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Abstract Anaerobic biodegradability of wastewater

(3,000 mg CODcr/l) containing 300 mg/l Reactive

Blue 4, with different co-substrates, glucose, butyrate

and propionate by a bacterial consortium of Salmo-

nella subterranea and Paenibacillus polymyxa,

concomitantly with hydrogen production was inves-

tigated at 35�C. The accumulative hydrogen

production at 3,067 mg CODcr/l was obtained after

7 days of incubation with glucose, sludge, the

bacterial consortium. The volatile fatty acids, residual

glucose and the total organic carbon were correlated

to hydrogen obtained. Interestingly, the bacterial

consortium possess decolorization ability showing

approximately 24% dye removal after 24 h incuba-

tion using glucose as a co-substrate, which was about

two and eight times those of butyrate (10%), propi-

onate (12%) and control (3%), respectively. RB4

decolorization occurred through acidogenesis, as high

volatile fatty acids but low methane was detected.

The bacterial consortium will be the bacterial strains

of interest for further decolorization and hydrogen

production of industrial waste water.
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Introduction

Hydrogen is a clean and environmentally friendly

fuel, when it burns, it only produces water as the by

product. Hydrogen can be produced in many ways

including; chemically (e.g., gasification of coal),

electrochemically (e.g., electrolysis of water) or by

the use of microorganisms (Takabatake et al. 2004;

Wang et al. 2007; Bothe et al. 2008). There are two

main systems of microbial hydrogen production,

photochemical system using photosynthetic microor-

ganisms such as algae and photosynthetic bacteria

(Melis and Happe 2001) and fermentative system

using facultative anaerobes and obligate anaerobes

(Nandi and Sengupta 1998). The fermentation sub-

strates most studied in the laboratory are glucose (Mu

et al. 2006) and sucrose (Tao et al. 2007). In addition,
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it is well known that carbohydrates are the main

source of hydrogen during fermentative processes

and therefore, renewable energy sources, wastes/

wastewater or agricultural residues rich in carbohy-

drates can be considered as potential sources of

hydrogen (Kapdan and Kargi 2006). Hydrogen could

be converted into electricity via fuel cells or directly

used in internal combustion engines. It can also be

used for the syntheses of ammonia, alcohols and

aldehydes, as well as for the hydrogenation of

petroleum, coal, shale oil, and edible oil (Hart

1997). Many believe that hydrogen will replace fossil

fuels as the next generation of energy supply. A

hydrogen-based economy will impose no risk of

global warming, and will improve significantly the

urban air quality (Fang et al. 2004).

Dyes are annually produced and applied in textiles,

cosmetics, pharmaceutical, photographic, plastics,

paper, and food industry. They are classified as

acidic, basic, azo, diazo, disperse, metal complex and

anthraquinone-based dyes (Fu and Viraraghavan

2001; Aksu and Tezer 2005) according to their

structural varieties. Due to the increased demand for

textile products, the textile industry and its wastewa-

ter have been increasing proportionally, making it

one of the main sources of severe environmental

problems (Vandevivere et al. 1998). Reactive Blue 4

(RB4), an anthraquinone-based chlorotriazine dye, is

very important in dyeing of cellulosic fabrics.

Reactive dyes have environmental implications since

up to 50% of the initial dye mass used in the dyeing

process remains in the spent dyebath in its hydrolyzed

form which no longer has an affinity for the fabric,

and therefore cannot be reused in the dyeing process

(Laszlo 1995). They are not readily removed by

typical wastewater treatment processes due to their

stability and resistance towards light or oxidizing

agents (Lee et al. 2005). In addition, the high pH and

high salt concentrations under typical reactive dyeing

conditions further complicate the management of

used reactive dyebaths (Rys and Zollinger 1989).

Therefore, establishing dye removal technologies is

an urgent problem. The most commonly used method

for the treatment of textile wastewater is the combi-

nation of physicochemical treatment and biological

oxidation (Manu and Chaudhari 2002; Singh et al.

2008; Omar 2008). However, these processes are

quite ineffective in wastewater color removal since

dyestuff, such as anthraquinone-based dye, are

biorecalcitrant owing to their aromatic structure.

RB4 was selected as a targeted dye for this research

due to its relatively slow biodecolorization kinetics

(Lee et al. 2005).

Therefore, this study aims to investigate hydrogen

production and decolorization potential of waste

water containing RB4 by facultative anaerobic bac-

terial consortium of, Salmonella subterranea and

Paenibacillus polymyxa, which possess both hydro-

gen production and dye decolorization properties

using different co-substrates, glucose, butyrate and

propionate.

Materials and methods

Chemicals

Reactive Blue 4 (RB4, IC 61205), the anthraquinone

dye class, was used as a targeted dye. Glucose,

butyrate and propionate were used as co-substrates or

electron donor substrates. All chemicals were pur-

chased from Sigma–Aldrich and Wako, Japan.

Bacterial strains used were Salmonella subterra-

nea and Paenibacillus polymyxa capable of hydrogen

production and dye decolorization.

Preparation of culture medium containing

wastewater and RB4

Salmonella subterranea and Paenibacillus polymyxa,

capable of hydrogen production were obtained from

Dr. Sungwan Kanso. The two bacterial strains were

isolated from Mae Khong River, Ubolratchathani

Province, Thailand. Screening, purification, morpho-

logical and biochemical characterization and

phylogenetic analysis of 16SrRNA sequences were

conducted and are currently under preparation for

publication by Dr. Kanso’s group. Interestingly, we

later found that the bacterial strains also showed dye

decolorization property using 1% molasses in agar

plates and then also preliminary experiment with

molasses wastewater decolorization (data not shown).

Anaerobic sludge obtained from municipal waste-

water treatment plant, Western Purification Center,

Ube City, Yamaguchi Prefecture, Japan was centri-

fuged to separate the wastewater and sludge cell.

Sludge was concentrated to 3,000 mgVSS/l and sep-

arated wastewater was supplemented with co-substrate
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and nutrient to make up the chemical oxygen demand

(COD) concentration to 3,000 mg CODcr/l. The co-

substrates used were glucose (9.4 g/l), propionate

(6.6 g/l) and butyrate (5.5 g/l) and supplemented with

yeast extract (0.1 g/l), and K2HPO4 (4 g/l). In order to

understand the effect of RB4 on microbial activity,

neutral pH (pH 7) was obtained by the addition of

buffering chemical, NaHCO3 (4 g/l). For bacterial

consortium used, 1 9 1010 cell of each of S. subter-

ranea and P. polymyxa were mixed with anaerobic

sludge before use.

Before the experiment was conducted, the 500 ml

serum bottle contained 50 ml bacterial consortium

was sealed with butyl rubber stopper, capped with

aluminium crimp cap and purged with Argon gas to

deplete the oxygen accumulated in bottle, then

incubated at 35�C overnight to reduce the nutrients

remaining in the sludge solution before the addition

of 200 ml wastewater (3,000 mg CODcr/l) and

300 mg/l RB4. The detailed experimental condition

is shown in Table 1. The operational parameters used

were optimized previously in our laboratory.

Analysis of samples

During the incubation period, a 5-ml sample was

taken every 24 h from each bottle, and centrifuged at

12,000g for 10 min. The supernatant was collected

for measuring of pH, accumulated fatty acids (VFAs),

total organic carbon (TOC) and decolorizing

efficiency. The gas evolved was measured volumet-

rically by water displacement in a burette and the

volume was calculated using the mass balance

equation (Zheng and Yu 2005). As from equation

H2 ? 1/2 O2 ? H2O, so 1 mole H2 is equal to

16 g COD/l, the unit of H2 was used as mg CODcr/l

so that it will be the same unit used for VFAs and

co-substrate, i.e., glucose. Gas samples were taken

from the headspace of each bottle by a gas-tight

syringe. The biogas composition was analyzed by a

gas chromatograph (Shimadzu GC-8APT) equipped

with a thermal conductivity detector (TCD) and

1.5 m stainless column packed with activated char-

coal 60/80, Shinwa Co. Ltd, Japan.

Decolorization of the samples was determined

using a spectrophotometer (Hitachi U-2001), pH of

all samples were adjusted to 7.6 with NaOH or

H2SO4, before measuring the absorbance at the

maximum wavelength of 598 nm. Dye removal

defined as a percentage of differences between the

initial and final absorbance (% decolorization). The

reduced form of treated dye was detected by mon-

itoring the changes of spectral wavelengths between

200 and 800 nm. The appearance of a new peak

indicated a reduced form of treated dye. Residual

glucose was measured spectrophotometrically (Hit-

achi U-2001) using dinitrosalicylic acid (DNS)

method. Chemical oxygen demand (COD) was mea-

sured as the corresponding oxygen consumption

during oxidation with dichromate, defined as CODcr

(Pitwell 1983).

The biogas composition was analyzed by a gas

chromatography (Shimadzu GC-8APT) equipped

with a thermal conductivity detector (TCD) and

1.5 m stainless column packed with activated char-

coal 60/80, Shinwa Co. Ltd, Japan. The temperature

of injector, column and detector were kept at 50, 60,

and 50�C, respectively. Argon was used as carrier gas

at a flow rate of 20 ml/min. Volatile fatty acids

(VFAs) concentrations were detected using Shimadzu

GC-8APF with Packed Column Unisol F-200 30/60.

The temperature of injector, column and detector

were kept at 250, 140, and 140�C, respectively.

Nitrogen was used as carrier gas at a flow rate of

30 ml/min. Total organic carbon (TOC) were also

determined using total organic carbon analyzer

(Shimadzu TOC-5000).

Results and discussion

Hydrogen production

Hydrogen production by biological methods, deter-

mined from various renewable resources, are less

energy intensive than chemical or electrochemical

Table 1 The experimental condition of controls and treat-

ments for hydrogen production and RB4 decolorization at 35�C

Bacteria

consortium

Sludge Co-substrate 300 mg/l

RB4

Control 1 X O X O

Control 2 O O X O

Sample 1 O O Glucose O

Sample 2 O O Propionate O

Sample 3 O O Butyrate O
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ones since they are carried out at ambient temperature

and pressure (Elam et al. 2003). Therefore, hydrogen

production by the bacterial consortium, mixed culture

of anaerobic sludge, S. subterranea and P. polymyxa,

was determined. The accumulative H2 production

after 7 days was as high as 3,067.5 mg CODcr/l, in

the presence of the bacterial consortium and glucose

(sample 1), as compared to propionate (1,374.0 mg

CODcr/l) (sample 2) and butyrate (711.9 mg CODcr/

l) (sample 3), which are 3 times and 5 times less H2

was detected (Table 2). The results were correlated

with the VFAs produced (Table 2). In general, after

glucose hydrolysis, VFAs were then produced by

acidogenic activity of the bacterial consortium and

hydrogen production occurred. Table 2 indicated that

in the presence of glucose, H2 and acetic acid (Hac)

was increased. On the other hand, methane produc-

tion using glucose and propionate as substrate was

low, implying that methanogenic activities may be

inhibited by color adsorption to the bacterial consor-

tium. In general, methanogenic activity could be

inhibited by low pH and high VFA, however, in this

study pH was not less than 6 (Fig. 1) and VFAs are

not so high to cause inhibition of methanogenic

activities. Dye adsorption to the cells leading to

methanogenic activity inhibition is a possible expla-

nation. The total organic carbon (TOC) was shown in

Table 2, supporting carbon degradation by the anaer-

obic bacterial consortium.

The higher efficiency of glucose as a co-substrate

for H2 production after 7 days (Table 2) in the

presence of the bacterial consortium as compared to

butyrate and propionate was supported by many

studies on hydrogen production using Clostridia

(Taguchi et al. 1993) and Enterobacteria (Kumar

and Das 2000). In this study, during the experimental

period of 7 days, pH was relatively constant for each

sample (Fig. 1), therefore, hydrogen production was

not affected by pH variation. Since fermentative

hydrogen production is affected by pH, temperature

as well as the nature of the microorganisms. pH is

crucial due to its effects on hydrogenase activity,

metabolism pathways (Lay 2000; Jun et al. 2008; Liu

et al. 2008) and microbial communities (Fang and Liu

2002). In general, the dominant metabolism in a

mixed acidogenic culture depends strongly on pH of

the microbial culture and hydrogen production is

suppressed by both low and high pH (Chen et al.

2002). Thus, it is important to control the pH in order

to maintain satisfactory hydrogen production.

In general, degradation of sugars is accompanied

by the production of hydrogen and different meta-

bolic products, mainly VFAs (acetic acid, Hac;

propionic acid, HPr; n-butyric acid, n-Hbu; isobutyric

acid; i-Hbu), lactic acid and ethanol, during the

fermentation process. Different organic matter con-

version pathways under mesophlilic condition, of

which glucose degradation by acidogens and

Table 2 Decolorization (%), volatile fatty acid concentrations, gas production and TOC removal after 7 days of incubation at 35�C

of RB4 and wastewater in the presence and absence of glucose, propionate and butyrate, and the bacterial consortium

Treatments Decolorization (%) VFAs (mg COD l-1) Gas production (mg COD l-1) TOC removal (%)

Hac HPr i-Hbu n-Hbu CH4 H2

Control 1 32.3 97.7 18.7 3.6 0 1,015.5 33.7 16.9

Control 2 64.8 270.8 215.8 9.1 41.5 1,065.5 436.3 3.04

Sample 1 74.3 1,522.8 1,190.3 39.9 330.4 395.7 3,067.5 41.8

Sample 2 82.5 199.8 143.0 0 2,702.6 987.7 711.9 20.4

Sample 3 79.7 392.7 4,263.1 0 202.9 468.6 1,374.0 15.4

5

5.5

6

6.5

7

7.5

8

1 2 3 4 5 6 7
Day (s)

pH

Fig. 1 pH changes during anaerobic decolorization at 35�C of

wastewater with sludge and 300 mg/l reactive blue4 in the

absence (�) and presence (h) of the bacterial consortium.

Different substrates were added; glucose (D), butyrate (*) and

propionate (�)
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acetogens to intermediate products (acetate, butyrate,

propionate, etc.), which further be used as substrate

for methane production (Fig. 2). Since, the hydrogen

yield varies proportionally to the final metabolic

products, acetic and butyric acid production favors

hydrogen production (Nandi and Sengupta 1998;

Hawkes et al. 2002) according to Eqs. (1) and (2)

with the fermentation to acetic acid giving the highest

theoretical yield of 4 mol H2/mol hexose. The final

products of fermentation (acetate, hydrogen and CO2)

are the precursors of methane formation (methano-

genesis) (McCarty and Smith 1986). In addition,

lowering the pH to 4.5 or below may shift the VFA-

producing pathway to an alcohol-producing pathway.

As the study by Khanal et al. 2004, showing that if

there is a shift of pH to be more acidic, this will affect

VFA and metabolic alteration, which was not

occurred in our experiment.

Therefore, our results obtained in Table 2 showed

correlation between hydrogen production and the

VFAs produced, showing increased acetic acid

production accompanied by increased hydrogen pro-

duction as of sample 1 (glucose, the bacterial

consortium).

Acetic acid production

C6H12O6þ2H2O!2CH3COOHþ2CO2þ4H2 ð1Þ

Butyric acid production

C6H12O6!CH3CH2CH2COOHþ2CO2þ2H2 ð2Þ

Decolorization of RB4

Apart from H2 production, the bacterial consortium

also possesses decolization ability. The spectra of RB4

after 24 h treatment with the bacterial consortium

scanned at 400–800 nm, with maximum absorption at

598 nm revealed the evident reduction of absorbance

in the presence of glucose as compared to controls

(Fig. 3a). It is readily apparent from Fig. 3b that in the

presence of glucose, the bacterial consortium, at day 1,

24% dye removal was achieved, which is approxi-

mately 2 times and 8 times higher than those of

butyrate (10%), propionate (12%) and control (3%),

respectively, implying that the presence of glucose in

the decolorizing system was needed for the fast

decolorization efficiency. This result was supported

by the TOC removal and decreased residual glucose

Fig. 2 Suggestion of the organic matter conversion pathways

at 35�C (mesophilic condition)
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Fig. 3 a Wastewater spectra after 24 h of incubation with

RB4, sludge and the bacterial consortium at 35�C in the

presence of glucose, sample 1 (D) as compared to control 1, no

bacterial consortium (�) and control 2, with the bacterial

consortium (h). b Percantage of anaerobic decolorization of

waste water with sludge and 300 mg/l RB4 in the absence (�)
and presence (h) of the bacterial consortium. Different

substrates were added; glucose (D), butyrate (*) and propionate

(�), measured at 598 nm
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concentration (Table 2, Fig. 4). The dye removal was

increased continuously until day 7, however, the

increase in dye decolorization of control was not so

evident as in the presence of glucose, regardless of the

bacterial consortium addition. Approximately 32.3–

82.5% total color removal was obtained after 7 days of

decolorization in different types of substrates used as

demonstrated in Table 2.

The slow RB4 decolorization of the control at

35�C, showing blue cells, may be due to the dye

adsorption to the cells during experimental period.

Dye adsorption to the cells leading to methanogenic

activity inhibition is a possible explanation. The

result showed that the TOC removal was decreased

from 90% (start-up condition) to 30%, approxi-

mately, during the decolorization (Table 2), which

corresponded with other researches. The inhibition of

decolorizing microorganisms also occurred by textile

dye and its intermediates, the VFAs accumulation

was mainly in the form of acetate and propionate with

traces of iso-butyric, n-butyric and iso-valeric acid

when RB4 or RB19 was amended in culture (Lee

et al. 2004). In addition, the methanogenic culture

amended with 250–300 mg/l of Brilliant Red Resolin

(BLS) showed 78.9% inhibition of specific methane

yield and 59.6% production via aceticlastic metha-

nogenesis (Melpei et al. 1998).

The adsorbed dye may also block the substrate

transportation pathway involved in decolorizing mech-

anism. The increased dye removal in the presence of

glucose may be due to glucose utilization, as glucose is

the best electron donor for the dye decolorizing. This

result was correlated with our previous study that

increasing the glucose concentrations showed an

increase in decolorizing efficiency, at 35�C (data not

shown). In general, anthraquinone dye reduction

occurs by the mechanism of reversible quinone reduc-

tion to hydroquinone in two steps: benzoquinone $
semiquinone $ hydroquinone (Zollinger 1991).

Thus, in the reduction process, transformation of

RB4 in terms of the anthraquinone to hydroquinone

was related to H? generated from glucose degradation

and reductive transformation of the anthraquinone

nucleus (Revenga et al. 1994). For RB4 decolorization

mechanism, the results indicated evidently that

acidogenesis was involved, as high decolorization

efficiency, high VFAs but low methane were obtained

when using glucose as compared to control and other

co-substrates. This can be explained by Fig. 2, under

mesophilic condition, degradation of glucose by acid-

ogens and acetogens produced acetate, butyrate and

propionate etc., which then will be used as substrates

for methane production. These indicated that the

reduction of RB4, anthraqionone form to hydroqui-

none, was related with H?, generated from organic

matter conversion process, and reductive transforma-

tion of anthraquinone nucleus (Revenga et al. 1994).

Reducing byproduct of RB4 did not show any auto-

oxidizing reaction, as the treated wastewater contain-

ing RB4 showed light yellow due to the unsubstituted

antraquinone. The slower dye removal found when

using other co-substrate, may be due to dye adsorption

or accumulation to the cells.

Anthraquinone and phthalocyanine dyes are shown

to be rather recalcitrant (Lee et al. 2005; Dos Santos

et al. 2005). Therefore, the bacterial consortium is

beneficial for enhanced the RB4 removal efficiency.

In conclusion, the isolated microbial cultures of

the bacterial consortium shown in this study, deserve

attention as a new biomass media, which can be

utilized with combined anaerobic sludge treatment in

the decolorization of wastewater effluents containing

dyes as well as hydrogen production.
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