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Abstract Synthetic dyes, generally resistant, toxic and

carcinogenic presents a substantial risk to the environ-

ment and health of human. The present study was aimed

to decolourize a dye mixture (Evans blue and brilliant

green) by selected bacterial strains cultivated at different

growth conditions (e.g. unmodified, correction of pH

value and supplementation with nutrients). The bacterial

strains used as pure and mixed cultures include faculta-

tive anaerobes Aeromonas hydrophila (Abs37),

Citrobacter sp. (Cbs50) and obligatory aerobe Pseudo-

monas putida (Pzr3). The efficiency of removal of all

successive doses of dye mixture (4–5 doses, total load

170–200 mg/l) was tested in static conditions in fed-

batch bioreactors. The modification of bacteria growth

conditions influenced on decolourization efficiency:

most advantageous was pH value correction combined

with nutrient supplementation then pH correction alone

and nutrient supplementation (final removal results

95.6–100%, 92.9–100% and 89.1–97.2%, respectively).

The mixed bacterial cultures removed the total load of

dyes with higher efficiency than pure strains (final re-

moval 95.2–100% and 84.0–98.2%, respectively). The

best results were obtained for the mixture of facultative

anaerobe Citrobacter sp. and obligatory aerobe Pseudo-

monas putida which removed the highest load of dye

mixture (200 mg/l introduced at five doses) in the

shortest time (288 h), while the others pure and mixed

cultures needed 425–529 h for removal four doses of

dye mixture (total load 170 mg/l). The zoo- and phyto-

toxicity decreased after these processes (from V class of

toxicity (extremely toxic) even to II class (low toxicity)).

The main mechanisms of decolourization was biotrans-

formation/biodegradation, supported by sorption.
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1 Introduction

The common usage of synthetic dyes is a result of

contemporary consumer needs, including low-costs,

the uncomplicated manufacture of a wide spectrum of

colours, and the durability of colouration. Sectors of the

economy which use synthetic dyes include textile, food,

pharmacy, and even the electronics industry and others

(Hamid and Rehman 2009; Koyani et al. 2013; Somasiri

et al. 2006; Tony et al. 2009; Younes et al. 2012). The
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most popular class of applied dyes is azo dyes, which

accounts for about 70% of all used colourants. Another

relatively common chemical group of dyes are triphe-

nylmethanes. The dyeing process is always associated

with the loss of part of the applied dyes; annually about

40% of their mass may be released into wastewater.

From the textile industry alone, the annual discharge

of dyes into wastewater may reach 280,000 tons (Ali

2010; Ghaly et al. 2014; Oliveira et al. 2007).

The increasing amount of dyes used annually can

lead to serious global environmental problems. The

main source of surface water contamination from dyes

are discharges of inefficiently cleaned wastewaters gen-

erated during the production of dyes as well as during

their application in industry. The efficiency of the treat-

ment of dyed wastewaters by conventional processes

depends on the substance properties, such as complexity

of their aromatic chemical structure, and their relative

resistance to physical, chemical, and biological factors.

All these lead to their accumulation in the environment.

The increasing concentration of synthetic dyes in the

environment causes direct, as well as indirect adverse

impacts, especially on surface water ecosystems and

human health. The contamination of surface waters with

dyes causes, among other things, limited light penetra-

tion and photosynthetic activity, and may lead to oxygen

deficiency in water ecosystems. Many of these

chemicals are toxic, mutagenic, resistant to biological

degradation, and may be bioaccumulated (Cao et al.

2019; Eskandari et al. 2019; Hamid and Rehman

2009; Koyani et al. 2013).

Various physicochemical methods to treat coloured

sewage are currently available (e.g. oxidation, reverse

osmosis, adsorption, flotation, precipitation, and coagu-

lation). Even though they are very effective, their appli-

cation is limited by high costs and energy consumption,

and the production of toxic by-products and sludge

(Hamid and Rehman 2009; Koyani et al. 2013;

Meerbergen et al. 2018; Tony et al. 2009). Such limita-

tions are not associated with biological methods based

on microbial processes. These methods are more attrac-

tive and are significantly less environmentally harmful

(Eskandari et al. 2019; Koyani et al. 2013; Meerbergen

et al. 2018; Saratale et al. 2011; Singh et al. 2010;

Srinivasan and Viraraghavan 2010; Tony et al. 2009;

Wang et al. 2012; Younes et al. 2012; Zabłocka-

Godlewska et al. 2012). The efficiency of these process-

es depends on the type of microorganisms used, as well

as the process conditions. The most important factors

are temperature, oxygenation, pH value, available car-

bon and nitrogen sources, and the concentration of the

dye and its chemical structure (Eskandari et al. 2019;

Hamid and Rehman 2009; Koyani et al. 2013;

Meerbergen et al. 2018; Przystaś et al. 2015; Saratale

et al. 2011; Tony et al. 2009; Younes et al. 2012;

Zabłocka-Godlewska et al. 2009). The properties of

the microorganisms used at biological cleaning technol-

ogies, having a substantial influence on the process’

efficiency, are the wide spectrum of metabolic abilities,

adaptability, easy activity maintenance at fluctuated

growth conditions and short generation time. The bio-

chemical mechanisms underlying the decolourization of

azo dyes by bacteria have been well elucidated, where-

as, in the case of triphenylmethane dyes, they are not

well documented. However, it is known that during the

biodegradation processes of dyes from both of these

groups, co-metabolic reactions are likely to be the main

mechanisms of dye reduction (Eskandari et al. 2019;

Jang et al. 2005; Pandey et al. 2007; Wu et al. 2012;

Wang et al. 2012). Microbial decolourization of synthet-

ic dyes strongly depends on the presence and availabil-

ity of a suitable co-substrate. Bacterial degradation of

dyes without supplementation by additional carbon and

nitrogen sources is very difficult (Karim et al. 2018;

Meerbergen et al. 2018; Solis et al. 2012). It was report-

ed that the composition of the growth medium is critical

to the efficiency of microbial decolourization. However,

in some cases, additional carbon sources may repress the

decolourization process. In the presence of more easily

available carbon sources, the genes responsible for en-

zyme biosynthesis, required for utilization of the sec-

ondary carbon sources, may not be expressed (Karim

et al. 2018; Meerbergen et al. 2018; Solis et al. 2012).

Wang et al. (2009) reported the important role of

additional carbon sources. In the presence of glucose,

90% of Reactive Red 180 was removed by Citrobacter

sp. CK3, whereas in the absence of glucose only 26.7%

decolourization was observed. Modi et al. (2010)

showed that different carbon sources may have a differ-

ent effect on decolourization. For example, in the pres-

ence of sucrose, 82% decolourization of Reactive Red

195 was reached, whereas, for xylose, only 25% was

achieved. Yeast extract has been found to be one of the

best nitrogen sources for decolourization processes

(Chen et al. 2003; Eskandari et al. 2019; Meerbergen

et al. 2018; Moosvi et al. 2005).

Among the few factors that impact bacterial

decolourization efficiency, pH value is particularly
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important. This factor determines the growth of bacteria

biomass, their enzymatic activity, bioavailability of dyes

as a carbon source, and the possibility of sorption of

dyes by biomass (Eskandari et al. 2019; Kodam et al.

2005; Meerbergen et al. 2018; Solis et al. 2012). It was

observed that when the initial pH was about 4.5, the cell

mats of Aeromonas hydrophila were deeply coloured

due to the adsorption of dyes. The adsorption of dyes on

the cell surface may be related to the neutralization of its

charge. In general, dyes in solution are negatively

charged in opposition to cells, which tend to possess a

positive charge at lower pH. This may cause the cells to

have a relatively higher affinity for the dyes (Chen et al.

2003). Meerbergen et al. (2018) studied ability to re-

move Reactive Orange 16 and Reactive green 19 by six

bacteria strains (Klebsiella sp., two strains from genera

Pseudomonas, three strains from genera Acinetobacter),

all of these strains obtained the highest decolourization

results at pH 7.0. A further increase or decrease of pH in

range 4–10 significantly decreased the efficiency of

decolourization of both studied dyes.

Conventional wastewater treatment technologies use

activated sludge, which is a complex population of

microorganisms, mainly bacteria. Unfortunately, these

technologies are relatively inefficient. (Hamid and

Rehman 2009; Koyani et al. 2013; Meerbergen 2018;

Przystaś et al. 2012; Saratale et al. 2011; Tony et al.

2009; Wang et al. 2012; Younes et al. 2012; Zabłocka-

Godlewska et al. 2009).

The increase of the efficiency of biological

decolourization may be achieved by bioaugmentation

of the treatment system by a multiplied biomass of

selected bacterial strains and optimization of their

growth conditions. The main condition of the successful

bioaugmentation is enrichment of these systems with

microorganisms carefully selected in term of their high

decolourization potential and adaptability. The selection

of the bacteria strains and their mixtures to use them in

the future as the potential components of the bio prep-

arations was the main goal of the presented study.

Wastewaters may contain a mixture of dyes from

different chemical groups. Relatively few studies on

the removal of dye mixtures by mixed cultures

have been conducted. Most previous research has

focused on the decolourization of single dyes by

pure bacterial cultures (Ito et al. 2018; Meerbergen

et al. 2018; Saratale et al. 2009; Singh et al. 2010;

Tony et al. 2009; Vijaykumar et al. 2007). In this

research, the possibilities of removal of particular

dye mixture (azo Evans blue and triphenylmethane

brilliant green) by previously selected pure and

mixed bacterial cultures were assessed. This dye

mixture has not been examined up to now, with

the exception of other studies by the authors (e.g.

Przystaś et al. 2013; Zabłocka-Godlewska et al.

2014; Zabłocka-Godlewska et al. 2015). The choice

for study the Evans blue and brilliant green was

firstly dictated by the fact that they are representa-

tives of two most popular classes of applied dyes,

secondly due to the common use exactly these dyes

we can expect their presence in the wastewaters

and then in aquatic ecosystems. The triphenylmeth-

ane brilliant green (classified as hazardous sub-

stance), is used at the textile industry for dying

the silk, wool, cotton, leather and polymers, in

laboratories for preparation staining, because of

the antiseptic properties, at the past was used in

medicine (Oranusi and Ogugbue 2005; Rehman

et al. 2015). The disazo Evans blue (classified as

nontoxic substance), is commonly used in medicine

for estimation the blood and plasma volume, the

permeability of the blood-brain barrier to macro-

molecules, more over at diagnostics of damages of

backbone and muscles and for preparation staining

and others. In unchanged form is excreted with the

urine to wastewaters (Jagusiak and Pańczyk 2019;

Kaptanoglu et al. 2004; Hmer et al. 2002).

The investigation with usage of both pure and mixed

bacterial cultures was conducted in fed-batch bioreac-

tors in various growth conditions which included the pH

value correction and supplementation with nutrients. It

should be emphasized that the environmental safety of

decolourization processes is also very important. Data in

this area are limited, so an additional goal of this study

was an evaluation of the ecotoxicological impact of the

post-process solutions on aquatic organisms.

2 Materials and Methods

2.1 Dyes Used in the Studies

The investigation was conducted using two synthetic

dyes from different chemical groups:

– azo dyes—Evans blue (EB) (Sigma-Aldrich);

– and triphenylmethane dyes—brilliant green (BG)

(Sigma-Aldrich).
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Across all experiments, these dyes were used togeth-

er as a mixture. Dye mixture solutions were prepared in

sterile distilled water in the ratio BG:EB = 1:1 (w/w).

The mixture was sterilized mechanically by cellulose

syringe filters (pore diameter 0.2 μm). Dye solutions

were stored in refrigerator (at 4 °C) in dark glass bottles

prior to use. Various concentrations of the mixture were

prepared. For the dye concentration test, this ranged

from 20 to 120 mg/l. For the main decolourization

experiment, the initial concentration was 80 mg/l and

subsequent doses were at concentrations of 30 mg/l.

The absorbance spectrum of the dye mixture was

examined using a spectrophotometer UV-VIS Hitachi

1900 (wavelength ranged from 190 to 1100 nm). The

maximum absorbance wavelength for the studied mix-

ture was determined (λ = 591 nm) using the peak with

the strongest absorption. The structure of each dye, their

summary formulas, and experimentally-determined

wavelengths corresponding to the maximum absor-

bance of a single dye, as well as the mixture, are pre-

sented in Table 1.

2.2 The Growth Media and Diluent

Pure and mixed bacterial strains were cultivated on

liquid and solid Kimura medium (Zabłocka-

Godlewska et al. 2012). The pH of the medium was

adjusted to 6.8–7.0. Bacteriological agar (18 g/l) (BTL)

was used for the preparation of the solid media. Samples

(e.g. sewage, river water) and biomass suspensions were

diluted in a sterile physiological saline (0.85% water

solution of NaCl). Slants prepared from the nutrient agar

(BTL) were used for the storage of bacterial strains and

the multiplication of their biomass.

2.3 Isolation and Identification of Bacterial Strains

and Preparation of Inoculum

The bacterial strains used in the decolourization studies

were isolated from different sites located in south Po-

land. Aeromonas hydrofila (Abs37) and Citrobacter sp.

(Cbs50) were isolated from the aeration chamber of two

different municipal wastewater treatment plants (Gliwi-

ce and Katowice, respectively). Pseudomonas putida

was isolated from the polluted river water of Kłodnica

in Gliwice. Isolation was done on Petri dishes with the

solid Kimura medium supplemented with dyes (disazo

Evans blue or triphenylmethane brilliant green) in

50 mg/l concentrations. The diluted samples (at range

10−1–10−6) were spread on plates with this medium

according to the standard spread plate method

(Sanders 2012). Samples were incubated for 96 h at a

Table 1 Characteristic of used synthetic dyes

Disazo dye Triphenymethane dye

Evans blue Brilliant green

Molecular 

formula: 

C34H24N6Na4O14S4

Nr C.I.: 

23860

Absorbance 

–

λ max.[nm]: 

606

Molecular 

formula: 

C27H34N2O4S

Nr C.I.: 

42040

Absorbance 

–

λ max.[nm]: 

624

Molecular 

weight 

960.79 

g/mol

Molecular 

weight: 

482.63 

g/mol

Absorbance of the mixture of Evans blue and brilliant green–

λ max.[nm]: 591
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temperature of 26 °C. Based on the features of growth

on plates for further studies, three bacterial strains were

chosen. All of them grew with a visible decolourized

zone around the colony and two of them (Abs37 and

Cbs50) additionally had strongly dyed biomass. These

strains were passed onto the sterile nutrient agar and

underwent the purification procedure (Sanders 2012).

After purification, all selected strains were identified by

API 20E and API 20NE tests (Biomerieux). The pure

cultures of isolated bacteria were cultivated on nutrient

agar slants with the aim of multiplying their biomass for

further stages of screening (Sanders 2012).

The inoculum of bacterial strains was prepared

from 48 h slants (Nutrient Agar (Fluka Biochemika))

and rinsed with the sterile physiological salt solution.

The optical density (OD) of each suspension was

measured with the use of both the McFarland Stan-

dards and the spectrophotometric method (absor-

bance at λ = 600 nm) and was adjusted to a value of

∼ 15 × 108 cfu/ml (5 MFU) what corresponded with

the OD600 ranging from 0.58–0.62.

2.4 Antagonistic Tests

Antagonistic tests were conducted before the bacterial

cultures were mixed. Tests were performed on Petri

dishes with solid nutrient agar by cross streak method

which is used for rapid screen of antagonisms between

microorganisms (Balouiri et al. 2016). The antagonistic

plate tests demonstrated a lack of negative interactions

between the studied microorganisms, allowing for their

use in the preparation of mixed cultures.

2.5 Concentration Test

The influence of dye mixture concentration on

decolourization efficiency was estimated across five

levels of concentration (i.e. 20, 40, 60, 80, 100 and

120 mg/l). The dye mixture was prepared at an equal

proportion (1:1) of Evans blue and brilliant green.

The concentration test was done in triplicate, in tubes

with liquid Kimura medium. The tubes were inocu-

lated with 0.1 ml of proper bacterial suspension (∼

15 × 108 cfu/ml). The proper volume of the filter-

sterilized dye mixture was added to tubes containing

10 ml of 48-h-old cultures in a stationary growth

phase. The control samples were prepared in the

same way, but without biomass. After incubation

for 6 days at 26 °C, samples were centrifuged

(5000 rpm/10 min), and absorbance of obtained su-

pernatants was measured spectrophotometrically on

UV–Vis Hitachi U-1900 (determined optimum wave-

length for dye mixture was λ = 591 nm). Percentage

of dye removal was calculated according to formula:

R ¼ C−S=Cð Þ � 100%

R dye mixture removal [%]

C concentration of dye in a control sample without

biomass [mg/l]

S residue concentration of dye in sample with

bacteria biomass [mg/l]

2.6 Study of Decolourization of Dye Mixture

The decolourization study was conducted in static

conditions in fed-batch bioreactors with a volume of

2 L and a content of 1.5 L of Kimura growth

medium. The studies were conducted in the follow-

ed series: without changes (i.e. no modifications or

‘nm’), with pH correction (‘pH’), with dosage of

additional portions of the Kimura growth medium

(‘sm’), with pH correction combined with supple-

mentation with the Kimura growth medium (‘pH+

sm’), and with no modifications and dead biomass

for sorption estimation (‘db’)) (Table 2).

During the first stage of studies, pure bacterial

cultures were used. The strains used in the studies

were: the facul ta t ive anaerobes Aeromonas

hydrophila (Abs37) and Citrobacter sp. (Cbs50), and

the obligatory aerobe Pseudomonas putida (Pzr3). At

the second stage, mixed cultures were used. There

were three mixture of strains prepared as follows:

Abs37+Cbs50, Abs37+Pzr3, Cbs50+Pzr3.

The bacterial suspensions prepared previously

were used for reactor inoculation. At the first stage

of each experiment, 15 ml of proper single-strain

suspension (bacteria concentration ∼ 15 × 108 cfu/

ml) were introduced to each reactor. In the case of

mixed cultures, the reactors were inoculated with

two suitable strains (the components of a given

mixture) in equal proportion (1:1), in a volume of

7.5 ml each. The bacteria concentration of suspen-

sion of each introduced strain was the same (∼ 15 ×

108 cfu/ml). Inoculated samples were incubated at a

temperature of 26 °C for 48 h (up to the stationary

growth phase). Both pure and mixed cultures were
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prepared at two experimental versions, which were

conducted in different ways. One part of these 48-h-

old bacterial cultures (pure and mixed) was

autoclaved (121 °C, 20 min) in order to obtain dead

biomass which was used to estimate the sorption

contribution in the decolourization process. The sec-

ond part was used for decolourization studies with

usage of the living biomass.

During the decolourization studies, four doses of

dye mixture were introduced into each bioreactor. The

first dose of dye mixture was introduced at the sta-

tionary growth phase (48-h-old cultures). For all reac-

tors (with living and dead biomass), the initial con-

centration of dye mixture was 80 mg/l. After

decolourization of this initial dose of dye mixture,

the subsequent portions of dyes were introduced in

three and even four doses. Each portion was intro-

duced after the removal of the previous portion (i.e.

generally when absorbance decreased to 0.200, which

corresponded with dye concentration below 1.5 mg/l).

The next portion of dye mixture was introduced in

volumes permitting an increase of mixture concentra-

tion in the reactors by 30 mg/l each time.

In reactors with the pH correction (“pH” and “pH +

sm”), pH value was adjusted to between 6.0–6.8 using

0.3 M solution of NaOH. In reactors “sm” and “pH +

sm”, six-fold concentrated Kimura growth medium was

used for nutrient supplementation. Portions of sterile

Kimura growth medium were introduced every 48 h,

at a volume of 5 ml (this portion size corresponded to

the ingredient contents in 30 ml of standard Kimura

medium). Depending on the modification, the growth

medium and the solution for pH correction were intro-

duced. To avoid the impact of these operations on the

dye mixture concentration in each bioreactor, the vol-

umes of the collected and introduced liquid in all reac-

tors were identical. Appropriate volumes of sterile saline

were introduced in reactors without modification in

order to maintain the identical volume of mixtures.

For performance analysis, samples were collected on

the first day after 1, 6 and 24 h, and then every 24 h

thereafter. After collection, all samples were centrifuged

(5000 rpm, 10 min). The dye mixture content in the

resulting supernatant was measured using a spectropho-

tometer Hitachi U-1900 UV-Vis, at a wavelength deter-

mined experimentally, and corresponding to maximum

absorbance values (591 nm). The absorbance results

were used to determine the dye mixture content in the

samples according to standard curves. Absorbance was

measured before and immediately after the introduction

of each additional dose of dye mixture, in order to

determine the real concentration of dye in the sample.

2.7 Ecotoxicity Evaluation

Post-trial samples underwent ecotoxicological evalua-

tion. Dye contaminants mainly get to the freshwater

ecosystems, so for ecotoxicity tests were chosen the

freshwater organisms easily cultivated. Phytotoxicity

and zootoxicity tests were performed. Daphnia magna

(OECD 202) was used for the evaluation of zootoxicity

(the lack of movement of the test organism was consid-

ered as toxic effect). The phytotoxicity evaluation was

performed according to the OECD Lemna sp. growth

inhibition test no.221 (the presence of necrosis, chloro-

sis, fronds-colony disintegrationwas considered as toxic

effect). All tests were performed in quadruplicate. Based

on the EC50 value, the acute toxicity unit (TUa) was

calculated according to the formula:

TUa ¼ 100=EC50

where EC50 is the effective concentration of a wastewater

sample that causes 50% inhibition of tested organisms.

Table 2 Bioreactors—modifications of series

Series “nm” Series “pH” Series “sm” Series “pH+Sm” Series “db” Control series

Medium KGMa KGM KGM KGM KGM KGM

Biomass + + + + +b –

Dye mixture + + + + + +

Addition of NaOH – When pH< 4,5 – When pH< 4,5 – –

Addition of growth medium – – 5 ml every 48 h 5 ml every 48 h – –

aKGM—Kimura growth medium
bThe sample with dead biomass for estimation of sorption
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Samples were classified according to ACE89/BE2/D3

Final Report Commission EC (I class, TUa < 0.4—non-

toxic; II class, 0.4 ≤TUa < 1.0—low toxicity; III class,

1.0 ≤TUa < 10—toxic; IV class, 10 ≤TUa ≤ 100—high

toxicity; and V class, TUa > 100—extremely toxic).

2.8 Statistical Analysis

The programme Statistica 5.1 (ANOVA/MANOVA test

NIR) was used for statistical analysis. To verify the

assumed hypothesis, a significance threshold of

p < 0.05 was chosen a priori.

3 Results and Discussion

3.1 Influence of Dye Mixture Concentration

on Decolourization Efficiency

Dye mixture concentration had a significant impact

on bacterial decolourization results. A concentration

of dyes in solution that is too high may be toxic for

microorganisms and may decrease decolourization

efficiency (Pearce et al. 2003; Zabłocka-Godlewska

et al. 2014, 2015). On the other hand, it has been

reported that dye concentration that is too low may

negatively influence the recognition of dyes by en-

zymes and may similarly decrease decolourization

efficiency (Meerbergen et al. 2018; Pearce et al.

2003). It has been reported that dye concentration

in typical textile effluents ranges between 10 and

50 mg/l (Karim et al. 2018).

Decolourization efficiency was comparable across all

strains at a dye mixture concentration between 20 and

40 mg/l (Table 3). Increased dye concentration caused a

decrease in removal efficiency across all examined

strains. In samples with dye mixture concentrations

from 20 to 80 mg/l the decolourization efficiency after

96 h was higher than 50% and significantly decreased

below 50% in all samples with a dye mixture concen-

tration higher than 80 mg/l. Wu et al. (2009a) reported

that the decolourization efficiency of particular dyes

(four triphenylmethane and two azo dyes) by Pseudo-

monas otitidis and Shewanella oneidensis MR strains

was decreased with an increase of dye concentration in

the range of 10–500 mg/l. The same tendency was

observed by Tony et al. (2009), who studied the ability

of a bacterial consortium to decolourize different con-

centrations (ranging from 30 to 100 mg/l) of six azo

dyes, as well as a mixture composed of a subset of four

of them. Similar results were obtained by Joshi et al.

(2008), Cui et al. (2012), Kalyani et al. (2009) and

others. Based on the results of these concentration tests,

an initial dye mixture concentration of 80 mg/l was

chosen for the following decolourization studies.

3.2 Decolourization Studies

For the decolourization studies, a mixture of two

dyes (triphenylmethane brilliant green and disazo

Evans blue) was used. The process of dye removal

by bacteria can be aerobic or anaerobic. The mech-

anisms may vary and can include a physical adsorp-

tion by the bacterial biomass (alive or dead) or an

enzymatic biotransformation and/or biodegradation.

The mechanism may also involve a combination of

all of these processes. (Chen et al. 2010; Kuhad

et al. 2012; Meerbergen et al. 2018; Ren et al.

2006; Solis et al. 2012; Srinivasan and Viraraghavan

Table 3 The results of the concentration tests

Dye mixture

concentration [mg/l]

Bacteria strains

Aeromonas hydrofila (Abs37) Citrobacter sp. (Cbs50) Pseudomonas putida (Pzr3)

Dye mixture removal after 96 h [%]

20 100.00 ± 0.39 100.00 ± 1.12 98.01 ± 0.57

40 100.00 ± 1.34 96.13 ± 2.39 91.76 ± 1.44

60 88.91 ± 1.12 77.00 ± 2.54 76.33 ± 3.39

80 73.54 ± 2.16 51.67 ± 2.44 62.79 ± 2.55

100 41.33 ± 1.54 35.63 ± 1.06 44.21 ± 1.66

120 28.09 ± 3.67 21.09 ± 2.18 40.06 ± 0.78

Water Air Soil Pollut (2020) 231: 75 Page 7 of 23 75



2010; Wang et al. 2012; Zabłocka-Godlewska et al.

2014; Zabłocka-Godlewska et al. 2015).

Decolourization studies were conducted in static

conditions in fed-batch bioreactors. The strains used

in the studies were: Aeromonas hydrophila and

Citrobacter sp. (facultative anaerobe, Gram-negative,

rod-shape, non-spore-forming, motile bacteria), and

Pseudomonas putida (obligate aerobe, Gram-nega-

tive, rod-shape, non-spore-forming, motile bacteria).

Citrobacter species are commonly found in aquatic

environments, soil, food, and the intestinal tracts of

animals and humans. Aeromonas hydrophila occurs

widely in aquatic environments, sludge, and sewage.

Pseudomonas putida is commonly found in soil and

aquatic environments (Ren et al. 2006).

3.2.1 Dye Mixture Removal by Pure Bacterial Culture

During the first stage of these studies, the dye removal

efficiency of pure bacterial strains was examined. All

strains removed the first dose of the dye mixture (80 mg/

l) with high efficiency (Figs. 1, 2 and 3).Modification of

the bacterial growth conditions had a significant influ-

ence on decolourization efficiency only for the third and

fourth doses of dye mixture (every 30 mg/l).

In bioreactors inoculated with the facultative anaer-

obe Aeromonas hydrophila (Abs37), the modification of

growth conditions had a significant influence on the

results of dye removal (Figs. 1 and 9A). All modifica-

tions accelerated the efficiency of dye mixture removal.

In comparison with bioreactor “nm”, these differences

were statistically significant (p < 0.05) (Figs. 1 and 7).

The best modification was pH correction combined with

supplementation by nutrients (“pH+sm”), which was

similar in result to pH correction alone (“pH”). The

differences between results reached in reactors with

these modifications were not statistically significant

(ANOVA/MANOVA test NIR p > 0.05). In previous

research, pH value was the most important factor in

determining the growth of bacteria biomass, enzymatic

activity, possibilities of sorption of dyes by biomass, and

bioavailability of dyes as a carbon source (Kodam et al.

2005; Solis et al. 2012). Chen et al. (2003) reported the

positive impact of such factors including the static con-

ditions, pH correction, and supplementation with nutri-

ents (especially glucose and yeast extract) on the

decolourization potential of Aeromonas hydrophila.

All these factors resulted in an increased removal effi-

ciency of azo RED RBN and other complicated dye

mixtures (RED RBN and 23 other different azo and

anthraquinone dyes). It is worth emphasizing that yeast
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Fig. 1 Decolourization of dye mixture by Aeromonas hydrophila

(Abs37). The introduction of the next doses of dyes are marked by

the arrows. Abbreviations used for certain reactors: nm, no mod-

ification; pH, pH value correction; sm, supplementation with

nutrients; pH+sm, pH correction combined with supplementation

with nutrients; db, dead biomass; b. ..., bacteria number in certain

sample (nm, pH, sm, or pH+sm))
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extract (the growth medium component used) is consid-

ered essential to the regeneration of important factors

such as NADH, which acts as an electron donor for the

reduction of dye bonds. Rajee and Patterson (2011)

showed that the highest efficiency of decolourization

of orange MR by Micrococcus sp. (80%) was reached

when pH = 6. A decrease in pH value to 4, as well as an

increase to 10, resulted in a decrease in decolourization

efficiency (65% and 40%, respectively). It has been

reported that pH values in the range of 5 to 7 had a

positive impact on decolourization processes, accelerat-

ing the efficiency by up to 2.5 times (Chang et al. 2001).

The impact of pH value on decolourization efficien-

cy was shown also by Chang et al. (2001),

Meerbergen et al. (2018), Sawhney and Kumar

(2011) and others. The pH value in bioreactors

“pH” and “pH+sm” fluctuated between 4.0 and

6.2, and were higher than in bioreactors “nm” and

“sm” (Table 4). This likely influenced the higher

decolourization efficiency in these bioreactors.

The sorption test results indicate that the physical

sorption of dye may be playing a role in dye removal.

However, the appearance of new peaks in the UV-VIS

analyses points to the presence of new metabolites and

the participation of biotransformation in the

deco lou r i za t i on p roces se s (F ig . 9A) . The

decolourization of dyes by bacteria may be due to

sorpt ion on biomass and/or biodegradat ion

(Meerbergen et al. 2018; Singh and Singh 2017). In

the case of the sorption of dyes, the comparison of the

peaks between UV-VIS scans, before and after sorption,

showed a decrease approximately in proportion to each

other. Whereas in case of the biodegradation, the major

visible peaks may decrease or disappear completely, and

one ormore new peaks may appear. The newly appeared

peaks in the UV-VIS analysis, which are detected in

different wavelength ranges, indicate the newly formed

metabolites (Chen et al. 2003; Meerbergen et al. 2018;

Modi et al. 2010; Moosvi et al. 2005; Singh and Singh

2017). Because of the adsorption of dyes, the bacterial

cells may become deeply coloured. The biodegradation

of these dyes leads to a return to the original colour of

the biomass. Such observations indicate that in the case

of the Abs37 strain, biotransformation processes were

the main mechanism and were supported by sorption at

the first stage of the decolourization process. The lack of

dyed biomass of Aeromonas hydrophila, which retain

their natural colour after efficient decolourization pro-

cesses, was also observed by Ren et al. (2006). This

indicates the occurrence of biological degradation pro-

cesses. Similar observations were reported in other stud-

ies (Karim et al. 2018; Meerbergen et al. 2018).

The newly formed peaks visible in the UV-VIS scans

(observed in the wavelength range 365–388 nm) indi-

cated the formation of different metabolites during the

biotransformation processes in the bioreactors with dif-

ferent growth conditions (Fig. 9A). Modifications influ-

enced the rate and the direction of these biotransforma-

tion processes. Enzymatic processes may lead to the

complete degradation of dyes, which is the most desired

outcome. However, biotransformation processes may

also lead to the formation of toxic metabolites. The

efficiency of the process, mechanisms involved, and

the possibility of toxic metabolite formation all depends

on what bacterial strains are used, the process condi-

tions, the structure and concentration of dyes, and the

composition of the dye mixture (Ali 2010; Kuhad et al.

2012; Meerbergen et al. 2018; Przystaś et al. 2012,

2015; Saratale et al. 2011; Solis et al. 2012; Srinivasan

and Viraraghavan 2010; Zabłocka-Godlewska et al.

2014, 2015). It should be emphasized that in the biore-

actors “pH” and “pH+sm” inoculated with the Abs37,

dyes removal was most efficient, however the supple-

mentation with nutrients combined with pH correction

lead to an increase of the concentration of metabolites

(high peak with max. absorbance in wavelength =

366 nm) (Figs. 1, 7 and 9A). Changes of the growth

conditions in the bioreactors positively influenced the

Table 4 The changes of the pH value in bioreactors during the studies (grey spaces—pH value “before-after” correction)

Abs37 Cbs50 Pzr3 Abs37+Cbs50 Abs37+Pzr3 Cbs50+Pzr3

nm sm pH pH+sm nm sm pH pH+sm nm sm pH pH+sm nm sm pH pH+sm nm sm pH pH+sm nm sm pH pH+sm

0* 4.9 4.9 4.8 4.9 4.5 4.6 4.6 4.4 5.6 5.8 5.7 5.8 4.5 4.9 4.8 4.9 5.2 5.4 5.4 5.4 5.1 4.9 5.2 4.9

1 5.1 5.0 5.0 5.1 4.7 4.6 4.7 4.6 5.7 5.8 5.8 5.8 4.6 4.8 4.8 4.8 5.3 5.3 5.4 5.4 5.2 5.0 5.2 5.1

6 4.8 4.6 4.8 4.6 3.9 4.0 4.1-6.1 4.1-6.0 5.3 5.1 5.2 5.2 4.3 4.4 4.4-6.2 4.3-6.2 5.1 4.9 5.0 5.1 4.9 4.8 4.9 4.9

24 4.3 3.4 4.0-6.2 3.9-6.1 3.4 3.6 5.7 5.5 4.9 5.1 4.5-6.7 4.7-6.5 3.7 3.9 5.7 5.9 4.4 4.7 4.4-6.1 4.6-6.4 4.3 4.4 4.2-6.2 4.3-6.1

48 3.9 3.7 6,0 6,0 3.8 4.0 5.4 5.3 4.4 4.6 5.9 6.0 4.3 4.2 6.0 5.6 4.0 5.2 6.0 5.7 4.6 3.7 5.7 5.8

72 3.8 4.2 5,1 6,2 4.0 3.5 4.5-6.3 4.3-6.1 5.3 4.9 6.0 5.1 4.6 3.6 5.2 4.8 5.3 4.4 6.1 4.9 5.2 3.5 5.0 5.0

96 4.4 3.7 5,9 5,0 4.4 4.2 6.0 5.6 4.8 4.2 5.7 6.3 4.4 4.0 4.8 4.1-6.3 5.7 3.7 5.7 5.5 4.9 3.9 5.4 5.2

120 3.8 3.6 5.1 4.1-6.2 3.8 4.1 5.2 4.9 4.9 3.9 5.2 5.2 4.7 4.3 4.4-6.4 6.4 5.5 4.9 5.2 4.9 4.4 4.5 4.9 4.5-6.3

144 4.6 4.1 4.5-6.3 5.5 4.0 4.0 4.7 4.2-6.4 5.5 4.5 4.9 4.6-6.3 4.9 4.9 6,6 6.0 4.6 4.8 4.0-6.3 3.8-6.3 3.7 5.1 4.5-6.4 6.1

168 4.8 4.6 6,2 4.9 4.3 3.6 5.3 5.6 5.1 5.0 4.4-6.1 5.6 4.1 5.4 6,2 5.5 4.1 4.4 6.1 5.6 4.5 5.0 5.5 5.7

216 4.1 3.9 5,8 5.3 4.6 4.1 4.4-6.3 4.9 5.7 4.7 5.9 .4.9 3.8 4.4 5,9 4.9 5.9 5.7 5.5 4.9 3.9 5.5 5.0 5.4

264 3.8 4.0 5.2 4.0-6.2 4.2 4.3 5.7 5.3 5.9 5.4 5.4 5.3 4.7 4.8 5,5 4.4-6.3 5.2 4.2 5.8 5.8 3.8 4.7 5.2 4.8

312 4.2 4.3 5.0 5.7 4.9 3.9 5.3 4.7 6.3 4.1 6.3 5.7 4.9 4.9 4.5-6.3 5.7 4.0 3.8 6.2 5.4 4.4 5.3 5.7 4.3-6.2

360 4.0 3.8 4.5-6.4 5.1 4.5 4.0 4.8 4.0-6.1 4.8 3.8 6.5 4.7-6.2 5.6 4.4 6,2 4.9 5.4 4.6 5.0 - 3.7 5.2 5.1 5.6

408 3.7 3.2 5.5 5.9 3.9 3.5 5.0 5.7 4.4 3.9 5.6 5.1 4.1 3.7 4.8 5.4 4.9 4.1 - - 4.0 4.3 4.6 4.5

456 3.9 3.8 5.6 4.9 3.8 3.8 4.2 4.3 5.1 4.0 5.3 4.3 4.8 3.5 5.2 5.5 - - - - 4.7 5.0 4.2 -

504 4.0 3.6 4.2 4.4 3.9 3.6 3.9 4.8 - - - - 4.9 4.1 5.0 - - - - - 3.6 - - -
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growth of bacteria number [cfu/ml], especially in the

reactor with pH correction and pH correction com-

bined with nutrient supplementation, which partially

corresponded with the resulting dye removal (Fig. 1).

Ren et al. (2006) reported the high decolourization

efficiency of Aeromonas hydrophila. The strain was

able to decolourize triphenylmethane, azo and anthra-

quinone dyes in static conditions.

The ability of Citrobacter sp. to efficiently

decolourize triphenylmethane and azo dyes in static

conditions was documented in An et al. (2002) and Jang

et al. (2005). They reported that the enzyme triphenyl-

methane reductase (TMR) was responsible for the high

decolourization of triphenylmethane dyes (even in high

concentrations ranging from 5 to 2000 μM) by

Citrobacter sp. strain KCTC 18061P. In our experi-

ments, the strain Citrobacter sp. (Cbs50) was used.

Modifications of the growth conditions in the reactors

inoculated with the facultative anaerobe Citrobacter sp.

(Cbs50) variously influenced the decolourization results

(Figs. 2, 7 and 9B). Differences were visible after the

introduction of the third and fourth doses of the dye

mixture. Kruscal-Wallis with post-hoc (NIR) test were

used to confirm the differences between particular

batches. An increase in the process efficiency (in com-

parison with the batch “nm”) was observed in all reac-

tors, but this difference was only statistically significant

in the reactor “pH+sm” (p < 0.05). The results of the

sorption test indicate that the process is using both

sorption and biotransformation. The lack of newly

formed peaks in the UV-VIS scans in the samples

“nm” and “sm”, and small new peaks in the samples

“pH” and “pH+sm” indicate the lack or low concentra-

tion of metabolites, and suggest the complete or nearly

complete degradation of the dyes and metabolites

formed during biotransformations processes (Fig. 9B).

Another confirmation of the biological character of

processes with Cbs50 strain was the retention of the

natural colour of bacteria biomass after the

decolourization process (despite the deeply dyed bio-

mass observed at the beginning of process). This sug-

gests that the dye mixture removal was mainly an enzy-

matic process and the adsorption of dyes may play a role

during the first stage of the process by catching the dyes

on the surface of the bacterial cells. Similar results have

been obtained by other authors (Karim et al. 2018;

Meerbergen et al. 2018). All modifications of growth

conditions stimulated the growth of bacteria biomass,

which was greater in bioreactors with supplementation

by nutrients (“sm’ and “pH+sm”). However, this

corresponded only partially with the decolourization

efficiency in these reactors (Fig. 2).

Bacteria strains which present the broad metabol-

ic capabilities are especially desirable at cleaning

technologies such as activated sludge. They have

the abilities to switch from one carbon source to

another, what is very advantageous feature. It is

reported that bacteria from genera Citrobacter have

the capabilities to degrade efficiently a various xe-

nobiotics with complex structure such as for exam-

ple PAH’s or TNT (Liao et al. 2018; Ibrahim 2018).

The aerobic strain Pseudomonas putida (Pzr3) re-

moved all doses of introduced dye mixture in the

shortest period of time (Fig. 3). In comparison with

other studied strains, times were shorter than 72 h

(Figs. 1, 2, 3 and 7). The high decolourization potential

of P. putida was reported by Silveira et al. (2009). The

results of the plate test show that the strain was able to

grow on the plates with the presence of 9 of 14 different

textile dyes in concentration 1 g/l as a sole carbon

source. Decolourization of dyes (50 mg/l) in liquid

cultures show that after 48 h, P. putida was able to

remove 10 of the 14 tested dyes with different efficiency

(ranging from 25 to 72%) (Silveira et al. 2009). Sneha

et al. (2013) reported that the aerobic bacteria P. putida

removed different dyes (crystal violet, safranine, tryptan

blue) more efficiently in static than dynamic conditions.

The results reached in reactors inoculated with Pzr3

were completely different from those obtained with the

strains Abs37 and Cbs50. A slight increase of

decolourization efficiency (not statistically significant

p > 0.05) was observed only in the reactor with pH

correction. The modification of growth conditions con-

nected with nutrient supplementation (“sm” and “pH+

sm”) caused a decrease in decolourization efficiency in

comparison with the reactor without modifications

(“nm”) (Figs. 3, 7 and 8). In the bioreactor supplement-

ed by nutrients this negative impact was statistically

significant (p = 0.0063). The values of p < 0.05 calculat-

ed when comparing the reactor “sm” with the reactors

“pH” and “pH+sm” indicate that, in the case of the strain

Pzr3, introducing nutrients significantly decreases

decolourization efficiency. The presence of nutrients

likely decreased the bacterial interest in the dye mixture.

Decolourization of synthetic dyes strongly depends

on the presence of bioavailable co-substrates. Only a

few studies have been successful in isolating the bacte-

rial strains capable of using dyes as a sole source of
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carbon (Karim et al. 2018; Meerbergen et al. 2018; Solis

et al. 2012). It has also been reported that growth medi-

um composition is critical to the efficiency of

decolourization by microorganisms. However, in some

cases, additional carbon sources may repress the

decolourization processes. This may be due to the re-

pression of gene expression responsible for the biosyn-

thesis of enzymes required for utilization of xenobi-

otics as carbon sources (Jadhav et al. 2008; Karim

et al. 2018; Meerbergen et al. 2018; Solis et al.

2012). Mohana et al. (2008) showed that supple-

mentation of reaction solution by co-substrates such

as glucose and yeast extract in w/v concentrations of

0.15% and 0.08%, respectively, may decrease

decolourization efficiency. Junnarkar et al. (2006)

reported that exceeding a starch concentration of

0.6 g L−1 did not further increase decolourization

efficiency. Saratale et al. (2009) pointed out that the

presence of various carbon and nitrogen sources in

the growth medium might have a stimulatory or

inhibitory effect on the enzyme systems involved

in decolourization.

The appearance of new peaks in the UV-VIS analyses

(peaks with max. absorbance in wavelength range 378–

395 nm) point to the presence of newmetabolites, which

confirms the enzymatic mechanisms of decolourization

by Pzr3 (Fig. 9C). The highest new peaks were observed

in the sample from the reactor without modifications

(two high peaks with max. absorbance in wavelength

= 378 and = 395 nm). Therefore, it can be concluded

that in the case of Pzr3, modifications increased the

degradation of metabolites formed during the dye re-

moval processes, despite having no impact on

decolourization efficiency. The results obtained in the

sorption studies excluded the role of sorption in dye

removal by Pzr3 and indicated that in the case of this

strain biodegradation or/and biotransformation process-

es were more important. The promotion of the growth of

Pzr3 biomass in the bioreactors supplemented with the

bioavailable nutrients did not increase decolourization

efficiency (Fig. 3).

There are a lot of reports which confirm that bacteria

from genera Pseudomonas have also the ability to de-

grade efficiently the wide spectrum of others complex

xenobiotics, for example, PAHs, pesticides, PCBs

(Imam et al. 2019; Ramadass et al. 2018; Salimizadeh

et al. 2018; Tandlich et al. 2001; Zheng et al. 2018).

Such properties make these bacteria the promising can-

didates for use at the various cleaning technologies.

All modifications of growth conditions positively

influenced bacterial growth and maintained higher

bacterial vitality in the bioreactors, which in general

affected the decolourization results (with the excep-

tion of Pzr3).

In all reactors, the initial concentration of the dye

mixture was 80 mg/l. Despite the lower load of dyes in

each subsequent doses (30 mg/l), the time needed for

dye removal in all reactors was longer. There may be a

few reasons of this phenomenon.

Sorption (even in the case of the strain Pzr3 with low

sorption capacity) may be the first stage of dye removal,

causing a relatively fast decrease of dye concentration in

solution. During the next stage, the absorbed dyes may

undergo the processes of biotransformation. This stage

requires more time than physical sorption on the surface

of bacterial cells and depends on various factors such as

temperature, pH, redox potential, dye structure and con-

centration, and the properties of the bacteria. (Jang et al.

2005 ; S r in ivasan and Vi ra raghavan 2010;

Vijayaraghavan and Yun 2008; Wu et al. 2009a;

Zabłocka-Godlewska et al. 2015).

In the discussed case, during the removal of the

first dose, the bacterial biomass was probably quick-

ly saturated with dyes. This could extend the time of

removal of the second and subsequent doses of the

dye mixture. The saturated biomass was unable to

adsorb and transform the next molecules of dye until

those from the first dose were gradually degraded,

freeing places for the next molecules. In this way the

biomass was probably undergoing the continuous

regeneration of sorption capacities which might

elongate the time needed for decolourization of next

doses of dyes.

These decolourization studies were conducted in

static conditions in fed-batch bioreactors. For this kind

of reactor, it is typical that at deeper levels of reaction

solution, higher oxygen deficit occurs. Biotransforma-

tion of azo dyes in such conditions leads to formation

and accumulation of toxic aromatic amines (Chang

et al. 2004; Pandey et al. 2007; Saratale et al. 2011;

Wang et al . 2009). Addit ionally, during the

decolourization processes conducted in fed-batch re-

actors metabolites are accumulated, growth conditions

worsen, and the microbiocenosis get older with time.

The slowdown of the final stages of decolourization

may also be connectedwith these changes. Differences

were more significant after each successive dose of

dyes introduced into the bioreactor.
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3.2.2 DyeMixture Removal byMixed Bacterial Cultures

The metabolic capabilities of a single bacterial strain are

limited by an enzymatic suite which is specific for a

given strain. The limitation of possibilities of removal of

structurally different dyes occurring in coloured sew-

ages, may lead to incomplete decomposition of dyes and

the formation of toxic metabolites (Chan et al. 2011;

Joshi et al. 2010; Phugare et al. 2011; Saratale et al.

2009; Saratale et al. 2011; Waghmode et al. 2011).

Wider metabolic capabilities are presented by mixed

bacterial cultures. Proper selection of bacterial strains

and preparation of mixed cultures should guarantee an

increase of decolourization efficiency for a diverse

group of substrates. In mixed microbiocenosis, the oc-

currence of metabolic synergistic effects is possible. The

complex microbiocenosis should be able to attack the

dyes molecules in different positions and have broader

possibilities for the further decomposition of metabo-

lites, which are sometimes more toxic than the parent

substances (Chan et al. 2011; Joshi et al. 2010; Phugare

et al. 2011; Saratale et al. 2009; Saratale et al. 2011;

Waghmode et al. 2011). A few reports pointed out that

the preparation of mixed cultures, made up of strains

showing high decolourization ability, may increase effi-

ciency and reduce the process time (Cui et al. 2012;

Jadhav et al. 2010; Joshi et al. 2008; Sharma et al. 2004).

In a given ecosystem, the similar ecological needs of

different species of microorganisms lead to the creation

of various mechanisms of competition between them.

One of these is antagonistic relations (Alexander 2013).

In the second stage of the decolourization studies, mixed

bacterial cultures were used. Antagonistic plate tests

showed a lack of negative interactions between the

studied microorganisms, allowing for the use of all

tested strains in the preparation of mixed cultures.

The second stage of the decolourization studies was

conducted using three mixtures of bacterial strains:

Abs37+Cbs50, Abs37+Pzr3 and Cbs50+Pzr3.

In general, the usage of the two-strain mixed cultures

in the decolourization process resulted in an increase of

dye removal efficiency, but differences were not always

statistically significant (Figs. 4, 5 and 6). In some cases,

a reduction of time needed for dye mixture removal was

observed. Karim et al. (2018) reported that a prepared

bacterial consortium (mixture of five isolates) was much

more efficient than monocultures in decolourizing five

single dyes as well as a mixture of those dyes, indicating

the possibility of the use of this consortium for cost-

effective removal of diverse dyes from effluents. Jadhav

et al. (2010) presented the results of decolourization of

textile effluents by strains SUK1, LBC2 and LBC3

belonging to a phylogenetic branch of Pseudomonas

sp. Strains were used individually and as a mixture

(DAS). Higher decolourization efficiency was observed

for the consortium as compared to individual bacterial

strains, which may be due to the enhanced effect of

coordinated metabolic interactions.

As was the case with bacterial monocultures, in re-

actors with mixed cultures, the influence of modifica-

tions on dye removal was only observed after the intro-

duction of the third and fourth dose of dye. All modifi-

cations of the growth conditions positively influenced

decolourization efficiency of the used bacterial mixtures

(Figs. 4, 5 and 6).

The first studied mixture was composed of two fac-

ultative anaerobic bacterial strains Abs37+Cbs50 (Fig.

4). The removal of the second portion of dye was slowed

down in the case of the strain mixture, in comparison

with the strain Abs37 when used as monoculture. The

next stages of the process were more efficient in the case

of the bacterial mixture (Figs. 1, 2 and 4). All modifi-

cations accelerated the efficiency of dye mixture remov-

al and differences were statistically significant

(ANOVA/MANOVA test NIR p < 0.05). The best re-

sults of dye removal were reached in the reactor “pH+

sm”, similar to when Abs37 and Cbs50 were used as

monocultures. The differences between decolourization

efficiency in bioreactor “pH+sm” and bioreactors with

modifications “pH” and “sm” were statistically signifi-

cant (p = 0.037 and p = 0.041, respectively).

As mentioned previously, additional carbon and ni-

trogen sources, and a pH value in the range of 5 to 7,

generally have a positive influence on decolourization

efficiency (Chen et al. 2003; Meerbergen et al. 2018;

Moosvi et al. 2005; Rajee and Patterson 2011; Sawhney

and Kumar 2011; Solis et al. 2012).

The results reached in the bioreactor “pH” were

comparable with the results reached in the bioreactor

“sm”. While in the case of strains Abs37 and Cbs50

used as monocultures, the pH correction influenced dye

removal more positively than the supplementation alone

(Figs. 1, 2, 7 and 8). These results suggest the occur-

rence of some kind of relationship or collaboration

between strains in mixed cultures in the decomposition

of substrates. The sorption test results indicate that the

physical sorption of dye may be playing a role in dye

removal. The bacterial mixture had worse adsorption
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The introduction of the next doses of dyes are marked by the

arrows. Abbreviations used for certain reactors: nm, no
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(Abs37+Pzr3). The introduction of the next doses of dyes are

marked by the arrows. Abbreviations used for certain reactors:

nm, no modification; pH, pH value correction; sm, supplementa-

tion with nutrients; pH+sm, pH correction combined with supple-

mentation with nutrients; db, dead biomass; b. ..., bacteria number

in certain sample (nm, pH, sm, or pH+sm))
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properties than each component of this mixture individ-

ually. Sorption capacity depends on the structure of the

cell wall, the presence of functional groups, and the

presence of an outer surface layer of exopolysaccharides

(Kuhad et al. 2012; Srinivasan and Viraraghavan 2010;

Vijayaraghavan and Yun 2008). This changeable feature

depends on, among other things, growth conditions (e.g.

pH value). In mixed cultures, the life conditions are

different than in monocultures, which also might impact

the composition of the cell wall, and finally the sorption

properties of each strain.

The appearance of new peaks in the UV-VIS analyses

(connected with the presence of new metabolites) and

the retention of the natural colour of the bacterial mix-

ture biomass after the decolourization process suggest

that dye mixture removal was mainly an enzymatic

process which has also been suggested by other authors

(Meerbergen et al. 2018). As was mentioned above,

adsorption of dyes may play a role during the first stage

of the process by catching dyes on the surface of the

bacteria cells and making contact with the enzymes or

electron carriers located in outer cell membrane easier

(Jang et al. 2005; Wang et al. 2012; Wu et al. 2009a).

Based on the UV-VIS scans there are visible qualitative

and quantitative differences in metabolite occurrence in

post-process solutions from bioreactors inoculated with

bacterial monocultures and mixtures (Fig. 9A, B, D).

That such differences depend on growth condition was

also observed by (Meerbergen et al. 2018). Changes in

the growth conditions in the bioreactors positively in-

fluenced the number of bacteria, especially in the reactor

“pH+sm” and “sm” (Fig. 4).

The second studied mixture of bacterial strains was

the composition of facultative anaerobic strain

Aeromonas hydrophila with obligate aerobic strain

Pseudomonas putida (Abs37 + Pzr3) (Fig. 5). The

monoculture of strain Pzr3 removed the dye mixture in

the shortest time in comparison with the other pure

cultures, but the modifications did not have a positive

influence on decolourization efficiency (Fig. 3). In

the case of the mixture Abs37+Pzr3, all modifica-

tions significantly positively influenced the results

(Fig. 5). Differences were statistically significant

(ANOVA/MANOVA test NIR p < 0.05). In addition,

between the bioreactors with modifications, differ-

ences in removal efficiency were observed and were

statistically significant between the bioreactors

“pH+sm” and “sm” (p = 0.047).
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nutrients; pH+sm, pH correction combined with supplementation
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It is worth emphasizing that Abs37+Pzr3 completely

removed all doses of introduced dyes in shorter period

of time, than the pure cultures or the mixture Abs37+

Cbs50.The mixture of obligatory aerobe Pzr3 and fac-

ultative anaerobe Abs37 gave promising results. The

sorption test results indicate that the physical sorption

of dye may be playing a role in dye removal. The

Abs37+Pzr3 had worse adsorption properties than

Abs37 used individually. It is probably the consequence

of a lower density Abs37 biomass in mixture with Pzr3,

which had no sorption abilities. The appearance of new

peaks in the UV-VIS analyses (connected with the pres-

ence of new metabolites in wavelength range 365–

400 nm) and the retention of the natural colour of

biomass of the bacter ia l mixture af te r the

decolourization process, suggest that the dye mixture

a d

b e

c f
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d.mix
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sm
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pH
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Fig. 9 The scans of UV-VIS of the samples from all reactors after

finished decolourization processes (d.mix, dye mixture; nm, no

modifications; pH, pH correction; sm, supplementation with

nutrients; pH+sm, pH correction combined with the supplementa-

tion with nutrients)
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decolourization was mainly an enzymatic process (Fig.

9E). A smaller amount of peaks and the presence of

differences in values of wavelengths with their maxi-

mum absorbance indicate a difference between the

transformation processes and formed metabolites

among the mixture and the pure cultures (Fig. 9A, C,

E). In the case of the strain mixture Abs37+Pzr3, there

was a positive impact of nutrient supplementation alone

(“sm”) and with the pH correction (“pH+sm”). In UV-

VIS scans of these samples, no metabolites were detect-

ed in contrast to sample “pH”, where a high peak with

maximal absorbance in wavelength = 400 nm was

observed. This suggests that nutrient supplementation

accelerated the decomposition of metabolites formed

during the process. The UV-VIS scans also showed that

in the bioreactor with no modifications (“nm”), the

process leads to the accumulation of metabolites. Other

results were shown on the UV-VIS scans for individual

strains Abs37 and Pzr3 (Fig. 9A, C). The changes to

growth conditions in the bioreactors positively influ-

enced growth in bacteria number, especially in the reac-

tor with pH correction combined with nutrient supple-

mentation (pH+sm) and in the bioreactor supplemented

by nutrients only (sm) (Fig. 5).

The third mixed bacterial culture was prepared from

the facultative anaerobic strain Citrobacter sp. and ob-

ligate aerobic strain Pseudomonas putida (Cbs50+Pzr3)

(Fig. 6). This culture was the most effective in dye

mixture removal among all studied pure and mixed

bacterial cultures. In the case of the Cbs50+Pzr3, all

modifications had a significant positive influence (in

contrast to strain Pzr3 when used as pure culture). How-

ever, the differences were visible only after the intro-

duction of the fourth and fifth dose of dye mixture. The

tested pure and mixed bacterial cultures (with exception

of the mixture Cbs50+Pzr3) decolourized all four doses

of dye mixture after 339 up to 507 h. Whereas Cbs50+

Pzr3 removed all four doses of dyes after only 288 h.

The fifth portion of the dye mixture, introduced only to

reactor with Cbs50+Pzr3, was completely removed,

depending on modifications, after 409–458 h. The dif-

ferences between the efficiency of the decolourization

processes in the bioreactors inoculated with Cbs50+

Pzr3 and the rest of the studied bioreactors were statis-

tically significant (ANOVA/MANOVA test NIR

p < 0.05). Differences between removal results reached

in the different bioreactors inoculated with Cbs50+Pzr3

were also observed. Statistically significant differences

of dye decolourization efficiency were noted between

the bioreactor “nm” and bioreactors “sm” and “pH+sm”

(p = 0.031 and p = 0.01, respectively). The most effec-

tive modification was “pH+sm”, while using only nu-

trient supplementation (“sm”) or pH correction (“pH”)

gave comparable results. In all bioreactors with growth

condition modifications inoculated with Cbs50+Pzr3,

the removal of dye mixture was complete and the results

were the best of all mixed and pure cultures used in these

studies. The sorption test results indicate that the phys-

ical sorption of dyes may be playing a role in their

removal. The mixture Cbs50+Pzr3 showed worse ad-

sorption properties than Cbs50 used individually. As

Pzr3 lacks sorption ability, the lower results of dye

sorption are likely the consequence of the lower density

of biomass of Cbs50 in the mixtures compared to its

monoculture (as was the case with Abs37+Pzr3). The

appearance of new peaks in the UV-VIS analyses (con-

nected with the presence of new metabolites in wave-

length range 378–391 nm) was observed. These results

and retention of the natural colour of the bacterial bio-

mass after the decolourization process, confirm the en-

zymatic process (Fig. 9F). The smaller amount and

height of peaks shown on the UV-VIS scans is

observed (reactors with modifications as well as

without modifications). Trace amount of metabolites

confirms the positive influence of modifications on

the activity of Cbs50+Pzr3 and the acceleration of

their efficiency in the complete decomposition of the

dye mixture. Changes to the growth conditions in

the bioreactors positively influenced the growth of

the total bacteria number (especially at bioreactors

“pH+sm” and “sm’) which corresponded with the

results of the decolourization (Fig. 6).

The scans of UV-VIS showed differences in the

amount of peaks at different wavelengths with their

maximum absorbance dependent on the modifica-

tions and cultures applied in a given bioreactor. This

diversity of peaks points out the differences between

transformation processes and formed metabolites in

given bioreactors.

3.3 Ecotoxicity Tests

The results of the conducted zoo- and phytotoxicity

test are presented in Table 5. A decrease of

ecotoxicity was observed in all solutions after the

decolourization process. The ecotoxicity of the ini-

tial solution of the dye mixture was estimated to be

V class of toxicity (extremely toxic). The samples
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after the decolourization process were more zootoxic

than phytotoxic. The final ecotoxicity of the samples

was different depending on the bacteria used and the

modifications to the growth conditions. The

zootoxicity was estimated as III or IV class of tox-

icity (toxic and high toxicity respectively) while the

phytotoxicity was estimated between II-IV class of

toxicity (II: low toxicity, III: toxic, IV: high toxici-

ty). The higher zootoxicity of samples might be

connected with the relative sensitivity of Daphnia

magna to the presence of higher concentrations of

different metabolites in the studied solutions, includ-

ing different organic substances.

Many of the metabolites formed during the bacterial

decolourization processes may be toxic when left un-

treated. This is especially true in the case of azo dyes due

to the formation of aromatic amines and other benzene

and naphthalene related compounds (Meerbergen et al.

2018; Saratale et al. 2011; Singh and Singh 2017).

The mixed cultures, which offered additional meta-

bolic possibilities, increased the probability of complete

removal of the dyes and their metabolites. This is very

important for environmental safety (Elisangela et al.

2009; Meerbergen et al. 2018). Elisangela et al. (2009)

described results of a Daphnia magna toxicity test. It

was shown that decolourization of azo dyes under

Table 5 The results of zootoxicity and phytotoxicity of solutions after decoluorization processes

Bacteria pure/mixed

culture

Growth conditions

(modification)

The residues of dye mixture

in solutions after

decolourization processes [mg/l]

Toxicity class (TUa)

based on zootoxicity tests

(Daphnia magna)

Toxicity class (TUa)

based on phytotoxicity

tests (Lemna minor)

Abs37 bm 23.19 ± 2.13 IV (12.20) III (6.28)

sm 12.13 ± 0.79 IV (48.00) IV (10.61)

pH 5.91 ± 0.54 III (8.64) III (6.72)

pH+Sm 7.77 ± 0.66 III (9.48) III (8.60)

Cbs50 bm 27.13 ± 0.84 IV (69.14) IV (17.40)

sm 17.45 ± 0.32 IV (68.25) III (6.21)

pH 12.12 ± 0.9 IV (80.44) III (4.48)

pH+Sm 3.44 ± 0.12 III (5.88) III (5.34)

Pzr3 bm 3.12 ± 0.3 IV (12.82) III (5.65)

sm 14.09 ± 1.57 IV (58.82) III (8.71)

pH 4.55 ± 0.86 III (8.71) III (5.71)

pH+sm 7.55 ± 0.54 III (9.75) III (9.74)

Abs37+Cbs50 bm 18.35 ± 1.04 IV (65.67) IV (55.47)

sm 4.66 ± 0.29 IV (74.34) III (8,66)

pH 8.09 ± 0.16 III (8.80) III (4.64)

pH+sm 0.02 ± 0.0 III (8.00) III (4.55)

Abs37+Pzr3 bm 20.60 ± 0.79 IV (47.18) IV (21.30)

sm 1.32 ± 0.2 III (9.55) III (5.33)

pH 0.59 ± 0.01 IV (43.42) III (3.33)

pH + sm 0.04 ± 0.00 III (7.42) II (0.92)

Cbs50+Pzr3 bm 8.40 ± 1.02 IV (21.30) III (1.34)

sm 1.71 ± 0.00 IV (16.42) II (0.88)

pH 0.01 ± 0.0 III (9.74) II (0.78)

pH+sm 0.74 ± 0.00 III (4.14) II (0.62)

Control 80.00 ± 0.00b

156.28 ± 4.29c
V (n.e.)a V (n.e.)a

aToxicity not estimated
bToxicity of initial (80 mg/l) dose of dye mixture
cToxicity of the total dose of dye mixture (sum of all doses—170 mg/l) introduced into bioreactors
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microaerophilic conditions caused a decrease in the

toxicity of samples, but was not sufficient to lead to

their detoxification.

In the case of the presented zootoxicity results, there

were no significant differences between results from the

reactors inoculated with pure or mixed cultures. The

same is true in the case of phytotoxicity with the excep-

tion of the mixed culture Cbs50+Pzr3. For these sam-

ples, the results of the phytotoxicity were the lowest

(mainly the II class of toxicity—low toxicity). This

may be connected with the low amount of metabolites

in this reactor in comparison with the rest (scan UV-Vis

Fig. 9F). In general, for samples from the bioreactors

with modification “pH” and “pH+sm” the zootoxicity

was lower (mainly III class of toxicity). In the case

of phytotoxicity, the IV class of toxicity was esti-

mated only in samples without modification. In the

rest of the samples, the phytotoxicity was lower. A

decrease of phytotoxicity was reported by Jadhav

et al. (2010). Their results showed that the germina-

tion (%) and length of pulmule and radicle of both

T. aestivum and P. mugo seeds were reduced with

untreated as compared with treated effluents. This

shows that metabolites formed during the biodegra-

dation of effluents are less toxic than compounds in

the original effluents (Jadhav et al. 2010).

4 Conclusions

Growth conditions modifications had differing influ-

ences on the dye mixture decolourization efficiency

by pure and mixed bacterial cultures. Generally, the

most advantageous modification was the pH value

correction combined with nutrient supplementation

(“pH+sm”). The positive impact on decolourization

efficiency was also observed in the case of pH

correction alone, though the effect was increased

when combined with nutrient supplementation

across both pure and mixed cultures. Nutrient sup-

plementation had a more positive impact on

decolourization efficiency in the case of mixed bac-

terial cultures. The advantages of using a bacterial

mixture are attributable to their ability to collective-

ly carry out biodegradation tasks, which no individ-

ual pure strain can undertake successfully. In most

cases, the mixtures of bacteria removed dyes with

higher efficiency than the pure strains alone. In these

bioreactors, dye removal was complete or almost

complete and the lower concentrations of metabo-

lites were noticed in solutions after decolourization

as well as lower ecotoxicity. The significant differ-

ences were also noted between bacterial mixtures.

Final dye removal by the two facultative anaerobes

(Abs37+Cbs50) was not significantly worse than

other mixed cultures, but did take longer. The most

effective were the mixtures of a facultative anaerobe

(either Abs37 or Cbs50) and an obligatory aerobe

(Pzr3). Differences in strain metabolic properties

complemented each other in the removal of the dye

mixture and generated metabolites. The best solution

was the mixture of Cbs50+Pzr3, which four portions

of introduced dyes removed completely or almost

completely already after 288 h. Due to its high

decolourization efficiency, Ps. putida may be con-

sidered a promising candidate to prepare the bio

preparations (i.e. other mixed cultures).

Ecotoxicity tests showed the decrease of the zoo- and

phytotoxicity of samples after the decolourization pro-

cess. However, levels of ecotoxicity were still unsafe for

the environment. The lowest zoo- and phytotoxicity was

found in samples decolourized by the Cbs50+Pzr3 mix-

ture. Despite the satisfying results of these

decolourization processes, the high toxicity of post-

process solutions indicates the need for further research

on high decolourization efficiency connected with the

further or even complete detoxification of these solu-

tions. The future purpose is also examination of possi-

bilities of decolourization other also more complex dye

mixture, with consideration of further improvement of

process conditions.
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