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Abstract

Textile wastewater was treated by means of a fluidized-bed loop reactor and immobilized anaerobic bacteria. The main target of this treatment
was decoloration of the wastewater and transformation of the non-biodegradable azo-reactive dyes to the degradable, under aerobic biological
conditions, aromatic amines. Special porous beads (Siran®) were utilized as the microbial carriers. Acetic acid solution, enriched with nutrients
and trace elements, served both as a pH-regulator and as an external substrate for the growth of methanogenic bacteria. The above technique was
firstly applied on synthetic wastewater (an aqueous solution of a mixture of different azo-reactive dyes). Hydraulic residence time was gradually
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ecreased from 24 to 6 h over a period of 3 months. Full decoloration of the wastewater could be achieved even at such a low hydraulic residence
ime (6 h), while methane-rich biogas was also produced. The same technique was then applied on real textile wastewater with excellent results
full decoloration at a hydraulic residence time of 6 h). Furthermore, the effluent proved to be highly biodegradable by aerobic microbes (activated-
ludge). Thus, the above-described anaerobic/aerobic biological technique seems to be a very attractive method for treating textile wastewater since
t is cost-effective and environment-friendly.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Treating wastewater from cotton textile industries has
ecome a real challenge the recent years. Different combi-
ations of treatment methods have been proposed in order
o effectively manage the above wastewater. Thus, chemical
oagulation–flocculation, chemical oxidation, activated-carbon
dsorption and anaerobic biological treatment, usually com-
ined with a secondary activated-sludge treatment step, are
mong the most well known techniques [1–5].

Wastewater that results from the pre-treatment (desizing–
couring–bleaching) and dyeing processes of cotton fibers is
enerally characterized by its deep color, while in terms of
rganic content (COD) it is comparable to a moderate municipal
astewater [1,2]. The main problem that environmental engi-
eers have to deal with is the elimination of the wastewater’s
olor, which is due to the remaining dyes. The rejection of tex-
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tile wastewater to the environment causes most of all aesthetic
problems (the color change of a beautiful lake or river cannot be
tolerated from the local communities). Also, the accumulation
of color impedes sunlight penetration, disturbing thus the ecol-
ogy of the receiving water [1–3]. Furthermore, several dyes and
their decomposition derivatives have proved toxic to aquatic life
(microorganisms, fish and mammals) [6–8].

“Azo-reactive” is probably the main class of textile dyes uti-
lized for cotton fibers nowadays. They are complex organic com-
pounds non-biodegradable by at least common aerobic microbes
(activated-sludge) [9,10]. However, the above dyes decompose
under highly reductive conditions leading to the formation of
the so-called aromatic amines, which, in general, have proved
degradable (under aerobic biological conditions) by numerous
researchers over the recent years [11–15].

Anaerobic biological treatment methods, which provide a
highly reductive environment and lead to the effective decompo-
sition of azo-reactive dyes, are becoming increasingly important
nowadays since they are cost-effective and environmentally safe.
Anaerobic azo dye reduction has been studied intensively and
is now well documented that it is a non-specific, microbial
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.11.081
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Nomenclature

COD chemical oxygen demand (mg/L)
LLC liquid level control
racet acetic acid consumption rate (gacet m−3

reactor day−1

or gacet/m3
wastewater)

RBG daily rate of biogas production
(m3

gas m−3
reactor day−1)

SEM scanning electron microscope
SS suspended solids (mg/L)
TS total solids (mg/L)

Greek letters
λmax wavelength of the maximum absorbance in the

visible spectrum region (nm)
τ hydraulic residence time (h)

mediated and presumably extra-cellular process. Moreover, it
is an enzymatic reaction, which involves reducing agents (e.g.,
riboflavin), acting as electron shuttles between the dyes and
cellular-reducing enzymes [11–15].

The only disadvantage of the anaerobic biological techniques
using conventional methods (e.g., stirred tank reactors) is the
need for long hydraulic residence times and thus, the need for
reactors of a high volume due to the low growth yields of the
anaerobic bacteria (long generation times) [16,17]. However,
the above disadvantage can be overcome by the utilization of
methods and systems, which retain the biomass uncoupling and
thus, hydraulic residence time from biomass accumulation (e.g.,
immobilization of microorganisms by colonization of a porous
material) [18–20].

The objective of this work is the anaerobic biological treat-
ment of textile wastewater using a bench-scale fluidized-bed
loop reactor; special porous carriers and immobilized anaer-
obic bacteria (methanogens) are utilized. The high concen-
tration of active microbial mass that can accumulate on the
above carriers is expected to achieve wastewater decoloration

at very low hydraulic residence times, decreasing thus substan-
tially, both the capital and operational cost of textile wastewater
treatment.

2. Materials and methods

2.1. Synthetic wastewater

The following three azo-reactive dyes, manufactured by DyS-
tar (Germany), were dissolved in tap water at a concentration of
20 mg/L, each:

1. Remazol yellow RR (a mono-azo dye containing the vinyl-
sulfonyl reactive group).

2. Remazol red RR (a mono-azo dye containing both the vinyl-
sulfonyl and the monohalogentriazine reactive groups).

3. Remazol black B (a diazo dye containing two vinylsulfonyl
reactive groups).

Also, 1 g/L NaHCO3, 0.2–0.3 g/L NaOH and 0.5 g/L NaCl
were utilized for the regulation of the wastewater’s alkalinity
(pH 8.5–9.0) and salinity, respectively. A few crystals of NaS
were also added in the aqueous solution in order to remove dis-
solved oxygen. Moreover, three nutritious aqueous solutions, the
compositions of which are presented in Table 1, were used in
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Table 1
Composition of the three nutritious aqueous solutions

Nutritious solution

Aqueous solution I (N–P–S) (20 mL/L of wastewater)

A

A

queous solution II (Ca–Mg) (2–3 mL/L of wastewater)

queous solution III (trace elements) (2 mL/L of wastewater)
rder to enrich the synthetic wastewater with the necessary, for
icrobial growth, nutrients and trace elements. All the above

hemicals were provided by Fischer Scientific.
The above synthetic wastewater had an intensive red-reddish

olor and presented the highest absorbance peak (λmax) in the
isible spectrum region, at 550 nm.

.2. Real textile wastewater

Textile wastewater was periodically withdrawn (during a
-month period) from a nearby industry (in Xanthi, north-
astern Greece). The above industry processes cotton and
otton–polyester textiles using almost exclusively azo-reactive

Components Concentration (g/L)

NH4Cl 114.6
K2HPO4 33.7
(NH4)2SO4 16.5

CaCl2·2H2O 36.7
MgCl2·6H2O 41.8

(NH4)2Fe(SO4)2·6H2O 70.2
CuCl2·6H2O 0.54
ZnCl2 0.83
MnCl2·6H2O 0.72
NiCl2·6H2O 0.57
CoCl2·6H2O 0.16
Na2SeO3 0.31
H3BO3 0.57
Na2MoO4·2H2O 0.01
Regulation of pH < 2 utilizing HCl solution



374 D. Georgiou, A. Aivasidis / Journal of Hazardous Materials B135 (2006) 372–377

Table 2
Real textile wastewater characteristics

Samples pH TS (mg/L) SS (mg/L) COD (mg/L)

Sample-1 9.5 3760 15 400
Sample-2 8.5 2600 <10 415
Sample-3 8.5 680 <10 826
Sample-4 7.5 1520 <10 645
Sample-5 8.3 860 <10 430
Sample-6 8 885 <10 480

Mean value 8.4 1718 <10 532

and azo-disperse dyes for the dyeing of cellulosic and polyester
fibers, respectively. The wastewater was constantly slightly alka-
line and it was characterized by its deep color. Furthermore, the
organic content (in terms of COD) was comparable to that of a
moderate sewerage, while the concentration of total solids (TS)
was relatively high due to the elevated concentration of dissolved
salts (Table 2).

All the textile wastewater samples (Table 2) were enriched
with the necessary, for microbial growth, nutrients and trace
elements by the addition of the three nutritious aqueous solutions
(Table 1).

2.3. The porous carriers

Three-dimensional colonization of anaerobic microbes was
achieved by the use of spherical (diameter = 1–2 mm) reticulated
sinter glass carriers (Siran®) manufactured by Schott Glaswerke
(Germany). The manufacturing material was obtained by sinter-
ing a mixture of glass and sodium chloride powder followed
by a washing process to eliminate the non-sinterable salt. The
resulting reticulated glass sponge has a well-defined pore size
distribution depending on the grain size of the salt; porosity is
correspondingly a function of the percentage of the filling mate-
rial. The sponge was then further processed to form spherical
beads. The latter carriers (beads) have a porosity of 55% and a
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Fig. 1. SEM image of a sinter glass carrier (Siran®).

Peristaltic pumps were used for wastewater transportation and
recycling, while recycling-flow to in-flow ratio was always kept
over 20:1, simulating thus a complete-mixed continuous-flow
reactor [21]. A liquid level control (LLC) system equipped with
two electrodes (one of which continuously dipped in the liquid
phase), connected to the out-flow pump, maintained the level
of the liquid phase in the upper part of the reactor at a certain
level; this way, the biogas accumulates on the top of the reactor.
Biogas production rate (RBG) was then calculated by means of
a gas flow meter. Fig. 2 presents the flowsheet of the reactor.

2.5. Analytical methods

The absorbance spectrums at 400–800 nm were taken in order
to calculate the intensity of wastewater’s color, using a spec-
ore diameter range of 60–300 �m.
The microbial mass was immobilized by simply immersing

he porous carriers into sludge that was withdrawn from the
naerobic digester of a municipal wastewater treatment plant.
naerobic bacteria (e.g., methanogens) with a high affinity to

dsorb on special surfaces (e.g., Siran®) create colonies in just
few minutes of time. Highly dense microbial mass and very

hort start-up time intervals can be achieved by the use of those
arriers [19]. An SEM image of a sinter glass carrier is given in
ig. 1.

.4. Fluidized-bed loop reactor

A glass-made fluidized-bed loop reactor of a total volume of
L and an internal diameter of 15 cm was utilized, while 60% of

he reactor’s total volume was filled with the above-mentioned
orous carriers (Fig. 1). Temperature was maintained constant at
7 ± 1 ◦C by means of an external water-coil and a water-bath,
hile the pH was regulated within 6.4–7.2 using an acetic acid

queous solution (CH3COOH, 10%, v/v) and a pH-controller.
 Fig. 2. Flowsheet of the fluidized-bed loop reactor.
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trophotometer (WTW, Photolab Spektral); the samples were
filtrated utilizing 0.2 �m pore filters prior to spectrophotometric
analysis. The absorbance at 550 nm was taken as color inten-
sity for the synthetic wastewater, while the mean values of the
absorbance measurements at 436 nm (yellow region), 525 nm
(red region) and 620 nm (blue region) were taken for real textile
wastewater.

Chemical oxygen demand (COD) was measured using the
open-reflux method [22]. Due to the colored samples, titra-
tion with ferrous ammonium sulfate using ferroin as the
end-point indicator was preferred over photometric analysis
[22].

Acetic acid concentration in the out-flow samples was
determined using Gas Chromatography (Auto System XL
Gas Chromatograph, Perkin-Elmer Instruments); the sam-
ples were filtrated utilizing 0.2 �m pore filters prior to the
analysis.

The concentrations of methane (CH4) and carbon dioxide
(CO2) in the biogas were continuously measured using an on-
line gas-analyzer (BINOS IR, Leybold-Heraeus).

Traces of hydrogen sulfide (H2S) in the biogas were deter-
mined regularly using the special Drager H2S-analytical tubes
(H2S 0.2%/A;; CH 28101).

3. Results and discussion

3

p
a
r
t
s
2

t
c
e
w
p
o
s
i

r
o
o
r
L
o
i
a
H
9
o
c

Fig. 3. Decoloration efficiency (%) of synthetic wastewater with time (days) at
different hydraulic residence times (hours).

3.2. Textile wastewater

The synthetic wastewater was replaced by real textile wastew-
ater (Table 2) 3 months after the start-up period continuing the
experimental run at the above hydraulic residence time (τ = 6 h).
The initial drop in wastewater’s decoloration efficiency can be
attributed to the microbial shock due to the change of envi-
ronment and the possible toxic or inhibitory effects of certain
compounds of the textile wastewater on the microbes (Fig. 4).

Nevertheless, after an acclimatization period of 15 days, the
anaerobic microbes retained their activity leading to a wastew-
ater’s decoloration efficiency of 90% (Fig. 4). Likewise, a small
drop in decoloration efficiency was observed each time a new
sample of textile wastewater was treated. The efficiency was
though retained at its initial high level (almost complete decol-
oration) after a short acclimatization period of time (Fig. 4).
Moreover, acetic acid consumption rate and biogas production

F
(

.1. Synthetic wastewater

Following the inoculation of the porous carriers, a start-up
eriod of 2 weeks was necessary for the efficient growth of
n active anaerobic biomass and the development of highly
eductive conditions in the fluidized-bed loop reactor. During
he above period of time, the reactor was continuously fed with
ynthetic wastewater, while hydraulic residence time was set to
4 h.

Samples of both the influent and effluent of the reactor were
aken regularly after the start-up period for determination of
olor intensity. The decoloration of the wastewater (decoloration
fficiency of 75%) was indicative of the anaerobic process that
as developed in the reactor during the first 2 weeks (start-up
eriod) of the experimental run (Fig. 3). The continuous growth
f the microbial mass on the porous carriers due to the regular
upply of acetic acid led to a decoloration efficiency of over 90%
n the next 15 days (Fig. 3).

The inflow rate was then increased in order to set the hydraulic
esidence time to 18 h. As expected, a decrease in the decol-
ration efficiency was observed initially. However, and because
f the continuous growth of anaerobic biomass on the porous car-
iers, decoloration efficiency reached 92% in the next 1 month.
ikewise, hydraulic residence time was gradually decreased to
nly 6 h in the next 45 days of experimental run. As depicted
n Fig. 3, each time hydraulic residence time was decreased;

drop in wastewater’s decoloration efficiency was observed.
owever, the system retained high decoloration efficiency (over
0%) after a certain period of time due to the continuous devel-
pment and increase of the anaerobic biomass on the porous
arriers.
ig. 4. Decoloration efficiency (%) of real textile wastewater with time (days)
τ = 6 h).
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Fig. 5. Biogas daily production rate (RBG) and acetic acid consumption rate
(racet: (�) gacet m−3

reactor day−1 and (�) gacet/m3
wastewater) with time (days).

rate were stabilized in the region of around 2000 g/(m3 day) (or
500 g/m3 of wastewater) and 12–15 m3/(m3 day), respectively,
as presented in Fig. 5.

The COD of the effluent was at all times almost equal to
the COD of the untreated textile wastewater (Table 2). Fur-
thermore, the effluent presented a high biodegradation affinity
(by aerobic bacteria) as revealed by the utilization of a special
microbial sensor [8]. These results agree with previous exper-
iments during which, a series of two fixed-bed reactors at a
pilot-plant scale and similar filling material (cylindrical rings
made of Siran®) were utilized [20]. It is evident that the anaer-
obically treated textile wastewater can be safely treated then in
a secondary activated-sludge treatment plant. Thus, the above
combination of anaerobic/aerobic treatment can prove a very
efficient method (both environmentally and economically) for
the integrated management of textile wastewater.

Also, compared with the above previous experiments [20],
the fluidized-bed loop reactor (Fig. 2) presented a slightly lower
efficiency in terms of wastewater decoloration versus hydraulic
residence time. The higher efficiency though of the pilot-plant
unit can be, at least partially, attributed to the higher acclimatiza-
tion period of time (the experiments were running continuously
for 10 months utilizing real textile wastewater) [20].

3.3. Biogas composition
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Fig. 6. SEM photo of a colony of methanogenic bacteria adsorbed on the inner
area of a porous carrier (Siran®).

sulfide was only present in traces. Although textile wastew-
ater is generally rich in sulfate content (due to the dyestuff
and the processing chemicals utilized), and the production of
hydrogen sulfide thermodynamically favored over methane pro-
duction (reactions (1) and (2)) [16,17], methanogens prevailed
over sulfate reducers.

CH3COOH → CH4 + CO2,

�G◦′ = −31 kJ/mol CH3COOH (1)

CH3COOH + SO4
2− + 3H+ → 2CO2 + H2S + 2H2O,

∆G◦′ = −63 kJ/mol CH3COOH (2)

The above finding agrees with previous research works sup-
porting the fact that the utilization of a porous material that acts
as colonization media favors, in a high extent, the methanogenic
bacteria over the sulfate reducing ones [23–25].

Fig. 6 presents an SEM photo of a microbial community
(methanogenic bacteria) colonized on a certain inner area of
a porous carrier. It is evident, also from the above photo, that
methanogens have the affinity to adsorb and form colonies on
this kind of filling material (Siran®).

4. Conclusions
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As Table 3 presents, the biogas produced during the whole
xperimental run was very rich in methane, while hydrogen

able 3
iogas composition (%)

H4 CO2 H2S

0–80 20–30 0.1–1
Textile wastewater was treated utilizing a bench-scale
uidized-bed loop reactor with porous carriers colonized by
naerobic bacteria. Acetic acid solution (enriched with nutri-
nts and trace elements) was used both as a pH-regulator and as
n external substrate addition for the growth of methanogenic
acteria. The main aim of the treatment was decoloration of the
extile wastewater and transformation of the non-biodegradable
zo-reactive dyes to the degradable, under aerobic biological
onditions, aromatic amines.

The above process method is very efficient since it is able
o decolorize textile wastewater at very low hydraulic residence
imes (e.g., 6 h), while rich-in-methane biogas is also produced.
urthermore, the effluent presents high biodegradability by aero-
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bic bacteria (activated-sludge). Thus, the above combination of
anaerobic/aerobic treatment proves to be both a cost-effective
and an environment-friendly technique.
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