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Abstract

A strain of photosynthetic bacterium, Rhodopseudomonas palustris W1, isolated from a lab-scale anaerobic moving bed biofilm
reactor (MBBR) treating textile effluent was demonstrated to decolorize Reactive Black 5 (RBY) efficiently under anaerobic condition.
By a series of batch tests, the suitable conditions for RB5 decolorization were obtained, namely, pH < 10, light presence, glutamine or
lactate as carbon source with concentration more than 500 mg/L when lactate is selected, NH4Cl as a nitrogen source with concentration
more than 100 mg/L, NaCl concentration not exceeding 5%, and RBS concentration less than 700 mg/L. In addition, ultraviolet-visible
(UV-Vis) spectrum scan and High Performance Liquid Chromatography/Mass Spectrometry (HPLC-MS) were used to analyze the
metabolites of RB5 decolorization of W1. The results showed that partial aromatic amines produced with RB5 reduction were further
degraded during the extended period. Anaerobic partial mineralization of RBS was suggested, and a possible degradation pathway was

proposed.
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Introduction

Reactive azo dyes are widely used as textile colorants,
typically for cotton dyeing, due to their variety of color
shades, high wet fastness profiles, ease of application,
brilliant colors, and minimal energy consumption. They
approximately account for up to 70% of the total dyestuff
produced (Carliell et al., 1995; Lee et al., 2004). However,
as much as 20%-50% of the initial reactive dyes are
washed off in the dyeing process resulting from their easy
hydrolyzation and consequential low affinity for the fiber,
therefore, they remain in the dyebath effluents (Sopa et
al., 2000). Apart from the aesthetic concerns, the dye-
containing effluents may cause serious problems since the
cleavage of azo bonds produces aromatic amines, which
are considered mutagenic and carcinogenic (Hu, 2001;
O’Neill et al., 2000).

Many physicochemical methods have been employed
to treat textile wastewater for decolorization and detox-
ification, which includes advanced oxidation processes
(such as the use of Fenton reagent, hydrogen peroxide or
ozone), coagulation-flocculation, activated carbon adsorp-
tion, membrane filtration, ion exchange, irradiation, and
electrokinetic coagulation. However, almost none of these
treatments are very feasibile, due to either high running
cost or huge chemical sludge production (Sen and Demirer,
2003).

* Corresponding author. E-mail: sdzlab@126.com.

On the other hand, researchers found that azo dyes
could be biologically transformed. White-rot fungus was
reported to be a kind of microorganism capable of de-
grading a wide variety of recalcitrant compounds by their
extracellular enzyme system such as, lignin peroxidase
(LiP), laccase, and manganese peroxidase (MnP) (Fu and
Viraraghavan, 2001). It was difficult, however, to keep
them in functional form in activated sludge systems, be-
cause special nutrients and environmental conditions were
generally required for fungal growth. Other publications
recently showed that azo dyes could also be decolorized
by azoreductase under anaerobic conditions to form aro-
matic amines, which were further biodegraded aerobically
via hydroxylation and ring-opening (Albuquerquea et al.,
2005; Brown and Hamburger, 1987; Frijtersa et al., 2006;
Nuttapun et al., 2004; Sponza and Isik, 2002).

Biodecolorization and mineralization of textile waste-
water is believed to be a promising technology, since
it is cost-effective and environment-friendly. To obtain
high efficiency of color removal from dyestuff waste-
water, both microbial consortium and pure isolates were
investigated by earlier studies. These related bacteria con-
sist of Bacillus, Sphaerotilus, Arthrobgeter—Alealigenes:

Pseudomonas, Sphinogomonas, Proteus, Streptococcus,
Aeromonas, Bacteroides, Shewanella,| Clostridium, Hy-
drogenophaga, Kurthia, Desulfovibrio,|Paenibacillus, and
so on (Pearcea et al., 2003).

Certain photosynthetic bacteria haveg recently been re-
ported that arealso capable of biodeprading azo dyes,
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although the mechanism is still unclear (Hong and Otaki,
2003; Hong et al., 2005; Song et al., 2003; Yan et al.,
2004). In this study, a strain of photosynthetic bacteria,
with high decolorization capability, was isolated from an
anaerobic moving bed biofilm reactor (MBBR), which
treats azo dye wastewater. By using 16S rRNA sequence
determination and operation parameter optimization, the
authors have obtained a basic knowledge of the bacterium
and its potential application for azo dye wastewater treat-
ment. Meanwhile, a probable metabolic pathway has been
proposed using product analysis.

1 Materials and methods

1.1 Azo dye and chemical reagents

Reactive Black 5 (RBS), selected as a common azo dye,
was obtained from Orichem International Ltd., Zhejiang,
China (Fig.1). The commercial product was used without
further purification. Stock solutions of the dyes were
prepared at 5,000 mg/L, and diluted before use. Other
chemicals and medium components were at least analytical
grade reagents.

1.2 Screening of bacterial strain

Sludge sample as the microorganism source was from a
lab-scale anaerobic MBBR reactor treating textile effluent,
in which RB5 was the sole dye contaminant. The screening
medium (SM) consisted of the following (per liter): 0.05 g
RBS, 3.4 g sodium lactate (carbon source, with COD of
3,000 mg/L), 1 g NH4Cl (nitrogen source), 1 g NaHCO3,
0.2 g K;HPO4, 1 g NaCl, 0.2 g MgSO4-7H;0, 0.1 g
FeS04-7H,0, 0.05 g yeast extract and 10 ml trace solution.
The trace solution contained the following components
(per liter): 0.01 g MnSO4-7H,0, 0.05 g ZnSO4-7H,0,
0.01 g H3BO;3, 0.01 g CaCl,, 0.01 g NaMoOy, 0.2
g CoCl,-6H,0, and 0.01 g AIK(SOy4),. pH of the SM
(NaHCOs3; and RBS5 not included) was adjusted to 7.0
before it was autoclevaged at 121°C for 20 min. NaHCO;3
was prepared as 5% stock solution, and was filter-sterilized
together with dye solution prior to its addition to the
sterilized SM. The final concentrations of NaHCO5 and
RB5 were 1 g/L and 50 mg/L, respectively.

For screening high-performance bacterial decolorizer,
Hungate roll-tube technique was adopted (Hungate, 1969).
The isolates were cultured at 33 + 1°C under 1,500 Ix
illumination for 2-3 d. The screening work was repeatedly
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Fig. 1 Chemical structure of Reactive Black 5 (RB5) (Amax = 597 nm).

conducted in 100-ml serum bottles until a pure culture was
obtained.

1.3 Identification of dye-decolorizing bacteria

The bacterial strain obtained with the highest decoloriz-
ing activity was identified by biochemical and physiolog-
ical investigation. To confirm that result, genomic DNA
from that strain was extracted using the bacterial DNA
mini kit (Watson Biotechnologies, China) according to
the manufacturer’s instructions. The 16S rRNA gene PCR
amplifications were performed by using a pair of universal
primers, 27F (5’-AGAGTTTGATCCTGGCTCAG-3") and
1541R (5’-AAGGAGGTGATCCAGCC-3’). Sequencing
was conducted by Bioasia Biological Technology Service,
Shanghai, China. The obtained sequences were compared
with those deposited at the GenBank database (National
Center for Biotechnology Information, NCBI) and iden-
tified by using the Basic Local Alignment Search Tool
(BLAST) also available in NCBI.

1.4 Decolorization tests

Decolorization tests were conducted in 100-ml serum
bottles under different conditions. Temperature was kept
at 33 + 1°C by a thermostat. Media for all these tests
were similar to the SM described in Section 1.2. In tests
of carbon source, sodium lactate in the SM was replaced
by formate, acetate, propionate, butyrate, oxalate, and
glutamine, respectively, with the same COD concentration
of 3,000 mg/L. Similarly in tests of nitrogen source, NH4Cl
was replaced by nitrite, nitrate, glutamine, and urea, re-
spectively. To investigate the effects of the concentration
of carbon and nitrogen source on RB5 decolorization, 0—
3,000 mg/L of lactate and NH,4CI were used. In the study
on salinity, different amounts of NaCl were added and
the salinities (0.5%-20%) were calculated by the mass
concentration of NaCl (m/V). For tests on the dye tolerance
of W1, different amounts of RB5 were dispensed in the
medium with the concentration ranging from 50 to 1,000
mg/L. pH was adjusted to 7.2 + 0.1 in all tests except in
the study of the pH effect, in which pH 5-12 was achieved
by using 1 mol/L of HCI or NaOH. The effect of light
was evaluated by putting the control bottles in a dark
environment. Bacterium concentration and color removal
were monitored in all the tests.

1.5 Biomass measurement

Biomass concentration was determined by optical den-
sity (OD) at 660 nm using visible-light spectrophotometer
(Precision Instrument Factory of Shanghai, China). More-
over, a calibration curve was established between cell dry
weight (mg/L) and the corresponding OD value (Eq.(1), R
= 0.9989).

Cell dry weight = 413.1xOD -24 1)

1.6 Measurement of color removal

Culture samples were first centrifuggd at 8,000 x g-for
10 min, and the supernatant was thep examined at(the
maximum absorption wavelength of RB5 (A =597 nm)
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to calculate the decolorization efficiency (F) (Eq.(2)).

(Ai —Ay)

= ——X
A;

where, A; is the initial absorbance, A is the absorbance of
the decolorized sample.

Ultraviolet-visible (UV-Vis) spectrum scan was also
performed to show color removal, using UV-2550 spec-
trophotometer (Shimadzu, Japan).

F 100 @)

1.7 Measurement of decolorization metabolites

Samples for metabolite analysis were taken from de-
colorization tests, in which the bacteria were cultivated in
SM at 33 + 1°C under 1,500 Ix illumination. Suspended
particles were removed by the samples being filtrated
through a 0.45-um pore size membrane. The filtrate was
then analyzed by the LCQ Deca XP MAX LC-MS system
(Thermo, USA) for composition investigation. The sample
volume injected was 25 pl. The chromatographic separa-
tion was done using a Spherisorb 3 ODS-2 column (100
%X 2.0 mm i.d., Spherisorb, UK). The mobile phase was a
mixture of methanol and deionized water (7:3, V/V) and
was delivered at a flow rate of 0.2 ml/min. Mass spectra
were obtained using an ion-trap mass spectrometer fitted
with an electrospray (ESI, Thermo Finnigan LCQ-Duo,
USA) interface operated in negative ionization mode, with

a spray voltage of 5.0 kV, at a capillary temperature of
275°C, sheath gas at 35 AU (arbitrary unit), and auxiliary
gas at 5 AU.

2 Results and discussion

2.1 Identification of the decolorizing strain

One of the total six isolates obtained, W1, was chosen
for the next decolorization test, due to its highest decoloriz-
ing capability. W1 was identified as Rhodopseudomonas
palustris according to biochemical and physiological in-
vestigation (Table 1). Atomic force microscopy (AFM)
and transmission electron microscopy (TEM) investigation
provided more information on the morphology (Fig.2).
In addition, the result from 16S rRNA sequencing re-
vealed that the strain W1 was most closely identical to
Rhodopseudomonas palustris phylogenetically (99% se-
quence identity).

2.2 Effect of initial pH on the biodecolorization

High pH level of textile effluents is one of problems in
their biological treatment. However, as shown in Fig.3, de-
colorization of RB5 by R. palustris W1 was not seriously
inhibited at pH from 5 to 10, though the bacterial growth
was obviously pH-sensitive, and the biomass concentration

Fig.2 AFM (a) and TEM (b) images of the isolated Rhodopseudomonas palustris W1.
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Table 1 Biochemical and physiological profiles of the strain W1

Characteristics Strain W1 Characteristics Strain W1
Color of culture Assimilation of
Anaerobic-light Red Citrate +
Aerobic-dark White to pink Ethanol +
Cell shape Short rod Fumarate +
Gram staining - Glucose -
Motility + Succinate +
Assimilation of Mannitol -
Lactate + Malonate +
Nitrate + Thiosulfate +
Formate + Sulfide -
Acetate + Catalase +
Benzoate + Sorbitol -
Propionate + Indole
Butyrate +

after 25 h cultivation decreased gradually from 683.35 to
162.84 mg/L, with an increase in pH. At pH 6-8, over
90% of color could be removed. No strongly adverse effect
on decolorization by R. palustris W1 was observed until
the medium pH exceeded 10. Chen et al. (2003) found a
similar result, where suitable pH ranged from 5.5 to 10.0
when a strain of Aeromonas hydrophila was employed to
decolorize RED RBN. Besides growth inhibition, the dye
molecule existed in an anionic form under a highly alkaline
condition, which might account for the decolorization
deterioration, due to its low affinity to the negative charged
bacteria.

2.3 Effect of light presence on the biodecolorization

Growth rate of the photosynthetic bacterium, R. palus-
tris W1, with light presence was almost four-fold higher
than that in a dark environment, in 25 h (final biomass:
light, 313.27 mg/L; dark, 88.48 mg/L). In terms of decol-
orization efficiency, a small, but still an obvious increase,
was observed in the presence of light (Fig.4). Hence, light
presence can be suggested to reach the optimal effect of
decolorization by W1.

Up to now, few researches have covered decolorization
of dye-contaminated effluent by photosynthetic bacteria.
The correlation between light and color removal still needs
further investigation.

2.4 Effect of carbon and nitrogen nutrients on biodecol-
orization

According to previous publications, azo bonds in the
chromophores can be split by azoreductase-catalyzed
reduction, under anaerobic conditions, which leads to
biodecolorization of azo dye wastewater (Albuquerquea et
al., 2005; Brown and Hamburger, 1987; Frijtersa et al.,
2006; Nuttapun et al., 2004; Sponza and Isik, 2002). In this
process, the azo bond acts as the terminal electron acceptor
in the microbial electron transfer chain, thus, the presence
of a labile carbon source is generally required (Carliell
et al., 1995, 1996; Sen and Demirer, 2003). Fig.5 shows
the relative ranking of the carbon cosubstrates in terms of
RBS5 decolorization efficiency, namely, glutamine > lactate
> butyrate > propionate > acetate > oxalate > formate.
During the first 10 h, R. palustris W1 exhibits a higher
decolorization activity when glutamine or lactate is used
as the carbon source. However, more color removal in the
following stage is achieved when R. palustris W1 is fed
with the other five carbon compounds. It can be explained
by the fact that more dye remainder from the relatively
poor decolorization in the beginning kept the reaction from
slowing down sharply in the following stage.

In a further investigation, when lactate was the cosub-
strate, the best decolorization of 98% at 20 h was obtained
when 1000 mg/L lactate was added, but excessively high
concentration did not further enhance the color removal
efficiency (Fig.6).

The effect of different nitrogen nutrients on R. palustris
W1 growth and its decolorization activity was also inves-
tigated in a batch test. Results indicated that ammonium
chloride was the most suitable among all nitrogen sources,
to promote W1 growth. High decolorization efficiencies of
more than 83% were obtained under all nitrogen source
conditions except the glutamine case, in which the corre-
sponding efficiency was just some 40% (data not shown).
This conclusion contradicted with Wuhrmann et al. (1980)
and Carliell et al. (1996), who believed nitrate in the liquid
was obviously a better electron acceptor than azo bond and
prevented azo dye reduction.

In addition, no obvious difference in W1 growth was
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Fig. 4 Profiles of R. palustris W1 growth (a) and dye decolorization (b) under light and dark conditiong.
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Fig. 5 Profiles of R. palustris W1 growth (a) and dye decolorization (b) under different carbon sources.
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Fig. 6 Profiles of R. palustris W1 growth (a) and dye decolorization (b) under different lactate concentrations.

observed under ammonium chloride concentration from O
to 3,000 mg/L, but color removal was seriously inhibited
when the ammonium chloride fed was less than 100 mg/L
(data not shown).

2.5 Effect of salinity on the biodecolorization

Reactive dye effluents generally contain a high concen-
tration of salts (in the main form of NaCl), which are used
in dyeing liquor, to lower the dye solubility and enhance
bath dye exhaustion. High concentration of salts proved
to have adverse effects on the dye biotreatment process
(Delée et al., 1998; Manu and Chaudhari, 2003; Sen and
Demirer, 2003). Two probable reasons for this inhibition
are denaturing the functional azoreductase and reducing
the substrate transfer rate. According to Fig.7, R. palustris
W1 in this study seems to be strongly salt-resisting and the
deterioration in the decolorization rate is not obvious until
the NaCl concentration has exceeded 5%. It is undoubtedly
important for the possible application of R. palustris W1 in
real dye wastewater treatment.

2.6 Effect of dye concentration on biodecolorization

Microbial decolorization rate under anaerobic condi-
tions was reported to decrease with increasing initial dye
concentration (Carliell et al., 1995). Test results herein
clearly indicate that the growth rate of R. palustris W1
was inversely related to the initial RB5 concentration in the
medium. Zero order kinetic was demonstrated to describe
W1 growth well (R* > 0.96), and the rate constant K
decreased with an increase in the RB5 fed. Nevertheless,
no obvious adverse effect of high dye concentration on
decolorization was observed until over 700 mg/L, and even
under these conditions just 40 h were required for complete
decolorization (Fig.8). The decolorization efficiency herein
was on level with or better than other related studies: 67%
and 73% color removal in 10.5 and 79 h, respectively, 79%
in 10 h and 66% in 24 h (Nuttapun et al., 2004). Results

showed that first order kinetic was stutable to describe
the decolorization process. Furthermorg, the K value (rate
constant of decolorization) gradually declined from 0.114
to 0.064 h~! with dye concentration frorp 50 to 1,000 mg/Ls:
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Fig. 8 Profiles of R. palustris W1 growth (a) and dye decolorization (b) at different RB5 concentrations.

2.7 Metabolites analysis of the biodecolorization

To make clear the metabolic products of RBS5
biodecolorization, UV-Vis spectrum scan as well as
HPLC-MS analysis was conducted. RBS5 presented
characteristic adsorption peaks at 597 and 310 nm,
which could be ascribed to the presence of chromophoric
azo bonds and aryl and naphthalene-like moieties
(Lucas et al., 2006). As shown in Fig.9, RB5 was fast
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Fig. 9 Variation of UV-Vis spectra of RB5 solution after inoculation with
R. palustris W1.

biodegraded in the first 15 h, accompanied by respectable
intermediate production. These intermediates were
generally suggested to be aromatic amines, due to the
wavelength of the adsorption peak (254 nm) and the
probable product interpretation of azo dye reduction. In
more detail, HPLC-MS analysis of the culture sample
at 15th hour demonstrated the production of compounds
with molecular weight of 347, 348, 349, and 201,
which could be interpreted as 7-amino-8-hydroxy-
1,3-naphthoquinone-3,6-disulphonate-1,2-diimime

(TAHNDSppy), dihydro-xynaphthoquinone-3,6-disul-
phonatediimine (TAHNDSpp;), 1-2-7-triamino-8-
hydroxy-3-6-naphthalinedisulphate =~ (TAHNDS), and
2-(4-aminobenzenesulphonyl)ethanol (p-Base) (data not
shown). After 60 h, p-Base were undetected. HPLC-MS
analysis of the culture sample demonstrated the production
of new compounds with molecular weights of 109 and
145, which could be interpreted as 4-aminophenol and
6-amino-6-oxohexanoic acid. The result indicated possible

mineralization of partial aromatic amines during the
extended period. It was of great importgnce since aromatic
amines from azo dyes reduction werg always supposed
to be recalcitrant under anaerobic cqnditions. Previous
studies, therefore, pointed out that anagrobic reduction;of
azo dyes was the first step of the wholg| textile wastewater
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Fig. 10 Proposed metabolic pathway for the degradation of RB5 by R.
palustris W1. MW: molecular weight.

treatment, which should be followed by aerobic units
for complete mineralization of aromatic amines (Brown
and Hamburger, 1987; Haug et al., 1991). Hence, the
study herein gained a deeper insight about anaerobic
partial mineralization of azo dyes by R. palustris W1. The
possible degradation pathway was therefore proposed as
shown in Fig.10.

3 Conclusions

An efficient bacterial decolorizer W1 was isolated from
a lab-scale anaerobic MBBR reactor, treating azo dye-
contaminated wastewater, and identified to be Rhodopseu-
domonas palustris. The results of decolorization batch
tests suggested that to enhance W1 growth and its decol-

orization efficiency, suitable pH level (< 10), carbon source
and its concentration (glutamine or lactate recommended,
> 500 mg/L when lactate is selected), nitrogen source
and its concentration (NH4Cl recommended > 100 mg/L),
salinity (NaCl concentration < 5%), RB5 concentration (<
700 mg/L), and light presence were required. Under those
optimal conditions, over 95% of color removal could be
achieved in 20 h.

Metabolic product analysis revealed that partial aro-
matic amines produced in RBS5 decolorization by R.
palustris W1 were further degraded in extended periods.
This should be of great use, because azo dye decol-
orization and mineralization were achieved in a single
unit, whereas, the two-stage anaerobic/aerobic process
was generally expected in previous publications, due to
the recalcitrant characteristic of aromatic amines under
anaerobic conditions. Therefore, further investigation and
full understanding are quite necessary in future.
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