenic cultures also perform azo bond cleavage. The anaerobic treatment of wool dyeing effluents,
which contain acetic acid, could thus be improved with a better knowledge of methanogenic dye degradation. Therefore, the
decolourisation of two azo textile dyes, a monoazo dye (Acid Orange 7, AO7) and a diazo dye (Direct Red 254, DR254), was
investigated in a methanogenic laboratory-scale Upflow Anaerobic Sludge Blanket (UASB), fed with acetate as primary carbon
source. As dye concentration was increased a decrease in total COD removal was observed, but the acetate load removal (90%
remained almost constant. A colour removal level higher than 88% was achieved for both dyes at a HRT of 24 h. The identification
by HPLC analysis of sulfanilic acid, a dye reduction metabolite, in the treated effluent, confirmed that the decolourisation
process was due mainly to azo bond reduction. Although, HPLC chromatograms showed that 1-amino-2-naphthol, the other
AQ7 cleavage metabolite, was removed, aeration batch assays demonstrated that this could be due to auto-oxidation and not
biological mineralization. At a HRT of 8 h, a more extensive reductive biotransformation was observed for DR254 (82%) than
for AO7 (56%). In order to explain this behaviour, the influence of the dye aggregation process and chemical structure of the
dye molecules are discussed in the present work.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
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fax: +351 75 319 730, comblneg ag:!wty of severzl klnds ofhbactena_l, facul-

E-mail addressesimscg@ciunix.ubi.pt, imscg@yahoo.com tative an_ obligate an_aero (—::S. The three maln_groups
(1.C. Gonalves). of bacteria, fermentative, acidogens (acetogenic) and

* Corresponding author. Tel.: +351 75 319 730;

0168-1656/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jbiotec.2004.08.001



58 R. Bids et al. / Journal of Biotechnology 115 (2005) 57-66

methanogens differ significantly in physiology, nutri- The Upflow Anaerobic Sludge Blanket (UASB)
ent requirements, metabolic characteristics and growth reactor design promotes the formation of dense ac-
rate (Mclnerney et al., 1980 The methanogens are tive sludge granules with good settling characteristics
the key organisms in the production of methane be- and mechanical strengthdttinga et al., 1980 These
cause only they can metabolise acetate and hydrogenstructural characteristics of bacterial aggregates and the
to gaseous end products. They require strict anaerobichigh biomass retention achieved in the UASB reactor
environments for growth (redox potential values below improve the tolerance of anaerobic bacteria to xenobi-
—450mV) and a limited pH range of 6-8. They utilize otic compounds, such as aromatic amines and azo dyes,
a narrow range of substrates, namelyCia, formate, and promote adaptation of the bacteria to the presence
methanol, methylamines and acetate, as carbon and/oof these moleculesDonlon et al., 199¥ Therefore,
energy sources and in general their growth rates arethe UASB reactor, which has proven to be able to treat
lower than those of other anaerobic grougsr¢nach various industrial wastewaters with high efficiency and
et al., 1986. For all this, the methanogenic bacteria stability (Lettinga et al., 1991 was the reactor config-
are pointed out as the most sensitive microbial group uration selected for this study.
in anaerobic cultures. The acetate is quantitatively the ~ The purpose of the present work was to evaluate
most important precursor of methane during anaerobic the performance of a methanogenic laboratory-scale
degradation of organic matter, preceding 60—-70% of UASB reactor for treating two azo textile dyes, a
the total methane produced. monoazo dye (Acid Orange 7, AO7) and a diazo dye
Azo dyes are one of the oldest industrially syn- (Direct Red 254, DR254). The effects of HRT and dye
thesized organic compounds and represent the majorconcentration on the anaerobic decolourisation were
group (60-70%) of the more than 10,000 dyes cur- considered in this study. The azo reduction process was
rently manufacturedQarliell et al., 1996; Zollinger, monitored by UV-visible spectrophotometry and high-
1987. Aside from their negative aesthetic effects, cer- pressure liquid chromatography (HPLC).
tain azo dyes and their biotransformation products have
been shown to be toxic to aquatic life and mutagenic
to humans Brown and Hamburguer, 1987Azo dyes
may be decolourised by cleavage of the azo bond, to
which the colour is associated, via anaerobic degrada-

tion through an non-specific and presumably extracel- A 15 Upflow Anaerobic Sludge Blanket (UASB)
lular process, inwhich reducing equivalentsfroman ex- o4ctor (height 100cm, diameter 14cm) was main-
ternal electron donor (biologically or chemically gener- (-i1ad at 37+ 2°C and 'seeded with 25 g} VSS of
ated) aretransferred tothe diihrmannetal., 1990 naeropic sludge originating from a full-scale UASB
It has also been reporteBi@s et al., 200k in studies o4 ctor treating paper pulp manufacturing wastewater.
carried out in batch reactors, that azo bond reduction 1o UASB reactor was fed with synthetic wastewater
is also performed by a predominantly methanogenic ,ntaining basal nutrients, trace elements and sodium
population. The reduction of azo dyes results in the acetate as carbon source (192533 mg I'* COD 95%

formation of aromatic amines that mostly cannot be gjgnificance level). The feed was stored refrigerated at
metabolised anaerobically, with the exception of a few 4°C, and fed to the reactor with a peristaltic pump after

examples bearing hydroxyland carboxyl groups, which 5 nering of equilibration to room temperature. In this
can be fully degraded under methanogenic conditions study, the reactor was operated with two different hy-

(Razo-Flores et al., 1996The persistent character of 4.4 Jlic retention times (HRT), namely 24 and 8 h. The

aromatic amines is thus dependent on the type andiqgas production was measured with gas a flowmeter
position of substituents on the aromatic ringgati- system (Ritter, U.K.).

Grigsby et al., 1992 Aerobic conditions are prefer-

able for aromatic amine degradation, but it should be 2.2. Basal medium

noted that some of them could be auto-oxidized to poly-

meric structures in the presence of oxygkEaodlich et The basal medium contained (mg) Ca(OH)
al., 1999. 90; NH4Cl 170; NakPOy-2H,0 48; MgCh-6H,0

2. Materials and methods

2.1. UASB reactor operation
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11; KCI 25; 1mlF!t of HCI solution (37%) and
0.5mliI"! of a trace elements solution containing
(mgI~1) H3BO3 100; FeC}-4H,0 4000; EDTA 2000;
ZnCl-4H,0O 100; MnCh-4H,O 50; CuCh-2H,O

60; (NHz)sM0O7-4H,O 180; NiCh-6H,O 100;
NapSeQ-5H,O 200. Sodium bicarbonate was used
(6-9 g ') to neutralise the medium. The basal medium
was prepared with tap water and flushed during 15 min
with N> to drive off dissolved oxygen, before the addi-
tion of N&S (60 mg 1) to promote more strict anaer-
obic conditions.

2.3. Anaerobic activity assay

The specific methanogenic activity tests were per-
formed in triplicate, in bottles of 250 ml capacity
sealed with rubber septa. After washing with buffer
phosphate solution (1.28¢g NdPO41~1 and 0.42g
NaH2PQ 1-1) in order to remove residual substrate,
sludge samples were transferred (2 g VS to bot-
tles containing basal mineral medium (56 ml). After
12 h of incubation at 35 2°C, 4 ml of an acetate solu-
tion (57 g -1 COD) were injected and the assay bottles
were then flushed with Nfor 15 min and incubated in
the dark at 35t 2°C with magnetic stirring (100 rpm).

Azo dyes were added together with the acetate solu-

tion (from 60 to 1800 mg1! resulting dye concentra-
tion). The OxiTo® Control sensor (WTW, Germany)

59

umn RP-18 (i.d. 4.6 mm, length 250 mm, stationary
phase particle size J0m) and a UV detector at 240 nm.
The eluents consisted of a phosphate buffer solution
(0.70g 1 NaH,POy and 0.58 gt NH4(H2POy) (A)

and methanol (B)). The linear gradient elution ranged
from A/B (85/15) to A/B (20/80) in 45 min with a flow
rate of 1mimin! and 2Qul injection volume. The
eluents and the samples were previously filtered. The
identification of the azo dyes and aromatic amines was
achieved by comparison of retention times to those of
the respective standards.

The methane content in the gas samples was de-
termined by gas chromatography. The gas chromato-
graph, HRGC Mega 2 series from Fisons Instruments
(U.K.) was equipped with a megabore column (3&m
53 mm) and a divinylbenzene homopolymer as station-
ary phase. The temperatures of the column, the injector
portand the TCD detectorwere setat 35, 85 and’Z70
respectively. Helium was used as carrier gas with a flow
rate of 5 ml mirr L and the injection volume was 150.

The values of pH, volatile suspended solids (VSS)
and soluble chemical oxygen demand (COD) in liquid
samples were determined according to Standard pro-
ceduresAPHA, 1992.

2.5. Azo dyes and metabolites

The azo dyes chosen for the present stuelg.(1)

was used to measure the biogas pressure in the bottlewere C.I. Acid Orange 7 (Anaranjado Anthosin 35L)
headspace. The specific methanogenic activity was cal-in the form of an agueous solution with dye content
culated from the slope of the biogas production versus of 39% (m/m) which also includes formic acid, and
time curve and was expressed as litre of biogas per gramC.1. Direct Red 254 (Rojo Fastusol 50L) in the form

of volatile suspended solids per day ('gday 1 VSS).

2.4. Analyses

The colour was measured spectrophotometrically
with a Lambda 6 spectrophotometer (Perkin Elmer,
U.S.A.) at the maximum visible absorbance wave-
length of the dye (482 and 507 nm for AO7 and DR254,

respectively). Absorbance at this wavelength was cor-

related with dye concentration and used to quantify
decolourisation. The samples were previously filtered
with microfibore membranes (1,é4m porosity) and di-
luted when necessary.

Both dye and metabolite concentrations were fol-
lowed by HPLC in a Spectra-Physics (U.S.A.) system

equipped with a gradient pump, a reversed-phase col-

of aqueous solution with dye content of 65% (m/m)
purchased from BASF (Germany). Both dyes were dis-
solved in the basal media in a range of concentrations
between 60 and 300 mgl. Acid Orange 7 purified

HO

Na03s—D— N\N )

Direct Red 254

Fig. 1. Chemical structures of the azo dyes used.
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(Orange 1) from Sigma Chemical Co. (Germany), sul- totheinfluentand effluent COD is almost the same, and
fanilic acid (SA) and 1-amino-2-naphtol (1A2N) from the residual COD could be attributed essentially to the
Aldrich Chem. Co. (Germany), were used as standard dye or its metabolites. Furthermore, according to the
compounds. activity assays performed with methanogenic sludge
taken from the UASB, the presence of dye in the basal
medium does not significantly affect the metabolic ac-

3. Results and discussion tivity. The specific methanogenic activity was, in aver-
age, of 1.3H 0.031g 1 day ! for AO7 concentrations

3.1. Operation at a hydraulic retention time of up to 1800 mgtt, which is not significantly different

24h from the value obtained in dye-free conditions (%2

0.11gtday ). The biogas production was also not

The start up period of the methanogenic UASB was altered by the dye fed to the reactor in concentrations
carried out by changing the glucose/sucrose carbon up to 300 mgt?, as well as the biogas composition (on
source to acetate in the feed of a mixed mesophilic reac- average 61% of methane and 36% of carbon dioxide).
tor. During this period the reactor was operated withan  Although colour removal yields were in general
acetate COD loading rate of 1480.2 g1 day ! and higher than those for COD removéfi¢. 2), the for-
a HRT of 24 h. Within 50 days, a stable COD removal mer decreased from 92 2% at 60 mgt?, to 85+ 4%
higher than 85% was obtained. at300 mgt?, indicating an increase of the residual dye

After reaching steady-state conditions the monoazo concentration in the treated effluent. UV—visible spec-
dye, AO7, was supplemented to the feed at several con-tra obtained for clarified samples taken at the UASB
centrations (60, 100, 150 and 300 md). As the influ- reactor inlet and outlet, showed marked alterations, as
ent dye concentration was increased an increase in theexemplified inFig. 4A, which could be explained by
total COD levels in the treated effluent was observed, structural modification of the dye molecule.
leading to a decrease of the overall COD removal from  The identification of sulfanilic acid and 1-amino-2-
92 + 3% at 60mgt?, to 67+ 2% at 300 mgt1?, for naphtol, as anaerobic dye metabolites was attempted
AO7 (Fig. 2. However, this does not seem to indicate with HPLC analysis of filtered UASB samples through
an inhibitory effect of AO7 on the organic load removal comparison with standard compounds. Although the
since the apparent acetate-based COD removal yield re-chromatogram obtained for the AO7 feed shows three
mains approximately constarfi¢. 3), even athighfed  peaks, at retention times of 1.9, 20.6 and 25.1 min
dye concentration (300 mgl). This apparently indi-  (Fig. 5A), only the one at 20.6 min corresponds to the
cates that the contribution of the dye or dye metabolites dye molecule, as concluded from the chromatogram

100

G

60 4

% Removal

50 4

60 mgl" 100 mg 1! 150 mgI’' 300 mgl!
40 . — . - . . - . .
0 20 40 60 80 100 120 140 160 180
Time (d)
—a— COD —o— Colour

Fig. 2. COD and colour removal in the UASB operated at 24 h HRT and fed with several AO7 concentrations (indicated for each period).
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Fig. 3. COD concentrations in samples from the UASB operated at 24 h HRT and fed with several AO7 concentrations (indicated for each
period). The given % values are average COD removal levels on the basis of the fed acetate COD load.
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Fig. 4. UV-visible spectra obtained for filtered samples from the methanogenic UASB reactor on treating AO7 (A) and DR254 (B) at150 mg|
(I, influent; E 8, effluent at 8 h HRT; E 24, effluent at 24 h HRT).
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Fig. 5. Chromatograms obtained for filtered samples taken from the
UASB reactor fed with AO7 (60 mgt) at 24h HRT (A) and in
aeration tests of 1A2N standards solutions at different times (B).

obtained with the purified dye form. The first peak (at
1.9 min) obtained for the AO7 commercial dye solution
was identified as sulfanilic acid, which is used as pre-

R. Bids et al. / Journal of Biotechnology 115 (2005) 57-66

sulfanilic acid still remains in the treated effluent, i.e.,
is not anaerobically mineralised.

In an attempt to identify the presence of 1-amino-
2-naphtol (1A2N), as another anaerobic breakdown
product, chromatograms of UASB effluent samples and
standard solutions of 1A2N were compared. Results in-
dicate that the main peak obtained at 15.1 min for the
standard 1A2N is not present in samples taken from
the anaerobic reactoFig. 5), suggesting 1A2N degra-
dation. However, it has been reporta€uglich et al.,
1999 that auto-oxidation of 1A2N can occur in the
presence of oxygen. Tests with 1A2N standard solu-
tions in aeration conditions revealed marked chemical
structural changes in tim&ig. 5B), which are possibly
due to the auto-oxidation process. This could also help
to understand the chromatograms obtained in samples
taken from the UASB outlet. As those samples were
previously filtered in aerated conditions, the peak ob-
served at 6.6 minFig. 5A) is attributed to a compound
resulting from 1A2N auto-oxidation, which can be con-
cluded by examiningrig. 5A and B. This peak also in-
dicates that this metabolite is not degraded in the anaer-
obic bioreactor where it remains in the original form,
since inside the reactor lower redox potential condi-
tions are prevailing. Essays performed at pH 4.4 with
standard solutions showed that the peak at 15.5min
remained constant during the aeration time, meaning
that the compound does not undergo auto-oxidation in
these conditions.

The anaerobic degradation of the diazo dye, DR254,
was studied after running the reactor on the same
acetate-based feed for 20 days with no dye addition.
Results show higher COD and colour removal yields
for DR254 than for AO7ig. 6). The lower contribu-
tion of the DR254 to the total COD (1.3 g CODYdye)
relatively to AO7 (2.2g COD gt dye) could simply
explain these higher COD removal levels. The pres-
ence of formic acid included in the AO7 formulation
also contributes to the higher COD values obtained for
this type of dye solutions. Moreover, the theoretical
oxygen demand is still higher for AO7 (1.6 g CODYy
dye) than for DR254 (1.2 g CODg dye). Structural

cursor in the AO7 synthesis process. The high intensity differences between the dye moleculEgy( 1) proba-

of this signal for the UASB effluent, reportedhig. 5A,

bly influence their affinity for the biomass, leading to

indicates the presence of sulfanilic acid, probably due a better DR254 colour removal. However, as can be

to the anaerobic azo bond reduction of AO7. These re-

seen inFig. 4, significant spectral changes also occur

sults confirm the structural modifications suggested by for DR254, indicating molecular modifications rather
the UV—visible spectra changes, and also show that thethan adsorption onto the biomass.
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Fig. 6. COD (A) and colour (B) removal in the UASB reactor operated at 24 h HRT for the AO7 and DR254 at different fed concentrations.

Specific methanogenic activity tests with UASB

colour removal yields of only 56 3% for AO7 and

sludge also showed that the presence of the dye 82+ 3% for DR254 were achieved, indicating a lower

DR254 does not alter significantly the metabolic ac-
tivity. Methanogenic activity levels around 1.29
0.071g lday 1, were measured for dye concentra-
tions up to 1800 mgi?, similar to those attained in
tests without dye.

3.2. Operation at a hydraulic retention time of 8 h

To assess the effect of the hydraulic retention time
(HRT) on reactor performance, experiments with the
UASB operating with 8 h HRT were carried out. The
results inFig. 7, at fed dye concentrations of 60
and 150 mgt!, show a lower COD removal for the
monoazo dye, AO7, as previously reported for the
UASB operation at 24 h HRT. This difference is sig-
nificantly enhanced for decolourisation levels, partic-
ularly at 150 mgt?! of fed dye Fig. 7B), for which

efficiency of azo bond reduction in the reactor.

COD profiles obtained for samples taken along the
height of the UASB support the idea that the acetate
COD removal yield is not significantly altered by the
presence of the dyd-{g. 8A). Also a faster colour re-
moval rate relatively to COD removal is observed, in-
dicating that azo bond reduction occurs in the first two
sample ports (in the first 20 cm height) simultaneously
with the primary carbon source (acetate) degradation.
This means that the amount of carbon source neces-
sary to produce the equivalent reducers to decolourise
azo dyes is indeed very low. The acetate degradation
apparently occurs essentially in the first half height
(30-40 cm) of the reactor, in which most of the biomass
is located (the sludge bed occupies 30-40% (v/v) ap-
proximately. Even at a HRT of 8 h, high levels of ac-
etate COD removal were achieved in the presence of
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Fig. 7. COD (A) and colour (B) removal in the UASB operated at 8 h HRT with two AO7 and DR254 fed concentrations.

both dyes. UV-visible spectrdig. 4A) taken at 8 h tween two dye anions can be high enough to overcome
HRT with fed AO7 show a smaller decrease in the electrostatic repulsion. Furthermore, aggregation de-
peak observed at the maximum absorbance wavelengthpends on how planar the molecule is, on the num-
(482 nm) than for 24 h HRT. HPLC analyses confirm ber of conjugated double bonds and on the location
the presence of dye in the treated effluent and indicate of sulfonic groups Cegara et al., 1992Aggregation
a reduction in the sulfanilic acid yield of about 53%, increases with higher dye concentration and medium
relatively to that obtained with 24 h HRT. Although a ionic strength. In our experiments, azo dyes were dis-
slight decrease in the colour removal yield was also solved in a basal medium, which contained ions in
observed for the diazo dye DR254, an overall better significant concentration, so the aggregation can be
performance of the UASB with this dye was noticed. favoured for both dye molecules, though at different
The less extensive reductive biotransformation of levels. In spite of the fact that the DR254 molecule
AO7 is not explained simply by taking into account has a linear structure, favouring dye—dye aggregation,
the size of the molecules and the number of azo bondsit has two bulky sulfonic groups, one of which lo-
(Fig. 1). According toBracko and Span (1996bhere cated close to one of the azo bonds, which probably
is an aggregation process of AO7 molecules in the reduces the aggregation tendency. On the contrary, the
presence of an electrolyte, which occurs even at low sole sulfonic group of AO7 is located at the periph-
concentrations, leading to dye dimerization. Hydro- ery of the molecule, favouring its self-association and
gen bonds, electrostatic interactions and mainly van leading to a decrease of dye availability for anaerobic
der Waals’ forces and hydrophobic interactions influ- reduction. This effect could explain the colour removal
ence the aggregation of anionic dyes. The affinity be- profiles of Fig. 88. Decolourisation roughly follows
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Fig. 8. Profiles of COD (A) and colour (B) removal for UASB reactor operated at 8 h HRT for the AO7 and DR254 at different fed concentrations.

the COD removal profiles, but would be limited to the products. Specific UASB sludge methanogenic activ-

non-aggregate fraction of the dye in solution, this being ity levels obtained in batch assays with both dyes, in

greater for DR254 than for AO7. With a HRT of 24h, concentrations up to 1.8 g1, support this conclusion.

the slower decolourisation of the aggregated dye could  In general, the results show higher decolourisation

possibly occur to a higher extent, giving the observed vyields for the diazo dye DR254. Probably, the aggre-

higher removal yields for both dyes. gation process associated to a low molecular diffusion
rate of the species involved, could explain the lower
colour removal yields attained for AO7 at a HRT of

4. Conclusions 8 h. Chemical structures influence the dye aggregation
process and therefore the availability of dyes to the

The results presented in this study demonstrate thatmethanogenic consortium, altering the rate of aromatic

it is possible to obtain high decolourisation yields of amine production. Further research is required on this

azo dyes (85-92%) in a methanogenic UASB reactor subject, in order to understand all the factors influenc-

with a high level of acetate degradation. COD removal ing the reductive cleavage of dyes in anaerobic envi-

rates decrease with the increase in fed dye concentra-ronments.

tion (from 92+ 3% at 60 mgt! AO7 to 67+ 2%

at 300mgt?! AO7 at 24 h HRT) and results obtained
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