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Azo dyes in textile effluents, pose substantial environmental problems owing to their persistence, toxicity and potential to form harmful
carcinogenic and mutagenic byproducts, like aromatic amines. This study aimed to evaluate the degradation of reactive red (RR) and
reactive blue (RB) azo dyes by an indigenous bacterial strain (Bacillus sp. TDS50) isolated from textile industry effluent. The Bacillus sp.
TDS50, showed the highest decolorization efficiency of 98.30% for RR and 98.02% for RB. The strain showed its significant decolorization
of azo dyes using glucose as a carbon source, pH 7, temperature 35 °C, dye concentration 100 mg/L and an inoculum size 1%. A laboratory

using FTIR spectroscopy and gas chromatography-mass spectroscopy (GC-MS). Another major focus of this investigation was
decolourization in an aqueous medium using bacterially produced extracellular metabolites, viz. bioflocculants (BF) and biosurfactants
(BS). The results of the bacterial treatment followed by phytotoxicity indicated the non-toxic nature of the treated effluent compared to

untreated effluents.
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INTRODUCTION

Numerous industries, including food, cosmetics, paper
printing and pharmaceuticals, heavily rely on the synthetic azo
dyes. However, the largest consumer of these products is chem-
ical industries [1]. The organic load and toxicity of textile
wastewater are increased by dyes, which are often aromatic
heterocyclic compounds that are frequently resistant to organic
molecules that cause colour change. Aromatic primary amines
are often diazotized and subsequently joined with one or more
nucleophiles, which are electron-rich molecules, such as amino
acids and hydroxy acids [2]. About 50% of commercial dyes
used in the industries are azo dyes [3].

Azo dyes in plant cause toxicity, mutagenicity and carcino-
genicity. They also hinder plant growth, enter the food chain,
produce recalcitrance and cause bioaccumulation [4]. The dyes
in water have an apparent colour, which alters their transp-
arency and esthetics, preventing light from penetrating and
lowering the concentration of dissolved oxygen [4-6]. Synthetic

dyes can inhibit the growth of bacteria, protozoa, plants, animals
and humans. They can also cause allergies, tumors and malig-
nancies [7]. Dye containing wastewater can be effectively tre-
ated using a variety of methods, including chemical treatment,
absorption, filtration, biological treatment and coagulation [4,8].
Thus, given their cost-effectiveness and environmental friend-
liness, biological treatment techniques utilizing microorganisms
appear to be the best substitutes for physico-chemical techniques
[5,6].

Biological approaches have gained increased attention as
viable treatments for dying wastewater because of their high
efficiency, low cost and environmental friendliness [9]. Micro-
organisms have long been known to decolourize and metabolize
azo dyes, which has increased interest in the use of bioremedi-
ation based systems for treating textile wastewater [6]. In bio-
remediation, decolourized azo dyes are absorbed by micro-
organisms such as bacteria, algae, yeast and filamentous fungi
[10]. Bioremediation has drawn increased attention because it
is a more promising approach than physical and chemical ther-
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known as bioflocculant (BF). Bioflocculants are easily degrad-
able and are less hazardous to the environment [11]. They are
made up of intricate multi-chain molecular polymers that include
proteins, glycoproteins, sugar derivatives and repeated branc-
hing polyols [12]. Similarly, biosurfactants (BS) are amphiphilic
biological compounds produced from various filamentous fungi,
bacteria and yeasts, either extracellularly or as part of their cell
membranes [13,14]. These molecules have amphiphilic prop-
erties due to the structure they have, which consists of a hydro-
philic head (peptides, amino acids and polysaccharides) and a
hydrophobic tail (saturated and unsaturated fatty acids) [15].
Biosurfactants is characterized by enhanced biodegradability,
enhanced environmental biocompatibility, enhanced perfor-
mance under extreme temperature, pH and salinity conditions
and non-toxicity [15,16]. Biosurfactants reduces surface tension,
critical micelle concentration (CMC) and interfacial tension in
hydrocarbon mixtures and aqueous solutions [17]. The present
study focused on the biological removal of azo dyes from cont-
aminated water using live bacteria and their extracellular meta-
bolites (BF and BS). In this work, an indigenous bacterial strain
(Bacillus sp. TDS50) isolated from textile industry wastewater
was tested for its degradation of reactive red (RR) and reactive
blue (RB) azo dyes under the optimized conditions.

EXPERIMENTAL

The azo dyes reactive red (RR) and reactive blue (RB)
were obtained from a textile industry in Erode, India. All
chemicals used in this study were purchased from different
sources like HiMedia Laboratories Pvt Ltd., Sisco Research
Laboratories Pvt. Ltd. and Thermo Fisher Scientific Company,
India.

Isolation and screening of RR and RB dye-degrading
bacteria: Azo dye-degrading bacteria were isolated from the
textile effluent and soil samples near the industrial plant located
in the Erode and Tiruppur districts, India. To isolate the poten-
tial azo dye-degrading bacterial strains from the soil and sedi-
ment samples, the spread plate technique was employed using
LB agar plates and incubated at 37 + 2 °C for 24 h. After incu-
bation, bacterial colonies with distinct morphological character-
istics were selected and purified on LB agar plates by repeated
streaking and stored at 4 °C for further analysis.

For screening, the isolated strains were inoculated on LB
agar plates containing 100 mg/L of azo dyes RR and RB and
incubated at 37 °C for 4 days. Based on the formation of the
decolourization zone, they were selected for their colour removal
efficiency in a synthetic medium containing 100 mg/L azo
dyes. After incubation, aliquots of 7 mL broth were collected
and centrifuged at 4000 rpm for 15 min. The absorbance (OD)
of the supernatant was determined using a UV-Vis spectrophoto-
meter (Model: Cyberlab UV-100, USA). The strains with the
highest decolourizing abilities were subjected to further
characterization. All tests were performed in triplicates. The
formula used to calculate decolourization (%) is as follows:

initial

Optimization of physio-chemical parameters: The opti-
mization of the culture conditions for enhanced decolourization
of the azo dyes using the selected bacterial isolate Bacillus sp.
(TDS50) was studied in 50 mL of LB broth amended with 100
mg/L of RR and RB followed by incubation in an orbital shaker
with different carbon sources (glucose, sucrose and starch),
temperatures (25, 30, 35, 40 and 45 °C), pH (5, 6, 7, 8 and 9)
and inoculum concentrations (0.5, 0.75, 1.0, 1.25 and 1.5%)
respectively. Periodically, the supernatant from each treatment
was obtained and its colour was analyzed using a UV-Vis
spectrophotometer.

SEM analysis: The bacterial biomass of TDS50 grown
in LB broth containing azo dyes (RR and RB), was obtained
and its morphological features were analyzed using a field
emission scanning electron microscope (SEM) (Model: SEM-
ZEISS, Germany). After drying using a critical point dryer,
the samples were gold coated with platinum by an ion sputter
coater (Quorum Technologies, U.K.).

Production and characterization of extracellular metabolites

Screening of bioflocculants (BF) and biosurfactants
(BS) producing bacteria: The agar plate enrichment method
was used to screen the bacterial strains that produce BF. The
composition of the growth media used in this study were as
follows (g/L): glucose, 15; peptone, 10; yeast extract, 5; NaCl,
5 and agar, 20. Bacterial colonies were selected based on their
unique morphology. The BF production medium were as follows
(g/L): glucose, 10; peptone, 5; yeast extract 2.5; K;HPO,, 5 g/L;
KH,PO4,2; MgS04.7H,0, 0.2; and NaCl, 0.1. The flocculating
activity of BF was assessed using the modified kaolin clay
method after centrifuging the resulting culture broth [18]. The
sample was prepared by adding 0.1 mL of cell-free supernatant,
0.9 mL of CaCl, (1% w/w) and 9 mL of kaolin suspension (5
g/L) to form the assay mixture. After 5 min of vortexing, the
mixture was left to stand for 10 min. The flocculation activity
was calculated using the following eqn. 1:

Flocculating activity = x100 2)

where A is the OD at 550 nm of the control sample and B is
the OD at 550 nm of the test sample.

For subsequent analysis of its capacity to produce BS, the
bacterial strain with the highest flocculating activity (TDS50)
was chosen. Hemolytic activity was performed on blood agar
supplemented with 5% (v/v) human blood, the bacterial strain
TDSS50 was inoculated and it was then incubated for 48 to 72 h
at 37 °C [19]. Hemolysis around the colonies on the plates,
which indicates BS synthesis, was visually examined.

Extraction and characterization of BF and BS: The BF
extraction and purification were done by the modified method
of Cosa et al. [20]. The culture broth enhanced with TDS50
was incubated for 72 h and centrifuged at 4000 rpm for 30 min
at 4 °C. To eliminate the bacterial cells, the culture broth was
diluted with an equal volume of distilled water and centrifuged
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at 4000 rpm for 30 min. After discarding the pellet, two volumes
of cold ethanol were added to the supernatant, which was then
left to stand at 4 °C overnight to obtain a precipitate. Chloroform
and n-butyl alcohol (5:5 v/v) were added to the solution while
stirring and the mixture was allowed to stand at room tempera-
ture overnight. The supernatant was centrifuged again for 15
min at 4000 rpm at 4 °C and double the volumes of ethanol was
added to obtain precipitate. The precipitates were then vacuum-
dried and re-dissolved in distilled water to obtain pure BF [21].

Biosurfactants (BS) was extracted using a method previ-
ously described by Ibrahim [22]. The culture supernatants were
acidified with 6 N HCl to a pH of 2.0 after centrifuging the
bacteria at 6000 rpm for 15 min at 4 °C. The culture supernatant
was added to the separating funnel and organic solvents namely
methanol and chloroform (1:2, v/v) were added two times. The
solvent mixtures with culture were then allowed to stand for
phase separation, after which the organic phases were collected,
evaporated to produce viscous yellowish products and disso-
Ived in methanol.

Surface activity of Biosurfactants (BS): Surface activity
of BS was measured using the oil spread assay and an emulsi-
fication index (E4). For the oil-spreading technique, 20 mL
of distilled water was poured into a Petri dish (15 cm in dia-
meter). Then, 15 pL of engine oil was added to the surface of
the water, followed by the addition of 10 puL of supernatant to
the oil surface. An oil-free clearing zone was formed when dis-
places the oil, it confirms the presence of BS. The activity of
the BS in displacing the oil can be measured using the displace-
ment activity, which can be determined by measuring the clea-
ring zone. The diameter of the clear zone on the oil surface was
measured and the time taken to achieve spread was noted [22].

The emulsification ability of BS was also evaluated using
a previously described method [19]. For this method, 4 mL of
fresh engine oil, used engine oil, kerosene, diesel and petrol
were added to an equal volume of 4 mL of cell-free supernatant
in a test tube. After vortexing for 5 min at a high speed, a mix-
ture was left to ideal for approximately 24 h. Emulsification
index (E.4) was calculated using the following eqn. 2:

Total height of emulsified layer

E,, (%)= x100 (2

Total height of lequid column

Stability evaluation of BF and BS: Stability studies were
performed using cell-free broth (crude BS) obtained by centri-
fuging the cultures at 5000 rpm for 20 min. The pH of BS (4
mL) was adjusted to 2, 4, 6, 8 and 10 using NaOH or HCI, after
which E,; was determined. To evaluate the heat stability of the
BS, the broth was heated to different temperatures (20, 30, 40,
50 and 60 °C) for 1 h and allowed to cool to room temperature.
E.s was then determined to assess the BS heat stability [23].

Dosage concentration of BF and BS: The dosage concen-
tration of purified BF was used to evaluate its effect on the flo-
cculating activity [11]. A concentration range of 0.2-1.0 mg/mL
of BF was prepared. The flocculation activity was calculated
using previously described methods. Similarly, BS was prep-
ared at the same concentration range from 0.2 to 1.0 mg/mL.
Then, E,4 was calculated using previously described methods
and the values were measured.

Determination of ionic character in BS and BF: The
agar double diffusion method was used to measure the ionic
charges of the BS and BE. Two rows of wells were made with
a low hardness agar (1% agarose) that were regularly spaced
apart. A pure compound with a known ionic charge was placed
in the wells in one row, whereas the BS or BF solution was placed
in the wells of the other. The cationic compound selected was
BaCl, at 50 mM, whereas the anionic one was sodium dodecyl
sulfate (SDS) at 20 mM. The mixture was kept at room temp-
erature for 48 h. The ionic nature of BS and BF is indicated by
the formation of precipitation lines between the wells [24].

Chemical characteristics of BF and BS: The BF and BS
sugar contents were determined using phenol-sulfuric acid
method, for which glucose was used as a standard [25] and the
total protein content was determined using the Lowry method
with bovine serum albumin (BSA) as standard [26]. The func-
tional moieties within the molecules were identified using an
FTIR analyzer. The samples were mixed with KBr, ground,
fused into thin pellets and fixed in a sample holder in Shimadzu
IRSpirit instrument used for the FTIR analysis in the range of
4000-400 cm™.

Removal of azo dyes from textile effluent using lab-scale
bioreactor: Bacterial treatment of textile wastewater was carried
out using an aerobic bioreactor. The sample was collected from
dying units in the Erode district, India and contained approxi-
mately 100 mg/L RR and RB. The treatment setup consisted
of a reactor, reservoir, settling, filtration and collection tanks.
The bioreactor setup was designed to remove the azo dyes RR
and RB from contaminated wastewater following the waste-
water treatment system proposed by Seenivasagan et al. [27].
All tanks were made up of tarson and have 10 L capacities. A
total of 10 L of textile effluent containing 100 mg/L of dyes
was placed in a reactor tank, subsequently, 1% glucose as a
carbon source and 1 OD of inoculums were added. A mechan-
ical stirrer was incorporated into the bioreactor setup to ensure
that the microorganisms received nutrients uniformly. Every
12 h, 10 mL of the sample was collected from the reactor tank
and centrifuged at 4000 rpm for 20 min and the dye removal
efficiencies were analyzed using a UV-vis spectrophotometer
at 515 and 600 nm. The pellet formed after centrifugation (4000
rpm for 20 min) was resuspended in 10 mL of distilled water
and the absorbance at 600 nm was used to measure the bacterial
cell growth.

Degradation analysis of RR and RB azo dyes: The deco-
lourized broth was used to separate the metabolites using the
solvent extraction method [28]. An equal volume of ethyl acetate
was added to the decolourized broth to extract the metabolites.
Anhydrous sodium sulfate was used to dehydrate the extracted
metabolites and a rotary evaporator was used for drying. The
FTIR analysis (Shimadzu IR Spirit) was also carried out. The
degraded metabolites were identified using Shimadzu QP2020
gas chromatography coupled with mass spectroscopy.

Application of BF and BS on dye removal: Erylenmeyer
flasks were used to study the BF and BS dye removal potentials.
Approximately 100 mg/L solutions of RR and RB aqueous dye
solutions were added, along with 200 ppm and 400 ppm BF
and BS, respectively. The flasks were kept at an orbital shaker
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at 200 rpm for 3 min and then the speed was reduced to 40 rpm
for 5 min. Then, the flasks were left at room temperature for
10 min for sedimentation. Samples were collected every 10 min
for 1 h. The absorbance was measured at 515 nm and 600 nm
for RR and RB dyes, respectively, using a UV-vis spectrophoto-
meter. The dye removal (%) was calculated using eqn. 3:

Abs Ab

Decolorization =

initial

Abs.

initial

Sfmal X 100 (3)

Phytotoxicity assay of treated textile effluent on seed
germination of green gram: The phytotoxicity of RR, RB
and their degradated products was evaluated using a seed germi-
nation assay. The dye samples and their treated metabolites
from the bioreactor were used for the study, including plain
water as a control and a green gram (Phaseolus aureus) was
evaluated at room temperature. The germination index (%),
root length and shoot length were measured after 7 days.

Statistical analysis: All tests were performed in tripli-
cates. The collected data from each set of experiments are expre-
ssed as the mean =+ standard deviation. The experimental data
were analyzed using Origin software (Version 9.5).

RESULTS AND DISCUSSION

Isolation and screening of azo dye degrading bacteria:
Isolated bacterial strains were identified using Bergey’s Manual
of Determinative Bacteriology [29]. A total of 138 bacterial strains
were isolated and identified based on their culture morphology,
staining techniques, motility and various biochemical assays.
The generic distribution of the isolates was recorded as 45% of
Bacillus spp., 18% of Listeria spp., 14% of Enterobacteriaceae,
12% of Micrococcus spp., 8% of Pseudomonas spp., 2% of
Vibrio spp. and 1% of Aeromonas spp.

All bacterial strains were subjected to primary screening
to observe visible decolourization of the dyes. Among the strains,
69 showed degradation of RR dye and 56 showed degradation
of RB. The remaining bacterial strains showed no efficiency
in RR and RB degradation. Isolates that decolourized both the
azo dyes were retained for secondary screening. Among the
different isolates, the strain TDS50 (Fig. 1) showed the highest
decolourization potential. The results showed that 97% degra-
dation of RR and 96% degradation of of RB at 100 mg/L concen-
tration within 24 h under static conditions. However, the enzy-
matic degradation seemed to be the main mechanism for the
test dye decolourization [30]. The potential dye degrader TDS50
was identified as Bacillus sp. and demonstrated that azo dyes
bound to the cell wall of dye-decolourizing isolates were visible
after centrifugation, as the bacterial pellets were red or blue.

Optimization of the parameters on decolourization of
RR and RB azo dyes: Optimizing various culture conditions
for the selected microorganisms can improve the decolouri-
zation process. The effects of various carbon sources on the
decolourization of RR and RB dyes were studied and the results
are shown in Fig. 2a. Among the carbon sources, glucose yields
decolourization of approximately 96% of RR and 95% of RB.
Sucrose showed a degradation yield of around 83% for RR and
75% for RB, while starch yielded 74% of RR and 62% of RB.
Different carbon sources may have varying properties during

1001

Decolorization (%)

TDS2 TDS4 TDS9 TDS22 TDS26 TDS32 TDS38 TDS50
Bacterial isolates
Fig. 1. Screening of dye-degrading bacteria

the decolourization process. During their regular growth cycle,
bacteria use glucose as a carbon source, providing the biomass
required for biodegradation [31]. For example, when xylose is
present, only 25% decolourization of RR takes place, whereas
sucrose can achieve 80% decolourization [32].

Temperature and initial pH of the medium are known to
have a significant impact on biological decolourization [33].
Temperature plays a crucial role in microbial vitality and func-
tion and influences biochemical changes within microbial cells
[34]. The decolourization efficiencies of RR and RB dyes at
temperatures ranging from 25 °C to 45 °C were studied. Maxi-
mum decolourization of 96% and 97% was recorded in an aqu-
eous medium containing RR and RB, respectively, at 35 °C.
At25°C,30°C, 40°C and 45 °C, 57%, 64%, 64% and 43% of
decolourization was recorded for RR and 65%, 76%, 77% and
52%, respectively were recorded for RB (Fig. 2b). The overall
activity of many enzyme-mediated processes leads to the deve-
lopment of microbes at various temperatures. Therefore, there
is a strong correlation between the rate of microbial growth,
enzyme activity and temperature [35]. Generally, higher temp-
eratures lead to more development and activity, but extremely
high or low temperatures cause these effects to decline abruptly
and rapidly. This experiment revealed the same pattern: bacterial
strains exhibited improved decolourization at 25 °C and 40 °C
and were suppressed at 45 °C. A comparable results were found
with methyl red; the decolourization was completely stopped
at 45 °C and is effective between 27 °C and 37 °C [36].

Changes in the pH of the growth medium lead to changes
in bacterial activity, growth rate and decolourization efficiency.
Atan appropriate pH range, bacteria become active. The optimal
pH for growth is the same for dye decolourizing activity, as it
is a primary metabolic process. The effect of pH in the range
5-9 on the decolourization of RR and RB dyes was studied
(Fig. 2¢). The maximum decolourization of 96% and 95% of
RR and RB respectively was observed at pH 7. A relatively
neutral pH usually promotes the azo dye bio-decolourization
[30]. A progressive increase in decolourization was obtained
from pH 6 to 7, followed by a decline up to pH 9. At pH 5, 6, 8
and 9, the decolourization percentages of RR were 47%, 55%,
73% and 54%, respectively. The decolourization of RB in the
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medium at pH 5, 6, 8 and 9 was 62%, 63%, 76% and 58%,
respectively. A higher pH level may result in a decrease in enzy-
matic and biological activity, which inhibits decolourization [37].

RR and RB dyes were decolourized at different concentra-
tions (50-300 mg/L) and as the dye concentration increased,
the ability of isolate TDS50 to decolourize RR and RB dyes
decreased (Fig. 2d). A complete decolourization was obtained
at 50 mg/L RR and RB after 24 h of incubation. The highest
decolourization, 97% of RR and 98% of RB dye was obtained
at 100 mg/L. At 300 mg/L, the isolate dye decolourization
potential dropped significantly, reaching 39% of RR and 36%
of RB. The efficiency of decolourization may be reduced at
higher dye concentrations because of its potential to inhibit
bacterial growth and metabolic activity [37]. The size of the
inoculum was also crucial; in this case, different concentrations
between 0.5 and 1.5% were tested and 1% of the inoculum was

Date: 27 Aug 2024
Time: 143539

EHT= 10004V SignalA s SE1
WO = 0.87 mem Mag= S3SKX

EMT= 10008V

5 m
— WO 540 mm

Signal A= SET
Mag= 493KX

used to achieve the maximum decolourization. As shown in
Fig. 2e, the decolourization efficiency of dyes was approxi-
mately 96% for RR and 97% for RB.

Effect of RR and RB azo dyes on bacterial cell morp-
hology: SEM analysis of the bacterial strain TDS50 grown in
LB broth (with and without RR and RB dye) during the degra-
dation process is presented in Fig. 3. The bacterial cells grown
in LB broth without the dye (control) had a smooth surface
and were large and rod-shaped (Fig. 3a). In contrast, the bacterial
cells grown in LB broth containing RR and RB dyes had a
surface that was smaller, rougher, wrinkled and coagulated
(Figs. 3b and c). Stress circumstances and dye deposited on
the bacterial cell surface may have caused changes in the cell
morphology of the bacterial cell surface [38].

Screening of BF and BS-producing bacteria: Eight
potential dye degraders were screened for use in BF production.

= ENT = 1000 4V
WO = 9.68 mm

Date: 27 Aug 2024
Time: 1306:16

Sigral A= SET
Mags S41KX

Date: 27 Aug 2024
Time: 141154

Fig. 3. SEM analysis of bacterium TDS50 grown in LB broth containing azo dyes. Bacterium grown in LB broth without dye (a), Bacterium
grown in LB broth with RR (b) and Bacterium grown in LB broth with RB (c)
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Four isolates from this sample showed mucoid, ropy and glist-
ening colonies. Flocculating activity was also examined. Com-
pared to other strains, the potential dye degrader TDS50 showed
higher flocculating activity of 75.26% in this instance (Fig.
4a), therefore, it was further investigated. The strain TDS50
culture supernatant showed a 3-hemolytic pattern, it results in
complete lysis of red blood cells. The bacterial strains ability
to produce BS was associated with the hemolytic zones. Blood
agar hemolysis is a major screening technique because of the
connection between hemolytic activity and BS production [39].

Properties of BS produced by TDS50

Surface activity of BS: The surface activity of the surfac-
tant containing solution at the oil-water interface was measured
using the oil-spreading technique [22]. The strain TDS50 prod-
uced a BS, resulting in a clear zone 33 mm in diameter in the
liquid medium, confirming the presence of BS in the cell-free
culture broth. The cell-free supernatant containing BS was tested
for its ability to emulsify two immiscible liquids into a single,
transparent emulsified layer by E»4 [40]. The cell-free super-
natant of strain TDS50 is emulsified with fresh engine oil, used
engine oil, kerosene, diesel and petrol. The diesel oil, fresh
engine oil and used engine oil were effectively emulsified by
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the strain TDS50 (Fig. 4b). In contrast, they failed to emulsify
kerosene and petrol, which may be due to the lower molecular
weights of these compounds [41]. The highest E,; value for
the strain TDS50 was 77% for used engine oil.

Stability nature of BS: The stability of BS under harsh
operating and environmental conditions, such as temperature
and pH, determines their use in a variety of applications. Accor-
ding to the E,4 values derived from the stability studies of the
BS, which are shown in Fig. 4c, they maintained their activity
throughout the temperature range under study (20-60 °C), with
somewhat greater activity of 76.6% emulsification activity at
50 °C. The BS application can be affected by its stability over
a range of pH values. The BS activity was assessed in a pH
ranges of 2-10. At pH 8, the maximum emulsification activity
of 62.5% was attained (Fig. 4d).

Physio-chemical properties of BF and BS

Dosage concentration of BF and BS: Excessive and inad-
equate dosages may result in the inhibition or a decrease in
flocculation. The BF dosage and flocculating activity were
studied and the results are shown in Fig. 5a. A dosage of 0.2%
showed the highest flocculating activity of 69% compared to
other concentrations. The dosage concentration of BS was
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studied by measuring the E,, values. In this case, a dosage of
0.4 mg/mL showed the highest E»,index values at 72% (Fig.
5b).

Ionic characteristics of BF and BS: The ionic charges
of BS and BF were determined using the agar double diffusion
method. In this method, it showed a precipitation line between
BS and the cationic compound barium chloride, indicating that
BS is anionic. In contrast, precipitation lines were formed betw-
een the anionic compounds SDS and BF. The results observed
in this study indicate the non-ionic nature of BF.

Chemical components in the purified BF and BS: The
carbohydrate content in the BF and BS was estimated using the
phenol-sulfuric acid method. The BF and BS contained 15%
and 82% carbohydrates, respectively. The total protein content
in the BF and BS was estimated using the Lowry method. The
BF and BS had 27% and 70% protein contents, respectively.
Compared to BF, BS had the highest amounts of carbohydrates
and proteins.

FTIR analysis of purified BF and BS: BF showed a peak
at 3410.29 cm™, which represents the -OH group. The =CH
stretching of the peaks was observed between 2906.77 cm™

(a)

Transmittance (%)

3410.29
1099.43
L LI L] T T Ll
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm')

and 2856.23 cm™ [42]. The peak at 2395.48 cm™ have been
attributed to the amine group or CO, adsorption [43]. The peak
at 1691.72 cm™ and 1636.64 cm™ corresponds to the protein-
specific C=0 stretching and N-H bending [44]. The peak at
1542.68 cm™ represents the stretching of NO, and 1099.43
cm’ corresponds to the -COO group of carboxylate ions in BF,
which is stretched asymmetrically by C=0. The peaks at 685.33
cm™ and 592.02 cm™ represent the C=C bending and C-ClI
stretching, respectively. The presence of these functional groups
enhances the bioflocculant activity (Fig. 6a) [45].

BS showed peaks at 2930.68 cm™ and 2860.68 cm™, repre-
senting the -CH,- stretching and -CHj stretching of the acyl
chain [22]. The peaks at positions 1653.10, 1239.74 and 1049.01
cm™ correspond to the stretching of C=0, C-O and C-N and a
distinct peak at 1532.60 cm™ represents an N-H band [46].
The band observed at peak 1453.60 cm™ corresponds to the
aliphatic chain of the C-H group. Since all the functional groups
are present, it is evident that the BS is a polypeptide (Fig. 6b).

Bioreactor study on azo dye degradation: Optimized
levels of glucose and inoculum concentrations were incorpo-
rated into the bioreactor. The decolourization efficiency of dyes
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3000

1532.60
1500

2500 2000 1000 500

Wavenumber (cm')

4000 3500

Fig. 6. FTIR analysis of BF (a) and BS (b)
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RR and RB and the growth of the bacteria were studied for 10
days. The decolourization efficiency of the strain TDS50 was
achieved as 98.30% for RR and 98.02% for RB. In the bioreac-
tor approach, a control without inoculum was also maintained
for the dyes RR and RB and their decolourization efficiency
and cell growth were calculated for 10 days for the comparative
study. The decolourization of the control was 39.32% for RR
and 26.05% for RB. Figs. 7a and 7b show the RR decolouri-
zation removal rate and cell growth, respectively. The decolou-
rization percentage rate of RB dye and their cell growth are
shown in Figs. 7c and 7d.

FTIR charecterization of treated and untreated water:
The FTIR spectra of the treated and untreated RR and RB dyes
are shown in Fig. 8. The large, intense peak at 3475.09 cm™
for theuntreated RR dye represents the -NH group. Other signi-
ficant peaks include 2894.76 cm™ for -CH, stretching, 2355.51
cm™ for CO; stretching, 1634.34 cm™ for -N=N- stretching
of azo bonds and 1486.32 cm™ for CH deformation. The peaks
at 1137.47 cm™ for the -C—OH stretching of the secondary
alcohol, 1031.19 cm™ for the -S=0 stretching of sulfonic acid
and 621.04 cm™ for the C-Cl stretching vibration (Fig. 8a).
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Fig. 7. Bioreactor treatment of RR (a&b) and RB (c&d) for decolorization removal rate and cell growth

OD at 600 nm

The treated dyes show peaks at 3268.02 cm™ for O-H stret-
ching of alcohol, 2351.27 cm™ stretching of carbon dioxide
and 1643.37 cm™ for C=0 stretching and 1545.12 cm™ repre-
sents the -N-O stretching of the nitro compound. The peaks at
1389.62, 1044.78 and 514.51 cm™ correspond to the C-H
deformation, C-F stretching and C-I stretching, respectively.
The bacterial breakdown of the azo bond breakage is indicated
by the disappearance of the peak at 1634.34 cm™ (Fig. 8b).

The FTIR spectrum of untreated the RB dye showed an
absorption peak at 3487.82 cm™ corresponding to the -NH azo
bond group [38] (Fig. 8c). The peaks at 3305.60 cm™ indicate
the presence of the -OH group and at 2885.20 cm™ represent
the -CH, stretching of the alkane group. The peak at 2350.20
cm™' shows a strong O=C=0 stretching of carbon dioxide,
1667.30 cm™ for C=N stretching, 1471.13 cm™ and 1137.07
cm' peaks represent C-H and -SO, bending [47,48]. The peaks
ranging from 699 to 900 cm™' represent C-H stretching peaks.
In contrast, the treated RB showed different peaks compared
to the untreated dye. The -OH and -NH peaks were shifted to
3294.93 cm™ and 2952.66 cm™'. The strong O=C=0 stretching
of carbon dioxide occurred in the peak position 2350.20 cm™.
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Fig. 8. FT-IR spectrum of untreated RR (a), treated RB dye (b), untreated RB (c) and treated RB (d) by an isolated bacterium

The peak at 1667.30 cm™ indicates the presence of C=N. The
new peaks at 1528.59, 1389.05 and 1227.35 cm™ indicate the
N-O, S=0 and C-N stretching, respectively. The peaks at
1064.84 cm™ for C-O stretching of the primary alcohol and
673.32 cm™ for C-1 stretching. In treated samples, the azo bond
cleavage is indicated by the disappearance of peak at 3487.82
cm™. In this study, it is evident that certain peaks have disappe-
ared entirely, some were changed and some new peaks emerged
when compared to the untreated dye, indicating that the isolated
bacterium degraded the RB azo dye, as shown in Fig. 8d.
GC-MS characterization of treated and untreated
water: The GC-MS analysis was used to analyze the degraded
metabolites formed from the bacterial-treated azo dyes. The
compounds in the treated RR and RB samples are listed in
Tables 1 and 2, respectively. The major peaks observed in the
RR samples were 13.594, 17.530, 18.278, 20.427, 22.483,
23.823, 25.927 and 27.815, indicating the presence of hycan-
thone, dithiocarbamate, S-methyl-, N-(2-methyl-3-oxobutyl),
methoxyacetic acid, 3-tridecyl ester, O-decylhydroxylamine,
nitrobenzene, 1-iodo-2-methylundecane, triethylene glycol
monododecyl ether, bis(2-Ethylhexyl) phthalate respectively
(Fig. 9a). The peaks observed after RB degradation are 13.589,
17.164, 17.753, 18.169, 18.96, 20.4 and 20.659, indicating

the presence of d-Mannose, 1-deoxy-d-mannitol, octacthylene
glycol monododecyl ether, d-glycero-d-galacto-heptose, hexa-
ethylene glycol monododecyl ether, nitrobenzene and bis(2-
ethylhexyl) phthalate respectively (Fig. 9b).

It is often recognized that dyes can have allergic, geno-
toxic, cytotoxic, carcinogenic and mutagenic effects in plants,
fish, bacteria, mollusks and animals [28,49]. The decrease in
dissolved oxygen content and the diminished ability of sunlight
to penetrate seriously affect aquatic life [50,51]. Phthalates,
such as bis(2-ethylhexyl) phthalate, were present in both treated
dye samples, which are used in the textile manufacturing pro-
cess printing stage as printing inks and adhesive additives.
The presence of several aromatic compounds indicated the
breakdown of the azo dye into simpler products.

Application of BF and BS on azo dye removal: The BF
and BS on dye removal efficiencies were studied for the RR
and RB dyes. In this, the 0.2 mg/mL of BF decolourized RR
up to 97.74% and RB at a rate of 98.04% after 60 min, as shown
in Fig. 10a. BS in a 0.4 mg/mL range had decolourized RR up
t0 96.79% and RB at 97.28% after 60 min, as shown in Fig.
10b.

Phytotoxicity assay of treated textile effluent on seed
germination of green gram: Seed germination and plant
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TABLE-1
GC-MS SPECTRAL DATASHEET OF COMPOUNDS FORMED AFTER DEGRADATION OF REACTIVE RED (RR)
& Retentlf)n m.w. Name of the compound m.f. Compound structure
No. time (min)
1 13.594 356 Hycanthone CH,.N,0,S O O
S
OH
(0] S
Dithiocarbamat, S-methyl-, N-(2- )I\
2 17.530 191 e [ C,H3NOS, )H/\g e
(0]
3 18.278 272 Methoxyacetic acid, 3-tridecyl ester C,H3,04 0\)]\
- 0
NH,
4 20.427 173 O-Decylhydroxylamine C,,H,;;NO o
[
N+
5 22.483 123 Nitrobenzene CH,NO, o~ \©
6 23.823 296 1-Iodo-2-methylundecane C,H,sI /\/\/\/\)\/1
O O,
7 25.927 318 Triethylene glycol monododecyl ether C,sH;50, HO/\/ \/\O/\/ VNN
8 27.815 390 Bis(2-Ethylhexyl) phthalate C,,H;50,

so¥eN

growth bioassays are the most widely used methods for eval-
uating the phytotoxicity of toxicants [52]. The growth of the
roots and shoots of the green gram (Phaseolus aureus) was
calculated after 7 days. The results revealed that the treated
bacterial effluents from the bioreactor samples were non-toxic
to plant growth. Thus, phytotoxicity experiments showed that
the bacterial strain Bacillus sp. TDS50 has the potential to
decolourize RR and RB. The study also found that raw and
untreated textile dyes are toxic to plant growth. The results
are presented in Table-3.

Conclusion

The dye-degrading bacterium Bacillus sp. TDS50 was
isolated from the textile industry effluent. The strain TDS50
has the potential to decolourize the RR and RB dyes. The opti-

mum conditions for decolourization of azo dyes were found
to be glucose as a carbon source, pH 7 and temperature 35 °C
for both the azo dyes. This study also examined the synthesis
and extraction of bioflocculants (BF) and biosurfactants (BS)
and their application in the removal of RR and RB dyes. FTIR
analysis confirmed the presence of different functional groups
in the BF and BS. Both the azo dyes RR and RB were greatly
degraded by the selected bacterium TDSS50 in the bioreactor
under optimized conditions. The FTIR and GC-MS results also
indicated the promising ability of the bacterial species TDS50
to produce significant microbial degradation of the azo dyes
RR and RB. The phytotoxicity study showed that the break-
down products of RR and RB were non-toxic when compared
to the parent dye. The current investigation highlights the effect-
iveness of the adopted strains in bioremediation.
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TABLE-2

GC-MS SPECTRAL DATASHEET OF COMPOUNDS FORMED AFTER DEGRADATION OF REACTIVE BLUE (RB)

Retention

Moo (i (tin) m.w. Name of the compound m.f. Compound structure
OH OH
= 0]
1 13.589 180 d-Mannose C¢H,,04
(_E)H OH
2 17.164 166 1-Deoxy-d-mannitol C¢H,,05 .
(é)H OH
3 17.753 538 Octaethylene glycol monododecyl C.H-O /\/0\/\ /\/(\/\ /\/0\/\ /\/0\/\ ANAAANANA
o ether 2811589 HO [o] [0} o] o
OH OH
4 18.169 210 d-Glycero-d-galacto-heptose C,H,,0, o y
OH (E)H OH
Hexaethylene glycol O, 0, o) ANANANANAN
2 L2t = monododecyl ether CoHsoO; 1 VNNV AN NV NNy
I
N+
6 20.4 123 Nitrobenzene C,H,NO, o~
7 20.659 390 Bis(2-ethylhexyl) phthalate C,,H;50, o
0
o)
0
18.920.4

GCPs

GCPs

20.659
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min
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Fig. 9. GC-MS analysis of RR (a) and RB (b)
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TABLE-3
PHYTOTOXICITY OF TREATED AND UNTREATED RR AND RB ON Phaseolus aureus
Parameters Distilled water Untreated RR Treated RR Untreated RB Treated RB
Seed germination (%) 100 80 100 37.5 100
Shoot length (cm) 14.16 = 0.76 5.06 = 0.90 11091 5.26 = 0.64 12.6 £ 0.52
Root length (cm) 2.66 +0.41 1+043 2.53 £0.55 0.78 £0.27 2.3+£0.45
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