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a b s t r a c t

The anaerobic biodegradation of textile chemicals was evaluated with inocula grown under mesophilic
(37 ± 2◦ C) or thermophilic (55 ± 2◦ C) conditions, on glucose (glucose-grown) or acetate (acetate-grown)
as sole carbon sources. Wool dyebath chemicals (acetic acid, a liposomal surfactant, a synthetic ampho-
teric surfactant), single or as binary acetate–surfactant mixtures, were used as test carbon sources, in
the presence or absence of Acid Orange 7 as model dye. First, the two mesophilic inocula (glucose- or
acetate-grown) were compared relatively to lag-phase durations, specific biogas production rates, bio-
gas yields and overall COD removal yields. In some runs, sulphide and/or the model dye were included,
to test for inhibition effects. Then, the two glucose-grown inocula (mesophilic and thermophilic) were
extile levelling agents

iodegradation
naerobic inoculum
hermophilic
esophilic

assessed in batch biodegradation tests with the same carbon feeds. The kinetics for substrate-COD and
dye colour removal were described and quantified using a pseudo-first order model. The presence of dye
had no effect on performance parameters for all substrates tested. Acetoclastic methanogens seemingly
played an important role in biogas production from the liposomal additive, but less so from the synthetic
surfactant. The association of acetate and surfactants apparently introduced mutual inhibitory effects on

ction,
the rates of biogas produ

. Introduction

In addition to residual dyes, textile industry effluents usually
ontain a significant part of the auxiliary chemicals applied during
he dyeing process, to improve its performance or confer spe-
ific characteristics to textile goods. Auxiliaries such as levelling
gents, electrolytes (salts), dispersants, buffer systems and anti-
oam agents are added to the dyebath liquors and contribute to the
igh organic and inorganic loads. Surfactants are present at often
igh concentrations in the resulting wastewaters, with potentially
dverse impacts on their treatment. In textile finishing, non-ionic
e.g., polyglycol ether) and anionic (e.g, alcohol sulphate) surface
ctive agents are widely used. The available information on anaer-
bic biodegradation of non-ionic surfactants is scarcer than that
eported for aerobic bioprocesses. Published studies indicate that
he main factors affecting biodegradation of these chemicals are the
ize of the molecule and the degree of branching [1], with the pres-

nce of aromatic rings in the alkyl chain increasing its recalcitrance
2]. It is known that surfactants can damage cell membranes lead-
ng to inhibition of microbial activity. This inhibition effect depends
n the chemical structure of the surfactant, which also determines

∗ Corresponding author. Tel.: +351 275 319 700.
E-mail address: imscg@ubi.pt (I.C. Gonçalves).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.07.141
substrate uptake and dye decolourisation.
© 2009 Elsevier B.V. All rights reserved.

the degree of interference on the interactions between cells and
primary substrates or intermediates [3]. Recently, levelling agents
based on liposomes have been introduced as dye carriers replac-
ing the classical synthetic surfactants, with ecological benefits and
advantages such as lower dyeing temperatures and improved final
quality of the dyed textile. Liposomes are vesicular structures with
an internal aqueous phase entrapped by a lipid bilayer. They are
formed by surface active biological lipids which are the main con-
stituents of cell membranes [4].

Following resource conservation trends, textile industries have
been implementing water-saving measures, mainly by recycling
between specific process stages or after on-site treatment. As a
consequence, less wastewater is discharged but bearing heavier
pollution loads. In this context, anaerobic digestion offers a viable
treatment or pre-treatment alternative, able to address a wide
range of chemical types and organic loads. Anaerobic processes
can be run in the mesophilic or thermophilic temperature ranges
and the microbial consortia can be adapted to the type of substrate
being supplied to the system [5,6], providing different metabolic
pathways to degrade complex and even recalcitrant chemicals.

◦
Processes operated at 55–65 C generally display higher degrada-
tion rates (2–3 fold) when compared with mesophilic processes
(<40 ◦C) [7]. This can be economically attractive, since smaller reac-
tor volumes are necessary. According to Ahring et al. [8], in the
thermophilic temperature range the oxidation of the methyl group

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:imscg@ubi.pt
dx.doi.org/10.1016/j.jhazmat.2009.07.141
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f acetate to CO2 and H2 predominates over acetotrophic methano-
enesis, indicating that CO2-reducing methanogens are responsible
or the majority of the methane produced.

Among the xenobiotics amenable to degradation in anaerobic
onditions are azo dyes, which represent the major group (60–70%)
f dyes currently employed in textile manufacture. Aside from their
egative aesthetic effects when discharged in surface waters, these
yes may show toxicity to aquatic life, cause allergenic effects and
e potentially carcinogenic or mutagenic to humans [9]. Azo dyes
ay be decolourised in anaerobic conditions by cleavage of the azo

ond, via a non-specific and presumably extracellular process, in
hich reducing equivalents, biologically or chemically generated

rom an external electron donor, are transferred to the dye [10]. It
as been reported, from studies carried out in mesophilic batch
eactors, that azo bond reduction can be performed by acetate-
ed cultures [11]. Santos [12] studied the decolourisation capacity
f anaerobic granular sludge in the presence of methanogenic
ubstrates (acetate, H2/CO2) at mesophilic and thermophilic tem-
eratures. He observed that both substrates support cultures able
o remove colour at mesophilic temperatures, but, for the ther-

ophilic regime, a 4–6-fold reduction in the degradation rate was
bserved when acetate was used as substrate, in comparison with
he culture fed with H2/CO2 [12].

Textile effluents can be discharged at high temperatures and
ndergo frequent, marked composition changes. Thus, it is impor-
ant to understand how anaerobic consortia respond to such
ifferent feeds, in terms of biogas productivity and colour elim-

nation. The present report contributes with some insights for
his knowledge, with results from a case study typical of the
ool dyeing sector. In this context, the performance of different

naerobic inocula for the use of acetate and two surface-active
gents, of the amphoteric and liposomal types (representative of
he chemicals employed in wool dyeing), as substrates for anaero-
ic biotreatment, allowing the decolourisation of a model azo dye,
as assessed. Methanogenic activity (biogas production rate) tests
ere first carried out, in mesophilic conditions, using inocula pre-

iously grown on acetate or glucose, thus providing consortia with
ifferent proportions of acidogens and methanogens. Tests were
arried out with single surfactant substrates, against an acetate con-
rol, or with binary mixtures of surfactants with acetate. A model
zo dye was here tested as a possible inhibitor of methanogen-
sis, alongside with sulphide (a known inhibitor). Subsequently,
esophilic and thermophilic glucose-grown inocula were used in

atch biodegradation tests, to study the kinetics of COD and dye
ecolourisation.

. Materials and methods

.1. Inocula

For the specific methanogenic activity (SMA) assays, mesophilic
lucose-grown (MG) and mesophilic acetate-grown (MA) inocula
ere used. The original seed was granular sludge collected from
full-scale UASB (upflow anaerobic sludge bed) reactor treating
paper mill effluent. The inocula were previously adapted, during
pproximately 6 months, in mesophilic (37 ± 2 ◦C) laboratory batch
eactors fed with nutrient solutions supplemented with glucose
MG) or acetic acid (MA), both at 1.5 g/L, as sole carbon sources. Sul-
hate (Na2SO4, 30 mg/L) and sulphide (Na2S·6H2O, 60 mg/L) were
dded to the MG and MA culture media, respectively, during this

cclimatization period, as sulphur sources. The SMA flasks were
noculated with 15 mL of an inoculum at 21.0 ± 0.9 gVSS/L, in order
o achieve a biomass concentration of 4.0 ± 0.2 gVSS/L in each flask.

For the batch biodegradation kinetics tests, the inocula were
re-incubated in laboratory batch reactors operating at 37 ± 2 ◦C
Fig. 1. Chemical structures of: (a) AO7 dye; (b) general structure of phosphatidyl-
choline (natural surfactant); (c) alkylamine poly(oxyethylene) ether sulphate
(amphoteric surfactant). R1, R2 and R3 are hydrocarbon chains and m and n are
the numbers of oxyethylene (ethoxy) moieties.

(MG) and 55 ± 2 ◦C (TG), fed with the nutrient solution and sup-
plements described above for the MG inoculum, for the same time
period. The test reactors were seeded with these mesophilic or ther-
mophilic inocula, to obtain a biomass concentration of 3 ± 1 gVSS/L.

2.2. Feed solutions

The feed solutions for inocula development, for SMA tests and
for biodegradation tests, were all based on a mineral medium con-
taining macro and micro nutrients, described elsewhere [13]. For
the SMA tests, this basal medium was prepared in a phosphate
buffer solution (4.0 g/L Na2HPO4·12H2O and 0.4 g/L NaH2PO4, pH
7.2). Phosphate was selected, instead of bicarbonate, to minimize
interferences in the biogas production measurements. For all other
procedures, the basal medium was prepared in a NaHCO3 (4–6 g/L)
solution (pH 7–8). The model dye Acid Orange 7 (AO7), was added
to some of the feed solutions at a concentration of 60 mg/L. This
monoazo dye (85–95% purity) was supplied by Sigma (Spain)
and its chemical structure is indicated in Fig. 1a. For both SMA
and biodegradation tests, the carbon sources added to the basal
medium were (single or in binary mixtures) acetic acid (1000 mg/L),
purchased from Riedel de Häen (Germany), Archicolor Transfer
(1000 mg/L), purchased from Archivel Technologies (Spain), and
Avolan UL 75 (1000 mg/L), purchased from Bayer (Germany). The
levelling agent Archicolor Transfer (AT) is a natural liposome, i.e., a
biopolymer (Lipoid S-100 – soybean lecithin) with more than 95%
of phosphatidylcholine (Fig. 1b). This phospholipid is widespread
in nature and likely to be easily incorporated by a wide range of
microbial biomass types. Chemically, Avolan UL 75 is an alkylamine
polyglycol ether sulphate (amphoteric surfactant) (Fig. 1c) [14]. All
other chemicals were purchased from Merck (Germany). In some of
the SMA tests, sulphide (Na2S·6H2O, 60 mg/L) was added to the feed
solution in order to evaluate its influence on biogas production. In
the biodegradation tests, the nutrient solution was supplemented
with sulphate (Na2SO4, 1000 mg/L), as a common component of
wool dyeing effluents.
2.3. Experimental procedure

SMA tests: The specific methanogenic activity tests, here lim-
ited to overall biogas production measurements, were performed
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n 250 mL glass bottles, sealed with rubber septa and equipped
ith magnetic stirring. A volume of 56 mL of basal medium was

ntroduced in each incubation bottle. They were then flushed with
itrogen gas for 5 min, thermostatized at 37 ± 2 ◦C for 30 min and

noculated with the mesophilic glucose-grown (MG) or mesophilic
cetate-grown (MA) cultures. The inocula were previously cen-
rifuged and washed twice with phosphate buffer solution at 37 ◦C,
o remove residual substrate from the acclimatization step. The
asks were then flushed again with N2 for 10 min, sealed and main-
ained in the dark for 12 h at 37 ± 2 ◦C, to promote metabolization
f endogenous substrates. After this period, 4 mL of the sub-
trate (single or mixtures, with or without dye or sulphide) stock
olutions (pre-warmed to 37 ± 2 ◦C) were injected. The initial mea-
ured COD values ranged from 641 ± 32 mg/L to 1012 ± 48 mg/L for
ingle substrates and from 1375 ± 52 mg/L to 1896 ± 84 mg/L for
ubstrate mixtures. Individual pressure sensors (Oxitop®, WTW,
ermany) on each bottle were used to measure the cumulative bio-
as pressure in the headspace till a constant pressure was reached
25–96 h), at 37 ± 2 ◦C. The estimated specific methanogenic activ-
ty (SMA) was calculated from the maximum slope of the time
ourses of pressure build-up. The number of moles of biogas pro-
uced was calculated, at work temperature and measured pressure

n the Oxitop, by the ideal gas law equation. Values were expressed
n litre of biogas (at 1 atm and 25 ◦C) per gram of volatile suspended
olids per day. SMA values and direct pressure measurements (x)
ere further normalized (y) to an initial COD concentration of

000 mg/L, assuming linear behaviour in the tested COD range, and
onsidering the initial COD values (CODi, mg/L) in each incubation
ask

(
y = (x/CODi) × 1000

)
. A blank (basal medium in phosphate

uffer) was used as control for each inoculum type. Biogas produc-
ion in these control runs was always negligible. At the end of the
ncubation periods, samples were taken from the mixed liquor in
ach flask and filtered through glass microfibre membranes (What-
an GF/C, 1.2 �m average pore diameter), for subsequent COD and

olour measurements. Tests were performed in triplicate.
Anaerobic biodegradation tests: Glass reactors of 500 mL capac-

ty, with 400 mL of feed medium, were operated at 37 ± 2 ◦C and
5 ± 2 ◦C, for the biodegradation kinetic studies with the inocula
reviously grown on glucose in mesophilic (MG) and thermophilic
TG) conditions, respectively. The reactors were equipped with

agnetic stirring and three sample ports for liquid feeding and
ampling, biogas collection and sparging with nitrogen. All were
hermostatized with a water jacket. Inocula washing, reactor inoc-
lation and sparging with nitrogen followed the procedure outlined
bove for the SMA tests, excluding the 12 h endogenous incubation
eriod. Mixed liquor samples (10 mL) were collected at reaction
imes 15 min and 3 h, 6 h, 12 h, 24 h, 36 h and 48 h, filtered (What-

an GF/C membranes), and subsequently used for pH, COD and
olour measurements. Tests were performed in triplicate and dye-
ree runs were used as controls. The initial COD level ranges were
imilar to those used for the SMA tests.

The COD and colour profiles along time, measured in the batch
eactors, were both modelled assuming pseudo-first order kinet-
cs [15–17]. This approximation implies negligible biomass growth
uring the 48 h experimental period and substrate concentrations
ell below the saturation level. Curve fitting software was used to

alculate first order rate constants for COD (kCOD, h−1) and colour
kc, h−1) removal.

.4. Analyses
The values of pH, volatile suspended solids (VSS) and soluble
hemical oxygen demand (COD) in liquid samples were determined
ccording to standard procedures [18]. The colour was monitored
y UV–vis spectrophotometry (Lambda 6, PerkinElmer USA) by
easuring absorbance at the wavelength of maximum absorbance
s Materials 172 (2009) 1236–1243

of the dye in the visible region (482 nm) against distilled water.
Absorbance measurements were then linearly correlated with dye
concentrations according to the Lambert–Beer law (absorptivity
0.0590 ± 0.0008 L mg−1 cm−1). Dye-free media and filtered samples
from dye-free runs showed negligible absorbance at this wave-
length.

3. Results and discussion

3.1. Specific methanogenic activity assays

Fig. 2 depicts the time courses of cumulative biogas produc-
tion (normalized to an initial COD concentration of 1000 mg/L)
for mesophilic, glucose-grown (MG) and acetate-grown (MA)
inocula from different feed compositions, including acetate, Archi-
color Transfer (AT) and Avolan UL 75 (Av). Calculated specific
methanogenic activity (SMA) values (also normalized) are given in
Fig. 3. Table 1 presents the overall values for specific COD removal
rate and yield of biogas on substrate COD (Ysbiogas). These val-
ues were calculated for the total incubation periods (24 h, 48 h or
96 h, depending on the substrate) and are not normalized. For each
inoculum and substrate, the influence of the AO7 dye (60 mg/L)
was assessed. The assays with sulphide (acetate-fed) were included
to test the experimental system’s sensitivity to a known inhibitor
[19], which indeed, could occur in anaerobic reactors treating these
effluents, as a result of the biological reduction of dyebath sulphate
salts.

Comparing graphs (a) and (d) in Fig. 2, it is apparent that the MG
inoculum exhibited lower acetoclastic activity, requiring an adap-
tation period to start biogas production with the acetate substrate.
Also, this acetoclastic population seems to be the major target of
sulphide inhibition, extending the lag phase of the MG inoculum
and significantly lowering SMA values (Fig. 3) for the MA inocu-
lum. Values of Ysbiogas for both inocula are also lower in the presence
of sulphide (Table 1). Nevertheless, the overall COD removal rate
values with either inoculum were not significantly affected by the
presence of sulphide (Table 1), hinting that a significant fraction
of the measured COD removal is due to sorption or incorporation
into the biomass, without conversion to biogas. Ysbiogas values for
acetate were more than twice higher for MA than for MG, with
or without sulphide. Thus, the Ysbiogas and SMA test results, even
in this limited biogas quantification mode (no methane analyses),
seem to be sensitive to inoculum and feed characteristics. On the
other hand, sulphide originated from biological sulphate reduction
could improve colour removal by providing the electrons required
for azo dye cleavage. The redox half potential of the S0/H2S couple at
pH 7 and 25 ◦C is −250 mV [16], much lower than, for instance, the
redox half potential for AO7 azo bond reduction, which is −100 mV
[17].

In the test conditions, the effect of AO7 on the SMA tests was
always negligible, within the experimental error. Biogas yields
could have been affected by AO7 via either a metabolic inhibition
effect or the azo bond reduction process competing with methano-
genesis for the available reducing equivalents. However, it should
be noted that, in tests 1–4 (Table 1), the reducing equivalents (H+

and electrons) needed to completely decolourise 60 mg AO7/L cor-
respond to only 0.63% of the acetate–COD in the feed solution.
In the SMA tests with added dye, the ratio between the avail-
able reducing equivalents in the tested carbon source loads and
those required for complete dye reduction (Rna) ranged from 117 to

338 (Rna = (CODi (g/L) × 4/32)/0.6838 × 10−3, where 0.6838 × 10−3

is the number of moles of electrons necessary to reduce 60 mg
AO7/L), indicating that COD was always in large excess with respect
to the dye. Thus, the competition effect was not detectable. This
excess could also explain the high colour removal yields obtained
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Fig. 2. Examples of time courses of cumulative biogas production (normalized to a COD of 1000 mg/L) for mesophilic, glucose-grown (MG; a–c) and acetate-grown (MA; d–f)
cultures fed with different subtrates. Ac, acetate; AT, Archicolor Transfer; Av, Avolan UL75; S, sulphide; AO7, dye.

Table 1
Overall specific COD removal rate and yield of biogas on substrate for MG and MA populations, fed with different substrates. Standard deviations were
calculated for triplicate assays and are shown in parenthesis. The values written in smaller size represent the incubation period taken to reach the maximum
yield value measured (h). Assays 1, 3, 5, 7, 9 and 11 were with no dye added and assays 2, 4, 6, 8, 10 and 12 in the presence of 60 mg AO7/L. Initial COD
values given exclude the dye. Biogas volumes are given at 1 atm and 25 ◦C.
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Fig. 3. Specific methanogenic activity (normalized to a COD of 1000 mg/L) values
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SMA) for mesophilic, glucose-grown (MG) and acetate-grown (MA) cultures fed
ith different substrates. Ac, acetate; AT, Archicolor Transfer; Av, Avolan UL75;

, sulphide. Values are averages for three replicates with corresponding standard
eviations (error bars).

ith both cultures in the SMA experiments, ranging from 91% with
he MG inoculum to 87% with the MA inoculum, for an incubation
eriod of 48 h (data not shown). The metabolic pathway involved

n azo dye decolourisation by MA cultures has been discussed by
everal authors. According to Santos, some mesophilic strains of
ethanogens incubated with acetate were able to reduce the dye

eactive Red 2 [20]. On the other hand, although inhibition by
he dye was not detected in the present study, published results
emonstrate that this is not always the case [21].

Fig. 2 shows the occurrence of lag phases for all test runs, except
hen acetate-containing substrates were fed to MA cultures. The

urface active agents introduced the longest lag phases (Fig. 2b and
). With AT the MA culture adapts in 7 h while the MG culture lags
or around 18 h. This result is accompanied by a better performance
f the MA culture with AT, concerning SMA and Ysbiogas, while the
wo inocula perform comparably with Av (Figs. 2 and 3 and Table 1).
hese results indicate a good capacity of the acetoclastic population
or the conversion of AT to biogas. On the other hand, the overall
pecific COD removal rates for AT are similar for the two cultures
Table 1). This supports the idea that AT (much like acetate, as noted
bove) is removed from the solution by adsorption/incorporation
nto the microbial granules, at essentially the same rate for the
wo inocula, but is much more efficiently converted to biogas by
he inoculum having higher acetoclastic activity (MA). Neverthe-
ess, the MG inoculum attains higher Ysbiogas values for AT than for
cetate (Table 1), indicating the possibility of a non-acetoclastic
oute from AT to biogas. This could also be the reason for the lower
sbiogas value for AT, with respect to acetate, when the MA culture
s used.

Lipolysis of phospholipids (AT) generates fatty acids, glycerol,
igher alcohols (e.g., choline, ethanolamine, serine) and phosphate.
lycerol and higher alcohols may be degraded by fermentative,
cetogenic and methanogenic bacteria. Choline methyl groups
re rapidly metabolised to trimethylamine by rumen microor-
anisms, which is further converted to methane [22]. Long-chain
atty acids are degraded by acetogenesis via �-oxidation to acetate
nd hydrogen [23,24]. Acetoclastic methanogenesis may thus
e the preferable degradation pathway of phospholipidic com-
ounds over hydrogenotrophic methanogenesis. The presence, in
esophilic inocula, of acetoclastic Methanosarcina sp. in high num-

ers (particularly in the MA culture), characterised by rapid growth
nd a versatile metabolism [25], could explain those results. How-
ver, the fatty acids resulting from lipolysis may also introduce an
nhibition effect in acetoclastic methanogenesis [1].

The substrate Av leads to lag phase durations and values of

he performance parameters not significantly different for the
wo tested inocula, suggesting that the activity of acetoclastic

ethanogens is not a limiting factor in the conversion of this sub-
trate to biogas. Av also gives longer lag phases and lower SMA and
sbiogas values than acetate or AT (Figs. 2 and 3, Table 1). An excep-
s Materials 172 (2009) 1236–1243

tion is the Ysbiogas values for the MG inoculum, which are higher for
Av than for acetate. As with AT, non-acetoclastic methanogens thus
seem to play a significant role in biogas production from this sub-
strate. However, the overall substrate removal rates for Av are very
close to those for AT, and similar with both inocula, again pointing
to a sorption/incorporation mechanism as the first responsible for
soluble COD removal. Considering its chemical nature (Section 2.2),
Av may give origin to several types of anaerobic metabolites, arising
from hydrolysis, acidogenesis and acetogenesis. The polyethylene
glycol chain has been found to be the slowest part of synthetic sur-
factant molecules to be degraded under aerobic conditions [26].
A similar effect with anaerobic populations may explain why the
biogas production rate values were lowest with Av and were appar-
ently insensitive to the inoculum type. As far as possible inhibition
effects are concerned, both acetogenic and acetoclastic anaerobic
cultures have been found to suffer inhibition in the presence of
alkylphenol ethoxylates, while the metabolic rates of fermenta-
tive and hydrogenotrophic microorganisms remained high [27].
Medium chain-length alcohol sulphates have been reported to
cause inhibition of hydrolysis, acidogenesis and acetogenesis [28].
Acetic, propionic and butyric acids were found to be the main inter-
mediates in the biodegradation of these substrates, with isobutyric
and valeric acids as minor metabolites. Caproic, caprylic and capric
acids were detected as specific alcohol sulphate metabolites [28].
These long chain fatty acids, namely capric and caprylic acids, may
cause inhibition of acetoclastic methanogenesis. Synergistic effects
between the several intermediates could also occur and contribute
to enhance the inhibitory effect [1]. Since neither inoculum was
adapted to Av, this surfactant itself or its metabolites were suscep-
tible to cause inhibition.

In the tests with mixed carbon sources, acetate + AT and
acetate + Av, the MG culture (Fig. 2c) exhibited a lag phase dura-
tion comparable to that of the run fed with only acetate (Fig. 2a,
without sulphide), indicating that the culture adapts first to acetate.
However, the advantage of the MA inoculum in shorter adaptation
periods is not confirmed for SMA or Ysbiogas values. No significant
differences in SMA between MA and MG were found (Fig. 3 and
Table 1). For acetate + AT, the Ysbiogas values were actually lower for
the MA than for the MG inocula, despite the opposite had occurred
for the same substrates fed separately (Table 1). The overall specific
substrate removal rate values for mixed substrates are very close to
the sums of their values for single substrates (Table 1), suggesting
that they are independently removed, again most likely by an initial
step of sorption/incorporation. But, the values of SMA and Ysbiogas,
are not additive (Table 1). For the MA inoculum, biogas yield values
for the mixtures are consistently lower than those for any of the
isolated substrates.

The presence of the surface-active agents thus seems to partially
impair the capacity of both inocula to convert acetate to biogas,
possibly due to the inhibitory effects mentioned above towards the
acetoclastic population. In this case, the MG inoculum, presumably
richer in non-acetoclastic methanogens, would perform better (as
observed from Ysbiogas values, Table 1). Inhibition effects such as
those here noted are important factors to investigate, since sub-
strate mixtures are likely to occur in dyebath effluents. These are
further complicated by the batchwise nature of textile processing,
with frequent additive changes, making culture adaptation diffi-
cult.

3.2. Batch kinetic studies in mesophilic and thermophilic
conditions
The time courses of soluble COD and AO7 concentrations were
followed in batch reactors fed with single and mixed substrates
(the same as in Section 3.1) and inoculated with glucose-grown,
mesophilic and thermophilic cultures (MG and TG, respectively).



I.C. Gonçalves et al. / Journal of Hazardous Materials 172 (2009) 1236–1243 1241

F lture
s model
v ransf
c

T
p
t
S
e

F
a
m
r

ig. 4. Examples of the time course of residual COD for MG (�, �) and TG (©, �) cu
tandard deviations (error bars) are given. Lines represent the best-fit first-order
alues that were not used in the fitting. Substrates tested: acetate and Archicolor T
olor in this figure legend, the reader is referred to the web version of the article.)
he soluble COD consumption measured during an incubation
eriod of 48 h is the overall result of substrate incorporation into
he biomass and partial bioconversion, including (as noted in the
MA experiments for MG) lag phases for biogas production. How-
ver, this overall process could be described by a pseudo-first

ig. 5. Examples of the time course of residual dye (AO7) concentration for MG (�, �) an
nd correspondent standard deviations (error bars) are given. Lines represent the best-fit
arks indicate values that were not used in the fitting. Substrates tested: acetate and Arc

eferences to color in this figure legend, the reader is referred to the web version of the a
s fed with different substrates. Average values of three replicas and correspondent
and relative residual (RR or �y/y), are also displayed. The fill red marks indicate

er (�, ©); acetate and Avolan UL75 (�, �). (For interpretation of the references to

2
order kinetic model (Fig. 4), with coefficients of determination (r )
ranging from 0.957 to 0.999 (5–7 experimental data points). The
decolourisation of the azo dye AO7 was, by means of spectral anal-
yses in the UV–vis region and chromatographic detection of one
of its metabolites (sulphanilic acid), found not to involve signifi-

d TG (©, �) cultures fed with different substrates. Average values of three replicas
first-order model and relative residuals (RR or �y/y) are also displayed. The fill red
hicolor Transfer (�, ©); acetate and Avolan UL75 (�, �). (For interpretation of the

rticle.)
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Fig. 6. Pseudo-first order kinetic constants for COD, kCOD, (a) and colour, kC, (b)
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emoval in assays performed with glucose-grown, mesophilic (MG) and themophilic
TG) cultures fed with different substrates. Ac, acetate; AT, Archicolor Transfer; Av,
volan UL75. Values are averages for three replicates with corresponding standard
eviations (error bars).

ant sorption onto the biomass. For the initial concentration used,
he time course of dye removal could also be approximated as a
seudo-first order process (Fig. 5), with r2 values from 0.965 to
.998 (5–7 experimental data points). The calculated values of the
seudo-first order constants for the two processes (kCOD and kc) are
iven in Fig. 6.

The kCOD values in Fig. 6a show that the presence of the dye had
o significant effect on the apparent kinetics of substrate consump-
ion, for any of the tested carbon sources. Also, comparing kCOD and
c values, it can be noted that decolourisation was a much faster
rocess than COD removal, at both temperatures. These results
oint to a simple, electron transfer reaction, probably extracel-

ular, as the mechanism of AO7 azo bond reduction in the tested
atch bioreactors. The source of reducing equivalents for azo bond
eduction in anaerobic systems and the possible electron trans-
er reactions involved have not yet been completely established,
ut the possibility of both fermentative and methanogenic popula-
ions promoting dye reduction has been shown [11,12,20]. Santos
t al. [20] have also found that, in a methanogenic consorcium,
2 was a much better electron donor for azo dye decolourisation

han acetate, particularly in the presence of a specific inhibitor of
ethanogenesis. Thus, the amount and rate of reducing equivalent

roduction from the fed substrate, as well as the ability to convey
hem to the azo bond, diverting them from methanogenesis, seem
o be important aspects of azo dye decolourisation in anaerobic
ystems [12].
In the present kinetic study experiments, most of the dye reduc-
ion took place during the first 20 h of incubation. As the used
nocula were glucose-adapted, at least part of this period corre-
ponds to the lag phase of biogas production reported in Section
.1. For the thermophilic inoculum, adaptation could have been
s Materials 172 (2009) 1236–1243

faster but this is not confirmed for acetate as substrate, as the
MG culture displayed higher degradation rates than the TG culture
(Fig. 6a). This is possibly due to the different types of acetoclastic
methanogens present in each of the anaerobic consortia. Accord-
ing to Zinder et al., at mesophilic temperatures, rapidly growing
acetoclastic Methanosarcina sp. are present in high numbers [25].
However, at higher temperatures (55 ◦C) another type of aceto-
clastic methanogenic culture is present, Methanothrix sp. [29]. The
lower growth rate of Methanothrix sp. could explain the observed
lower removal rate of acetate. On the contrary, with AT as the
carbon source, the thermophilic inoculum exhibited faster COD
consumption kinetics while, with Av and the two mixed substrates,
the TG culture was only slightly faster, but not significantly differ-
ent from the MG culture (Fig. 6a). The higher removal rate of AT
could be attributed to its phospholipidic composition, since lipid
degradation is favoured with thermophilic bacteria [8]. As both
temperatures used in the present study are higher than the transi-
tion temperature of liposome lipids (below 0 ◦C), the continuous
fluid state of these lipids maintains the vesicles without struc-
tural alterations [4]. However, high temperatures should cause
an increase in fluidity, by decrease of molecular order (viscos-
ity decrease). Thus, in the thermophilic range the interactions
between liposomes and cell walls could be favoured, resulting in
higher uptake rates. On the other hand, this could also enhance the
inhibitory effect of AT on acetoclasts suggested in Section 3.1. Such
inhibition could explain why the kCOD values with acetate + AT are
not significantly higher for TG than for MG and are both lower than
would be expected if the two substrates were uptaken indepen-
dently (Fig. 6a). For instance, Ching-Shyung and Lettinga found that
physicochemical surface associations between oleate and acetate-
utilizing methanogens played an important role in intoxication of
the latter [30]. For Av and acetate + Av, a similar reasoning can
be applied in what concerns inhibitory effects, possibly worsened
by the chemical nature of Av. The same authors pointed out that
thermophilic acetate-utilizing methanogens seem to be more sus-
ceptible to inhibition effects than the mesophilic acetate-utilizing
methanogens [30].

In the biodegradation tests, the production of reducing equiva-
lents (for AO7 reduction) from acetate could have occurred through
synthrophic oxidation, which is more favourable in the ther-
mophilic range (�G25 ◦C = +104 kJ/mol; �G55 ◦C = +90.2 kJ/mol) [12].
In this range, the production of H2 from the methyl group of acetate
becomes much more important [8,31]. In thermophilic conditions
acetate seems to contribute with 63–66% of the CH4 generated, a
percentage relatively lower than that found in mesophilic reactors,
in which 60–90% of the methane is derived from the methyl group
of acetate [32]. The development of an efficient hydrogenotrophic
population, presumably already present in glucose-adapted inoc-
ula, would have made the H2 reducing equivalents unavailable for
dye reduction. The balance between H2 production and consump-
tion, with acetate as primary substrate, seemed to result in lower
reducing equivalent availability at higher temperatures, since, for
all tests in the presence of acetate, decolourisation was slower with
the TG than with the MG population (Fig. 6b). However, with the
surface active agents as single substrates, particularly AT (Fig. 6b),
kc values are significantly higher in thermophilic conditions. As
mentioned above, these measurements took place mostly during
a period when, presumably, methanogens were undergoing adap-
tation (biogas lag phase lasting 20 h for MG cultures, Fig. 2b). Thus,
the reducing equivalents would have resulted mostly from the
fermentative phase, as also observed by Santos et al. [20]. More-

over, it has been reported that the H2 content resulting from the
acidogenic step is higher for thermophilic than for mesophilic con-
sortia [24]. The results in Fig. 6b suggest, therefore, that the better
decolourisation performance of the TG inoculum with the single,
AT and Av substrates derives from faster acidification, producing
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educing equivalents which were not readily used for methane pro-
uction. Supplementing these substrates with acetate apparently
liminates this advantage of the thermophilic population (Fig. 6b).
his could indicate that the fermentative pathway of AT and Av
roduces acetate, thus being negatively affected by its presence in
he medium, particularly if the acetoclastic population responsible
or its removal is inhibited.

. Conclusions

The present study shows that different anaerobic consortia can
e adapted, in reasonable time (1–2 days), to the conversion to
iogas of varied substrates likely to constitute the major part of the
rganic load of wool dyeing effluents. Also, high decolourisation
ields of a typical acid azo dye were shown to be obtainable with
ifferent substrate combinations, for all inocula. The results point
o some basic ideas to be thus explored:

Of the two surface-active agent types tested, the liposome-
based additive generally led to faster uptake (particularly in
thermophilic conditions) and better performance in biogas
production (lag phase, SMA, biogas yield on substrate–COD) than
the polyglycol ether-based additive; also, the former apparently
involved acetoclastic methanogenesis as a rate-limiting step in
its conversion to biogas, while the latter’s conversion was not
affected by the proportion of acetoclasts in the inoculum; these
results suggest that the uptake and/or fermentative steps are
rate-limiting in the biomethanation of the polyglycol surfac-
tant, possibly due to the slow degradation of the ethoxylate
chain.
The fermentative step in the anaerobic conversion of the surface-
active agents tested seems to contribute with most of the
reducing equivalents for azo dye decolourisation; this result was
apparent from the high colour removal yields obtained during the
expected adaptation period of the inocula to the new substrates,
with better performances at higher temperature; with acetate as
the single substrate, the source of reducing equivalents is unclear,
but less efficient in the thermophilic range.
The association of acetate with either of the surface-active agents
led to poorer performance, in terms of organic load removal,
biogas production and decolourisation, than would have been
expected from the correspondent results obtained with each of
the mixture components fed separately; also, the thermophilic
advantage observed with either surfactant for COD uptake and
dye reduction kinetics is lost with acetate supplementation; thus,
both surfactants seem to inhibit acetate conversion to biogas and,
on the other hand, the presence of acetate appears to slow down
surfactant biodegradation; the latter could be a thermodynamic
effect, if the fermentative pathway for the surfactants produces
acetate.
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dye decolourisation studies in a methanogenic UASB reactor, J. Biotechnol. 115
(2005) 57–66.

14] T.F. Tadros, Applied Surfactants: Principles and Applications, Wiley-VCH Verlag
GmbH, Weinheim, 2005.

15] S. Schnell, C. Mendoza, The condition for pseudo-first-order kinetics in enzy-
matic reactions is independent of the initial enzyme concentration, Biophys.
Chem. 107 (2004) 165–174.

16] E.S. Yoo, Biological and chemical mechanisms of reductive decolourization of
azo dyes, Ph.D. Thesis, Technical University of Berlin, Berlin, 2000.

17] F.P. Van der Zee, G. Lettinga, J.A. Field, Azo dye decolourisation by anaerobic
granular sludge, Chemosphere 44 (2001) 1169–1176.

18] APHA, AWWA, WPCF, Standard Methods for the Examination of Water and
Wastewater, 21st Edition, APHA, USA, 2005.

19] I. Angelidaki, Anaerobic biodegradability of Macropollutants, Proceedings
workshop on Harmonisation of Anaerobic Biodegradation Activity and Inhi-
bition Assays, June 7–8 (2002) Lago d’ Orta, Italy.

20] A.B. Santos, M.P. Madrid, F.A.M. Bok, A.J.M. Stams, J.B. van, F.J. Lier, Cervantes,
The contribution of fermentative bacteria and methanogenic archea to azo dye
reduction by a thermophilic anaerobic consortia, Enzyme Microb. Technol. 39
(2006) 38–46.

21] M. Isik, D.T. Sponza, A batch study for assessing the inhibition effect of Direct
Yellow 12 in a mixed methanogenic culture, Process Biochem. 40 (2005)
1053–1062.

22] A.R. Neil, D.W. Grime, M.C. Dawson, Conversion of choline methyl groups
through trimethylamine into methane in the rumen, Biochem. J. 170 (1978)
529–535.

23] M.P. Bryant, Microbial methane production-theoretical aspects, J. Anim. Sci. 48
(1979) 193–201.

24] I. Valdez-Vazque, E. Ríos-Leal, F. Esparza-Garcia, F. Cecchi, H.M. Poggi-Varaldo,
Semi-continuous solid substrate anaerobic reactors for H2 production from
organic waste: mesophilic versus thermophilic regime, Int. J. Hydrogen Energy
30 (2005) 1383–1391.

25] S.H. Zinder, S.C. Cardwell, T. Anguish, M. Lee, M. Koch, Methanogenesis in
a thermophilic (58 ◦C) anaerobic digestor: Methanothrix sp. as an impor-
tant aceticlastic methanogen, Appl. Environ. Microbiol. 47 (4) (1984) 796–
807.

26] J. Steber, P. Wierich, Metabolites and biodegradation pathways of fatty alcohol
ethoxylates in microbial biocenoses of sewage treatment plants, Appl. Environ.
Microbiol. 49 (3) (1985) 530–537.

27] A. Jimenez-Gonzalez, M. Salazar-Gonzalez, M. Gutierrez-Rojas, O. Monroy,
Anaerobic digestion of a nonionic surfactant: inhibition effect and biodegra-
dation, Water Sci. Technol. 44 (4) (2001) 175–181.

28] H. Feitkenhauer, U. Meyer, Anaerobic digestion of alcohol sulphate (anionic
surfactant) rich wastewater–batch experiments, Part II: influence of the
hydrophobic chain length, Bioresour. Technol. 82 (2005) 123–129.

29] S.H. Zinder, M. Koch, Non-aceticlastic methanogenesis from acetate: acetate
oxidation by thermophilic syntrophic cocultures, Arch. Microbiol. 138 (3)
(1984) 263–272.

30] Hwu. Ching-Shyung, G. Lettinga, Acute toxicity of oleate to acetate-utilizing
methanogens in mesophilic and thermophilic anaerobic sludges, Enzyme
31] S.P. Peterson, B.K. Ahring, Acetate oxidation in a thermophilic anaerobic sewage
sludge digestor: the importance of non-acetoclastic methanogenesis from
acetate, FEMS Microbial. Ecol. 86 (1991) 149–158.

32] D.R. Boone, Terminal reactions in the anaerobic digestion of animal waste, Appl.
Environ. Microbiol. 43 (1982) 57–64.


	Behaviour of different anaerobic populations on the biodegradation of textile chemicals
	Introduction
	Materials and methods
	Inocula
	Feed solutions
	Experimental procedure
	Analyses

	Results and discussion
	Specific methanogenic activity assays
	Batch kinetic studies in mesophilic and thermophilic conditions

	Conclusions
	Acknowledgement
	References


