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Abstract The accelerating effect of quinones has
been studied in the bio-decolorization processes, but
there are no literatures about the incorporation bio-
treatment technology of the bromoamine acid (BA)
wastewater and azo dyes wastewaters under high-salt
conditions (NaCl, 15%, w/w). Here we described the
BA wastewater as a redox mediator in the bio-
decolorization of azo dye wastewaters. Decolorization
of azo dyes was carried out experimentally using the
salt-tolerant bacteria under the BA wastewater and
high-salt conditions. The BA wastewater used as a
redox mediator was able to increase the decolorization
rate of wastewater containing azo dyes. The effects of
various operating conditions such as dissolved oxy-
gen, temperature, and pH on microbial decolorization
were investigated experimentally. At the same time,
BA was tested to assess the effects on the change of
the Oxidation—Reduction Potential (ORP) values
during the decolorization processes. The experiments
explored a great improvement of the redox mediator
application and the new bio-treatment concept.
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Introduction

Synthetic dyes are extensively used in the textile,
cosmetic, printing, drug, and food processing indus-
tries. Major classes of synthetic dyes including
azo, anthraquinone, and triarylmethane dyes
(Zollinger 1987). Azo dyes, aromatic moieties linked
together by azo (-N = N-) chromophores, is the
largest class of dyes used in textile-processing and
other industries. These dye wastewaters are charac-
terized by extreme fluctuations in many parameters
such as Chemical Oxygen Demand (COD), Biochem-
ical Oxygen Demand (BOD), pH, color, and high
salinity. Sequential or integrated anaerobic—aerobic
treatment is the most logical strategy for the complete
removal of azo dyes in biological systems. However,
high salinity of the dye wastewaters usually causes
plasmolysis and/or loss of activity of cells, and some
traditional aerobic- and anaerobic-biological treat-
ments in low-BOD removal performance (Peyton
et al. 2002); at the same time, anaerobic azo dye
reduction is a time-consuming process, reflected
by the requirement of long reaction times. Hence,
there is clearly a need for a salt-tolerant and
efficient bio-treatment system for the removal of
dye wastewaters.
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As is known, large amounts of salts such as sodium
nitrate, sodium sulfate, and sodium chloride are used
in the dye manufacturing industries and in the dye-
consuming industries (Carliell et al. 1994), as well as
sodium hydroxide is widely applied to increase the pH
to the alkaline range. It is estimated that the salt
concentration is up to 15-20% (EPA 1997; Manu and
Chauhari 2003). Hyper-salinity colored wastewater
has been little investigated for the biological treatment
systems, especially above 10% salt concentration
(Woolard and Irvine 1995; Kargi and Uygur 1996;
Panswad and Anan 1999; Karigi et al. 1998; Bromley-
challenor et al. 2000; Lee and Pavlostathis 2004; Lee
et al. 2005). At the same time, the decolorization rate
of azo dyes is increased by using redox mediators,
compounds that speed up the reaction rate by shuttling
electrons from the biological oxidation of primary
electron donors or from bulk electron donors to the
electron-accepting azo dyes (Dos Santos et al. 2004;
Van der Zee et al. 2003; Russ et al. 2000; Cervantes
2002; Keck et al. 1997). But continuous dosing of the
redox mediators implies continuous expenses related
to procurement of the chemical, as well as continuous
discharge of this biologically recalcitrant compound.
Therefore, incorporation of an alternative mediator
and the salt-tolerant bacteria in the bio-treatment
system of dye wastewaters would be a great improve-
ment of the redox mediator application and the bio-
treatment concept.

In this paper, the selected alternative mediator is
Bromoamine acid (1-amino-4-bromoanthraquinone-
2-sulfonic acid, BA), a major intermediate, which is
widely used in synthesis of anthraquinone dyes and
cause water bodies red resulting in serious environ-
ment pollution (Qu et al. 2005). And the experiments
were conducted to explore the new incorporation
bio-treatment technology of BA as the alternative
mediator and the azo dyes by the salt-tolerant bacteria.

Methods and materials

Dyes and chemicals

The dyes used in this study were from Dye Synthe-
size Laboratory, Dalian University of Technology.

The chemical structures of these dyes were shown in
Fig. 1.
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Organism and medium

The salt-tolerant bacteria, CAS, was obtained from
The Gene Laboratory of Dalian University of Tech-
nology (Guo et al. 2005), the mixed bacterial culture
was acclimatized in a salt-tolerant medium and
incubated at 30°C, pH 7.0 on a rotary shaker at
150 r min!, which conditions was obtained by the
experiment.

The salt-tolerant medium contained yeast extract
5 gL, peptone 10 g L™, and NaCl 0-150 g L' (pH
7.0), which was abbreviated as STM.

Effects of NaCl on the decolorization by salt-
tolerant cultures

The decolorization experiments were conducted in
rubber-stoppered serum bottles, and acclimatization
of dyes was not carried out. First, the salt-tolerant
bacteria, CAS, were grown in STM with planned
NaCl concentrations under the aerobic conditions
until they reached the late exponential growth phase.
Cells were harvested by centrifugation at 8,000 X g
for 10 min and resuspended in STM with different
salts and dye concentrations to optical density
(ODg60 nm = 0.5). Then, these cell suspensions were
transferred into rubber-stoppered serum bottles
(100 mL), containing 100 mL STM with Reactive
Brilliant Red K-2BP 100-500 mg L'. The serum
bottles were transferred to an anaerobic incubation
chamber at 30°C. The decolorization rate was
calculated at A, (540 nm) of medium supernatant
after centrifugation at 8,000 x g for 10 min. The cell
concentration was measured by optical density at
660 nm.

Both cell-free and sterilized controls of CAS were
conducted. To prevent possible contamination by
oxygen during sampling, bottles were opened only
once, and as many bottles were incubated as
measurements were planed. The assays were per-
formed in triplicate.

To avoid the affecting of dye, cells were harvested
by centrifugation, which was washed with buffer
solution (pH7.0), then resuspended in equal volume
of buffer solution and measured at Agg using an UV-
Visible recording spectrophotometer (JASCO, V-560,
UV/VS spectrophotometer).
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Fig. 1 The chemical
structure of the dyes and the
anthanquinone mediators
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The effect of Oxidation—Reduction Potential
(ORP) on decolorization

All oxidation—reduction potential (ORP) measure-
ments were performed according the previous
research (Guo et al. 2007).

The accelerating effect of BA on different dyes
decolorization

The accelerating ability of BA on the bio-decolor-
ization of different azo dyes was studied. The dyes
included single-azo, diazo, and triazo. The experi-
ment was conducted as the above-described proce-
dure.

The accelerating effect of other anthanquinone
mediator compounds on K-2BP decolorization

Various anthanquinone mediator compounds (for
structural formulas see Fig. 1), such as 1-aminoanthr-

1-Amino Anthraquinone

aquinone (1-AAQ), l-amino-2-bromo-4-hydroxy
anthraquinone (ABHQ), 1,4-diamino anthraquinone
(Leuco) (1,4-DAAQ), 2-amino anthraquinone
(2-AAQ), and 1,4-dihydroxy anthraquinone (1,4-
DHAQ), were selected to test the general applicabil-
ity of the new incorporation bio-treatment technology
of anthanquinone mediator compounds as the alter-
native mediator and the azo dyes by the salt-tolerant
bacteria.

Analytical methods

Absorbance of the dye-containing solution was
measured at its A, using an UV-Visible recording
spectrophotometer (JASCO, V-560, UV/VS spectro-
photometer), and absorbance was proportional to
concentration over the range 0-75 mg L™ for K-2BP
and BA. The relationship between absorbance and
concentration was not affected by pH in the range of
6-9 and NaCl concentration in the range of 5—
150 g L.
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Results and discussion

Effect of pH, temperature, and dissolved oxygen
(OD)

The optimum pH of the mixed culture was 6-9. Out
of this range, the decolorization was much lower
(data not shown). And 30-37°C was the optimum
temperature for growth in the mixed cultures (data
not shown). The dyes were decolorizated only under
anaerobic conditions.

Effects of NaCl on the decolorization by salt-
tolerant cultures

Figure 2 showed that if the concentration of K-2BP
was kept constant with increasing the salt concen-
tration, decolorization was more than 90%. With the
elevated NaCl from 5 g L' to 150 g L'l, it was
obvious that the decolorization rate of those cultures
decreased. The similar phenomenon occurred in
other high-salt wastewater (Panswad and Anan
1999). The results showed the inhibition to micro-
organisms by high-salt concentration, which may
cause plasmolysis and/or loss of activity of cells. At
the same time, the effect of salt could be described
as the first-order reaction kinetics (Karigi et al.
1998).
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Fig. 2 Decolorization and growth of CAS at different NaCl
concentrations and 550 mg L' K-2BP (open diamond: growth
at 5 g L' NaCl; filled diamond: decolorization at 5 g L™' NaCl;
open square: growth at 80 g L' NaCl; filled square:
decolorization at 80 g L' NaCl; open triangle: growth at
150 g L' NaCl; filled triangle: decolorization at 150 g L
NaCl)
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Fig. 3 Decolorization rate of K-2BP by the salt-tolerant
bacteria at different concentrations of BA. The results are
means of triplicate incubations (K-2BP, 100 mg L")

The effect of bromoamine acid on decolorization
by salt-tolerant cultures

The BA was one of the redox mediators, which
accelerated the electron transfer from a primary
electron donor to a terminal electron acceptor and
increased the reaction rates. Figure 3 showed that a
linear correlation was found for BA concentrations
from 5 to 60 mg L. The decolorization rate
increased 1.9-fold for the bottles with 60 mg L™
BA compared to those lacking this mediator. How-
ever, the use of high concentrations of BA showed
inhibition of the decolorization rate.

Figure 4 was the special analysis of the color
during the decolorization, indicating that the dye
structure was altered. It was to note that no new peaks
in the visible region were observed.
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Fig. 4 Visible absorbance spectra of K-2BP (a) and the
anaerobic products of K-2BP (b)
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The effect of BA on the change of ORP during the
decolorization processes

Redox mediators are compounds that accelerate the
electron transfer from a primary electron donor to a
terminal electron acceptor, which may increase the
reaction rates by one to several orders of magnitude
(Cervantes 2002). Reductive decolorization of azo
dyes in the presence of redox mediators occurs in two
distinct steps, the first step being a non-specific
enzymatic mediator reduction, and the second step
being a chemical re-oxidation of the mediator by the
azo dyes (Keck et al. 1997). But very few studies
were reported the effect of redox mediators on the
change of ORP during the decolorization processes.

In the experiment, the ORP wvalues stabilized
around -275 to 280 mV after 6 h anoxic conditions,
which was stimulated more negative values of -20 to
25 mV by BA (Fig. 5). The similar results were
reported (Guo et al. 2007). The reason for the above-
mentioned results was unknown, and needed to be
studied further.
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Fig. 5 Decolorization of K-2BP and ORP profiles in salt-
tolerant culture under aerobic, anoxic, and anaerobic
conditions

During the processes of decolorization experiment,
a little amount of (<1%) decolorization occurred in
cell-free controls in the presence of BA. However,
controls conducted with autoclaved cell in
BA-supplemented assays achieved about 7% of
decolorization during the same period (results not
shown), and a complete decolorization after pro-
longed periods (>30 days), which might be related
with the contained quinines of autoclaved cell.

The accelerating effect of BA on different dye
decolorization

The BA could significantly increase the reduction
rate of K-2BP by the salt-tolerant bacteria. To
demonstrate the general applicability of this system
for the treatment of dye wastewater, various azo dyes
(for structural formulas see Fig. 1) were incubated
under anaerobic conditions with the salt-tolerant
bacteria in the absence or presence of BA. Thus, it
was demonstrated that the addition of BA increased
the reduction rates of all azo dyes tested (Table 1).

The general applicability of other anthanquinone
mediator compounds on K-2BP decolorization

To test the general applicability of the new incorpo-
ration bio-treatment technology of anthanquinone
mediator compounds as the alternative mediator and
the azo dyes by the salt-tolerant bacteria, various
anthanquinone mediator compounds (for structural
formulas see Fig. 1) were tested. Thus, it was
demonstrated that the addition of the tested anthan-
quinone mediator increased the reduction rates of all
azo dyes tested (data not shown). Because the
solubility of these anthanquinone mediator com-
pounds was very low, the detailed experiments were

Table 1 Effects of the BA on the decoloriazation of different azo dyes by the salt-tolerant bacteria

Dye (4) Reduction rates (mg dye/g cell/h)

1 2 3 4 5
Reactive brilliant red X-3B (538) 2.5 2.8 3.1 3.5 4.2
Acid black 10B (619) 2.6 2.9 35 4.1 4.7
Acid scarlet GR (518) 1.9 2.1 2.9 3.7 4.3
Acid red B (516) 4.0 42 45 4.9 5.2
Acid red G (531) 3.6 4.0 45 5.1 53

1: 0mg L' BA; 2: 10 mg L' BA; 3: 20 mg L' BA; 4: 40 mg L' BA; 5: 60 mg L' BA
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not conducted. But the results demonstrated that the
new incorporation bio-treatment technology was a
great improvement in the bio-treatment technology of
dye wastewater.

Conclusion

The BA as well as other anthanquinone mediator
compounds could play a very active role in the azo
dye anaerobic decolorization by shuttling electrons.
Therefore, the new incorporation bio-treatment tech-
nology of anthanquinone mediator compounds as the
alternative mediator and the azo dyes by the salt-
tolerant bacteria is a great improvement in the bio-
treatment technology of dye wastewater.
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