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Abstract: A recent study by the current authors found simultaneous decolourization and mineraliza-
tion of high concentrations of methyl orange (500 mg/L) in an anoxic up-flow reactor in denitrifying
conditions. To supplement this work, various batch reactor studies were carried out to study the
effect of (i) pH (4 to 9), (ii) salinity (1 g/L NaCl to 10 g/L NaCl), (iii) dye concentration (100 mg/L
to 1000 mg/L), (iv) biomass concentration (0.3 g/L to 0.21 g/L); on the process, and (iv) kinetics
of decolourization in denitrifying conditions. The adapted mixed microbial consortium, originally
sourced from the activated sludge process, was capable to simultaneously remove colour, COD,
and NO3− -N under denitrifying conditions, even at high methyl orange (MO) concentrations of
1000 mg/L at 84 h. Although the decolourization was possible for wide ranges of pH, better perfor-
mance was obtained at alkaline pH levels. The decolourization performance increased when biomass
concentration increased and was not affected by salinity up to 10 g/L NaCl. This may have been
due to enhanced lyses of biomass at high salt concentrations. Batch kinetic studies showed that the
MO decolourization followed first-order kinetics, with a rate constant of 0.0612 h−1. Results of this
study may help in the future application of textile effluent treatments, using a high biomass retention
reactor in denitrifying conditions with minimum sludge disposal costs.

Keywords: decolourization; mineralization; anoxic conditions; azo bond; lysis of biomass

1. Introduction

Nearly 800,000 tons of dyes are manufactured every year all over the world, out of
which almost 120,000 tons (15%) of dyes are lost in the effluent during manufacturing
processes [1]. Around 60 to 70% of all the dyestuff used in industrial applications are
azo dyes [2,3]. More than 3000 different varieties of azo dyes are being used as they are
more cost-effective, stable, and available in a wide variety of intense colours compared
with natural dyes [2]. However, the azo dyes discharged into the environment pose
severe threats, such as toxicity to aquatic life, reduction in photosynthesis because of
the colouration of receiving waters, aesthetic concerns in water bodies, and not being
easily degradable, with biotransformation products that are recalcitrant and mutagenic to
humans [3]. Therefore, the treatment of industrial effluents containing azo dyes is necessary
before their discharge into the environment.

Several physicochemical methods such as coagulation [4], flocculation [5], adsorp-
tion [6], filtration [7], ozonation [8], the Fenton reaction [9], electrochemical oxidation [10],
etc., have been employed to treat effluents containing azo dyes. However, physicochemical
methods have a few drawbacks, including: (i) Costs due to the heavy requirement of
chemicals and energy; (ii) Less effectiveness in completely removing recalcitrant azo dyes;
(iii) Generating a large amount of sludge, which leads to secondary pollution; (iv) Difficulty
in managing the facility [11,12]. On the other hand, microbial or enzymatic degradation
overcomes all these drawbacks and requires less water consumption compared with other
methods [13]. The decolourization of azo dyes can occur under anaerobic and aerobic
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conditions, mediated by different bacterial species [14]. Azo dyes are not easily degraded
under aerobic conditions, owing to the difficulty in oxygenolithic attack on the aromatic
ring or the azo group, due to the strong electron-withdrawing character of the azo group.
Under anaerobic conditions, the microbial degradation of azo dyes involves the reductive
cleavage of the azo bond (–N=N–) with the help of azoreductase enzymes, but leads to
the accumulation of potentially hazardous aromatic amines [15]. These secondary metabo-
lites should be removed by employing the aerobic stage or advanced oxidation process.
Hence, both reductive (anaerobic) and oxidative (aerobic) steps are required for the effective
degradation of azo dyes. Recently, these drawbacks were overcome by employing a mixed
microbial culture under microaerophilic conditions for complete mineralization [16]. Along
with colour, textile industry effluents are characterized by suspended solids, chemical
oxygen demand (COD), a variety of solvents, cellulose fibers, surfactants, acids, bases,
salts, dispersants, and detergents [17]. The shock load rates of these elements in influent
wastewaters could inhibit a few strains of microbes. Thus, employing a mixed microbial
culture is beneficial as synergy between bacterial communities provides a safe environment,
with different bacterial species attacking different dye components and using the secondary
metabolites produced by other species for complete mineralization [18].

For effective microbial growth and cleavage of azo bonds, organic carbon needs to be
supplied [19]. In the aerobic process, oxygen acts as the terminal electron acceptor in azo
dye degradation. Similarly, the presence of alternative terminal electron acceptors such
as nitrite, nitrate, sulfate, metal-oxides, etc., enhances anaerobic azo dye degradation [20].
Thus, in this study, sucrose was used as the source of organic carbon, and NO3− -N was
chosen as a terminal electron acceptor. Generally, 30 to 90 g/L of NaNO3 is added to
dye baths to enhance dye fixation, thus small amounts of NO3− exists as a pollutant in
textile wastewaters as the dye is not completely exhausted [21]. Though the biodegradation
process may work in the absence of organic carbon and NO3− -N, as microbes could utilize
azo dyes as its sole carbon source [22], a mixed bacterial culture that could effectively
decolourize dye, along with simultaneous removal of COD and NO3− -N is needed for the
treatment of real textile effluents. This is because organic carbon and NO3− -N are generally
present in textile effluents and are considered pollutants.

The present study aims to investigate the decolourization of methyl orange (MO), a
sulfonated azo dye, under anoxic denitrifying conditions utilizing sucrose as an electron
donor and nitrate as terminal electron acceptor through various batch studies. From a
review of the literature, we did not find any reports on MO decolourization under anoxic
denitrifying conditions using mixed microbial culture, except for the very recent work by
the current authors [18]. The nutrient requirements of the decolourizing biomass were met
through the lyses of obligate aerobic biomass present in the activated sludge, and such an
approach has not been reported before. Therefore, this study supplements our previous
work through several assessments: (i) MO decolourization in the presence of nitrate by
simple SBR operation using activated sludge as the seed biomass, which is usually abun-
dantly available; (ii) Effect of dye concentration, pH, salinity, and biomass concentration on
the process, using the adapted biomass from the SBR; (iii) Kinetics of decolourization in
denitrifying conditions. Simultaneous decolourization and denitrification were achieved in
all the batch reactor studies, indicating that the process had potential for future applications
for azo dye removal from real wastewaters using appropriate bioreactors.

2. Materials and Methods
2.1. Dye, Chemicals, and Nutrient Media

Methyl orange dye (C14H14N3NaO3S) was procured from Thomas Baker Chemicals
Pvt. Ltd., Mumbai, India. Other chemicals used for analysis, nutrient media, and trace
element preparations were obtained from SRL chemicals Pvt Ltd., Mumbai, India. All
the chemicals used in this study were of analytical grade and no further purification was
required. The MO stock solution of 1000 mg/L was prepared by adding 1000 mg of MO to
1 L of deionized water and stored at 4 ◦C in the refrigerator until further use. During SBR
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operations and other batch reactor studies, the requisite concentration of MO in nutrient
media was made by diluting the MO stock solution.

The nutrient media composition used was the same as reported by Swathi et al. [18],
except that the COD/NO3− -N ratio was kept around 48 (optimized value) to enable denitri-
fying conditions for effective MO decolourization, based on the experience of our previous
work. As some degree of lysis of seed or adapted biomass and corresponding release of
N and P is expected during the anoxic conditions in batch experiments, there were no
additional sources of N and P added to the nutrient media. This also triggers microbes
to work in nutrient-stressed conditions, which may be helpful for decolourization and
mineralization of MO, as found in our previous work.

2.2. Seed Sludge

Seed sludge was procured from the extended aeration process of a wastewater treat-
ment plant employed to treat domestic sewage. When collected, seed sludge was brown
and showed good settling behaviour with a sludge volume index (SVI) of 145 mL/g and
pH of 7.48. The mixed liquor suspended solids (MLSS) was 3.12 g/L and the mixed liquor
volatile suspended solids (MLVSS) was 1.25 g/L.

2.3. Enrichment of Biomass in SBR

Initially, the seed sludge was acclimated by culturing in anoxic denitrifying conditions
in nutrient media in the presence of 500 mg/L MO. A 10 L plastic cargo was used as the SBR
and 4 L of seed sludge with an MLSS of around 12 g was added to it at start-up. After filling
the cargo with 6 L of nutrient media, nitrogen purging (5 min) was carried out to expel
any dissolved oxygen present in the bulk liquid. Subsequently, a rubber cork with a glass
pipe inserted to aid gas escape was used to seal the reactor. The gas escape pipe was fitted
with a PVC tube and the other end was immersed in a water seal of 50 mm to maintain
the anoxic conditions of the reactor. The SBR was manually mixed at regular intervals and
operated in static condition, at an ambient liquid temperature of 30 ± 2 ◦C in sequencing
batch mode for 120 days. Cycle time was varied between 3 and 2 d. The time for feeding,
settling, and decanting was negligible compared with the reaction time. The operational
parameters of the reactor are given in Table 1. Nitrogen purged and dye-containing fresh
nutrient media was added after every cycle and, at particular intervals, the analysis of
effluent for pH, NO3− -N, colour, and COD were carried out to assess the performance. The
adapted biomass from this enrichment reactor was used for other batch studies, described
in Section 2.4.

Table 1. Operational parameters of enrichment of biomass in SBR.

Phase Day of
Operation

No. of
Cycles

MO
(mg/L)

COD
(mg/L)

NO3-N *
(mg/L)

Cycle
Time (d)

I 1–90 1–30 500 3550 ± 280 73 ± 2 3

II 91–120 31–45 500 3550 ± 280 73 ± 2 2
* COD/NO3− -N ratio was kept around 48 (optimized value) by Swathi et al. [18].

2.4. Batch Studies
2.4.1. Effect of Dye Concentration

High concentrations of dye can lead to failure in biological treatment. Therefore, the
effect of varying concentrations of MO (100, 250, 500, and 1000 mg/L) was studied, in
serum bottles of 150 mL capacity, under anoxic denitrifying conditions at an ambient liquid
temperature 30 ± 2 ◦C. The MLSS in each serum bottle was around 1 g/L. Influent COD
varied as the initial MO concentrations increased, and the respective COD values were
3070 ± 160, 3358 ± 192, 3550 ± 280, and 3934 ± 280 mg/L. Anoxicity was ensured by filling
the serum bottles with nitrogen-purged (for 5 min) dye-containing nutrient media to the
brim and sealing immediately with rubber septa and aluminium crimp caps. The reactors
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were incubated on an orbital shaker (Orbitek, Scigenics Biotech, India) at 110 ± 2 rpm for
12 h. The samples after reaction time were withdrawn and analysed for pH, colour, COD,
and NO3− -N.

Another set of reactors were operated in a similar way, except that sucrose was not
added and MO concentrations were added from 100 to 500 mg/L at intervals of 100 mg/L.
This was done to determine the effect of the external addition of organic carbon on the
process. Upon visual observation, the colour was not removed after 12 h. Hence, these
reactors were operated for an extended time of 72 h.

2.4.2. Effect of pH

The effect of pH on decolourization in denitrifying conditions was studied using
serum bottles of 150 mL capacity. The MLSS in each serum bottle was around 1 g/L and
dye concentration was 500 mg/L. Nitrogen-purged nutrient media with pH adjusted to
4, 5, 6, 7, 8, and 9 using 0.1 N HCl/0.1 N NaOH was added to the corresponding serum
bottles. Nutrient media was used to fill up serum bottles to the brim, and then they were
sealed firmly with rubber septa and aluminium crimp caps. The serum bottles were stirred
using an orbital shaker at 110 ± 2 rpm, at an ambient liquid temperature of 30 ± 2 ◦C. The
reactors were operated for a cycle time of 96 h. The withdrawn samples were analysed for
pH, colour, NO3− -N, and COD.

2.4.3. Effect of Biomass Concentration

The effect of biomass concentration (MLSS) on MO decolourization was studied in
150 mL serum bottles at 500 mg/L of dye concentration. Each serum bottle was added
with varying concentrations of MLSS (in g/L) as 0.03, 0.06, 0.09, 0.12, 0.15, 0.18, and 0.21.
Reactor operation was similar to as mentioned before. After 96 h, pH, NO3− -N, colour, and
COD were measured.

2.4.4. Effect of Salinity

The effect of salinity on MO decolourization was studied using NaCl in the concen-
tration range of 1 to 10 g/L, with increasing increments of 1 g/L. For this study, serum
bottles of 150 mL capacity were filled with 30 mL of enriched sludge (MLSS of 15.26 g/L),
nutrient media with 500 mg/L of MO concentration, and respective concentrations of NaCl.
The serum bottles were operated on an orbital shaker at 110 ± 2 rpm and the reaction was
continued until 96 h, at an ambient liquid temperature of 30 ± 2 ◦C. The initial and final
pH, NO3− -N, colour, COD, MLSS, and MLVSS were measured.

2.4.5. Kinetic Studies

Batch kinetics studies were conducted to determine the order of reaction, using serum
bottles of 150 mL capacity for a period of 84 h. For this, serum bottles were prepared by
adding enriched sludge and nitrogen-purged nutrient media with an MO concentration
of 500 mg/L. The method was similar to that of previous sections. At every 12 h interval,
serum bottles were removed from the shaker, and analysis was performed for pH, COD,
NO3− -N, and colour. The order and rate coefficients were graphically determined using
integrated rate laws [23]. The differential rate law for a zero-order reaction is:

Rate = k[S]0 = k (1)

The integrated rate law is:
[S] = −kt + [S]0 (2)

where
[S]0 is the initial substrate concentration,
[S] is the concentration at time ‘t’, and
k is the rate constant.
The plot of [S] versus t is a straight line with slope of −k and intercept of [S]0.
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The differential rate law for a first-order reaction is:

Rate = −d[S]/dt = k[S] (3)

The integrated rate law is:

ln[S] = −kt + ln[S]0 (4)

The plot of ln[S] versus t is a straight line with slope of −k and intercept of ln[S]0.
The differential rate law for a second-order reaction is:

Rate = k[A]2 (5)

The integrated rate law is:
1/[S] = kt + 1/[S]0 (6)

The plot of 1/[S] versus t is a straight line with slope of k and intercept of 1/[S]0.

2.4.6. Evaluation of Biomass Growth

Biomass growth was evaluated using 150 mL serum bottles for a period of 72 h. For
this, 30 mL of enriched sludge, each with an initial MLSS of 11.9 g/L, was added to nutrient
media containing 500 mg/L of MO in every bottle. At every 12 h interval, the samples were
analysed for pH, COD, colour, NO3− -N, MLSS, and MLVSS.

2.5. Analytical Techniques

Before analysis of colour and NO3− -N, each sample was centrifuged (REMI R-24,
India) at 5000 rpm for 10 min and the clear supernatant was used. The colour was mea-
sured using a UV-spectrophotometer (Thermo Scientific, Evolution 300 UV VIS, Mumbai,
India) at an absorbance wavelength of 460 nm. All the physico-chemical analyses were
carried out according to standard methods for the examination of water and wastewa-
ter [24]. NO3− -N was measured using an ultraviolet spectrophotometric screening method
(4500-NO3− B; APHA). COD was analyzed by a closed reflux method in a COD digester
(WTW CR 3200, WTW, Weilheim, Germany). pH was measured using a pH meter (Systron-
ics, pH system 361). ORP was measured with a calibrated double junction Pt ORP electrode
(WTW inoLab pH-720). MLSS and MLVSS were measured by gravimetric analysis. All the
batch experiments were performed in triplicate and the average results of the assays, with
error bars, are reported throughout the entire study.

3. Results and Discussion
3.1. Enrichment of Biomass in SBR

During phase I, the SBR was operated at a cycle time of 3 d. Effective colour and
NO3− -N removal was attained during the initial few days of operation. However, the
COD removal was not effective, which may have been due to the lysis of unacclimated
microbes. There was also a drop in the pH to 5.6, when the initial pH of nutrient media
was 7.48. This may have been due to the fermentation of lysed biomass and sucrose in
anoxic conditions [25]. By the end of phase I, at steady state, 99% of colour and almost
100% of NO3− -N removal was achieved. COD removal was only 50%, even after enriching
for 90 days. This may have been due to the dye being utilized as the primary carbon source
by microbes upon adaptation [26], and subsequent generation of intermediate aromatic
amines proportional to increased dye degradation, which are inhibitive to microbial species.
This may have triggered the death and ultimate lysis of non-adapted microbes. Similar
inhibition was reported by Al-Amrani et al. [27] due to the accumulation of sulfanilic acid
and amino naphthol during the bio-decolourization of dye AO7.

In phase II of the operation, the cycle time was decreased to 2 d. Even after decreasing
the cycle time, almost complete decolourization and NO3− -N removal occurred. This
indicated the presence of enriched microbes and the development of required enzymes for
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decolourization. Approximately 100% removal of colour and NO3− -N, and 60% removal of
COD were achieved in phase II. The ORP values in the entire operation were in the range of
−190 to −310 mV, which confirmed that the process was carried out in anoxic conditions.
The results specify that MO decolourization in the presence of NO3− -N and COD is possible.
Hence, the enriched biomass from SBR was used for carrying out batch studies to know
the effect of pH, salinity, dye, and biomass concentrations on the decolourization of azo
dye MO in denitrifying conditions, which had not been studied in our previous work [18].
However, the monitoring of the intermediates of dye degradation and microbes involved in
the degradation/mineralization process under denitrifying conditions were not performed
in this study due to the lack of facilities in the current laboratory; it is suggested as a
future direction of research. In addition, any new pathways of dye decolourization and
mineralization in denitrifying conditions should be explored in future research. However,
the general mechanism of dye degradation by microbes was established in previous studies.
Dye components are usually adsorbed to microbial membranes. Simultaneously, the
decolourization of dyes in anoxic conditions is driven by various types of enzyme secretion
in microorganisms. Reducing equivalents and redox-active coenzyme intermediates act as
electron donors in azo dye degradation. For example, as a reducing agent in the anaerobic
process, the azo-reductase enzyme transfers electrons to the chromophore group in azo
dye (-N=N-), cleaving it [28]. Redox-active coenzymes, such as FADH/NADH, are used by
membrane-bound enzymes as an electron shuttle throughout the anaerobic process. Later,
two electrons are delivered to the azo dye molecules, where they serve as electron acceptors
and produce a colourless solution of hazardous aromatic amines. Later, these amines may
mineralize via aerobic or occasionally microaerophilic mechanisms [29].

3.2. Effect of Dye Concentration

Figure 1 shows the percentage removal of colour, NO3− -N, and COD at different
influent dye concentrations. Results indicated a decrease in decolourization efficiency
with an increase in initial dye concentration. In the reactor with 100 mg/L of MO, 99%
of colour was removed within 12 h. In the other reactors with higher MO concentrations,
the decolourization rate was comparatively less. Higher concentrations of azo dyes were
reported to be toxic to microbial cells. Hence, it is apparent from the results that higher
dye concentrations may cause some inhibition to the biomass through various methods,
such as retardation of microbial growth by direct attack on enzymatic systems; blockage of
enzymatic sites by adsorption of dye components on microbial cells, affecting the metabolic
pathways; or causing shock loading rates of toxic secondary metabolites in the first few
hours of the reaction in the presence of high concentrations of MO [30,31]. Similar inhibitive
behaviour has been reported in previous studies and may be due to the toxicity of dyes on
individual bacteria or insufficient biomass to dye concentrations [32,33]. Methyl orange has
a sulfonic acid (SO3H) group at the para position, which inhibits the growth of microbes
at higher concentrations of dye [34]. However, upon increasing the cycle time to 84 h,
complete decolourization was observed in all the reactors (results not shown). Hence,
decreased reactor performance at 12 h may be attributed to insufficient biomass or enzymes
required for microbial degradation of MO. On the other hand, NO3− -N removal in all
the reactors was >98%, indicating that, apart from MO degradation via the denitrification
pathway, the excess organic carbon available enabled effective denitrification. The COD
removal was not effective and a gradual decrease was noticed in the final pH with an
increase in dye concentrations, which may have been due to biomass lysis attributed to
higher concentrations of intermediates that are more toxic and resistant than the dye itself.
This kind of result is generally expected in anoxic conditions and at high doses of azo dyes.
Similarly, drastic reductions in MLSS and a decrease in COD removal efficiencies were
reported by Chen [35], where 50% of biomass was lost after 24 h of reactor operation due
to intermediates of reactive black B. Al-Amrani et al. [27] also reported a drastic decrease
in MLSS from 2.5 to 1 g/L after 20 h of reactor operation at similar operating conditions.
Similar reductions in MLSS was also observed throughout the current study.
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Figure 1. Effect of dye concentration on MO decolourization after 12 h (temperature: 30 ± 2 ◦C;
volume: 150 mL; MLSS: 1 g/L; RPM: 110 ± 2; time: 12 h).

3.3. Effect of External Organic Carbon

In effluents with lower COD levels, an external source of organic carbon generally
has to be added to aid in the decolourization process, which adds to the cost. This study
was conducted to determine whether MO decolourization occurred, even in the absence of
sucrose, and whether the dye acted as the sole carbon source under denitrifying conditions.
Our results indicated the decolourization of dye in the absence of an externally added
organic carbon source in all the reactors. Figure 2 shows that the mixed microbial culture
was capable of achieving effective decolourization in the absence of a co-substrate under
denitrifying conditions. The decolourization may be due to: (i) The ability of microbes to
utilize dye as the sole carbon source; (ii) The metabolism of intermediates by mixed micro-
bial culture, thereby generating the electrons (which act as a substitute to co-substrates)
required to cleave azo bonds [36,37]; (iii) The endogenous decay of biomass, which provides
enough reducing equivalents for azo dye reduction [36], also evident from the MLSS values
where the biomass growth was lower in the reactors without organic carbon compared
with the reactors with a carbon source (results not shown). The decolourization trend with
respect to dye concentration was similar to what was described in Section 3.2, whereas
the rate of decolourization rapidly decreased with increasing dye concentrations in the
absence of organic carbon. For example, the time required for complete decolourization
of 100 mg/L MO in the reactors without organic carbon was 72 h, whereas the required
time was only 12 h in the reactors with a carbon source (Figure 1), a six-fold reduction in
treatment time with the presence of sucrose. This has practical significance in reducing the
size of the bioreactor while treating the dye effluent. These results indicate that the presence
of organic carbon (COD) enhances the degradation of MO. A few azo dyes cannot easily
pass through the microbial cell membrane; hence, co-substrates are required to supply
reduced equivalents, such as NADH and FADH, which act as electron shuttles and enhance
anoxic dye degradation in the cell exterior, decreasing reaction time [38]. The values of
effluent pH are shown in Figure 2. In the reactors with sucrose (Figure 1), the drop in pH
was higher compared with that of reactors without organic carbon. The drop in pH in
reactors with sucrose may have been due to the fermentation of sucrose and accumulation
of organic acids under anoxic conditions [30]. Complete NO3− -N removal was achieved
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in both sets of reactors, which showed that MO degradation occurred under denitrifying
conditions; however, decolourization was faster when organic carbon was present. This
showed the potential of treating textile effluents cost-effectively along with sewage when
nitrate is present in the effluent.
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Figure 2. Effect of dye concentration on MO decolourization without organic carbon after 72 h
(temperature: 30 ± 2 ◦C; volume: 150 mL; MLSS: 1 g/L; RPM: 110 ± 2; time: 72 h).

3.4. Effect of Biomass Concentration

Our results (Figure 3) indicated that the biomass (measured as MLSS) played an
important role in MO decolourization. We found a gradual increase in MO decolourization
with an increase in MLSS. In the reactor with higher MLSS (0.21 g/L), 99% of colour removal
occurred, whereas only a 55% removal of colour was observed in the reactor with low
MLSS (0.03 g/L). It is evident from these results that higher cell mass leads to a faster rate of
decolourization, and upon proper adaptation, the decolourization can be increased in all the
reactors. Previous studies reported similar findings. Kapoor et al. [39] stated that sufficient
concentrations of microbial inoculum was required for the effective dye decolourization
process. According to Pourbabaee et al. [40], a rise in B. cereus inoculum improved the
decolourization of terasil black. In another study, 4% P. putida SKG-1 inoculum was
reported to be optimal for acid orange-7 decolourization [41]. Garg and Tripathi [42]
reported that a 3% inoculum of B. cereus RMLAU1 demonstrated 68% decolourization
of acid orange-7 after 3 days of exposure, whereas a lower inoculum percentage shown
ineffective decolourization.

Conversely, COD removal decreased with an increase in MLSS concentration. In all the
batch reactor studies, we found clear lysis of the biomass. Hence, in the reactors with high
MLSS, the fraction of lysed biomass was higher, leading to an increase in COD levels within
the reactor, thereby affecting the COD removal efficiency. As mentioned earlier, another
possibility for the lower COD removal in reactors with high MLSS may be due to a higher
accumulation of toxic intermediate aromatic amines, leading to the lysis of biomass [27].
We observed that the pH drop was less in the reactors with high MLSS, indicating a higher
tolerance in the presence of high MLSS.
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Figure 3. Effect of biomass concentration on MO decolourization (temperature: 30 ± 2 ◦C; vol-
ume: 150 mL; MLSS: 0.03 to 0.21 g/L; RPM: 110 ± 2; time: 96 h).

3.5. Effect of pH

The nutrient medium pH is an important factor in the decolourization process. The
results of the pH study are shown in Figure 4. Decolourization was observed in all the
reactors. The rate of colour removal was higher in the pH range of 8 to 9 and rapidly
decreased at acidic pH levels. A pH within a range of 7 to 9 showed very little effect
on the dye degradation process. The effect of pH may be related to the transportation
of dye molecules across the cell membrane, which is considered the rate-limiting step of
decolourization [32,43] and is effective at alkaline pH levels. Similar results were reported
where the effect of pH became insensitive in the range of 7 to 9 and slightly decreased
in acidic pH ranges [44]. Previous studies reported that acidic and alkaline conditions
are detrimental to azo dye biodegradation, as protonation and deprotonation of azo dyes
at lower and higher pH levels leads to changes in chemical structure, thereby restricting
the adapted microbes to decolourize [45]. On the other hand, nitrate removal was 100%
at all pH levels. The optimum pH for denitrification was found to be in the range of
6 to 8 [46]. Few studies reported the occurrence of denitrification, even in the acidic
pH range of 4.8 to 6.2, when a sufficient carbon source was available [47]. The effective
denitrification and dominance of denitrifiers was expected in this study. The results of
this study show that colour removal can occur at a wide pH range, making it suitable
for practical bio-treatments of textile effluents with proper adaptation of mixed microbial
culture in denitrifying conditions.

3.6. Kinetics of MO Removal

The kinetic study results are shown in Figure 5. Nearly 87% of the colour was removed
within the first 12 h, and 98% of colour removal was achieved by 48 h. Maximum colour
removal was achieved in a short time, indicating that reduction of MO took place in the
cell exterior. Generally, azo dyes such as MO, with a high molecular size and sulfonated
groups, cannot pass through the cell membrane; hence, the reduction takes place outside
the cell, leading to a faster reaction occur compared with situations where co-substrates are
absent. As sucrose (COD) was present, faster colour removal occurred, similar to results
that were reported earlier [48]. The MO decolourization followed first-order kinetics and
the respective rate constant was 0.0612 h−1 (R2 = 0.9328), based on the best fit from Figure 6.
Effective NO3− -N removal was achieved within the first 12 h. Gradual increase in COD
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removal occurred, with times up to 72 h. Later, a decrease in COD removal was noticed,
which may have been due to the lysis of biomass and accumulation of aromatic amines
with time. Figure 7 shows the pH profile; a drop in pH was noticed in all the reactors
compared with the pH of nutrient media, which was around 7.5.
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Figure 4. Effect of pH on MO decolourization (temperature: 30 ± 2 ◦C; volume: 150 mL; MLSS: 1 g/L;
RPM: 110 ± 2; time: 96 h).
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Figure 7. pH profile during kinetics.

3.7. Evaluation of Biomass Growth

Another set of reactors were operated to study the growth of biomass over time.
Figure 8 shows the change in MLSS over time. Slight fluctuations were noticed in MLSS
values during the initial few hours of the reaction. MLSS during start-up was 13.8 g/L,
whereas it decreased to 5.6 g/L at 72 h. This suggests that continuous lysis of biomass was
happening inside the reactor, due to the increased reaction time from the accumulation of
toxic intermediates. Higher concentrations of dye may have also caused a toxic effect on
microbial cells. Even though continuous lysis of biomass was occurring, effective colour and
NO3− -N removal occurred in all the batch reactors, which were beneficial in terms of sludge
disposal. Similar behaviour was observed in an anoxic packed bed reactor, operated in
denitrifying conditions by Swathi et al. [18], where effective decolourization/mineralization
and denitrification occurred with continuous biomass lysis. In another study, authors
reported that COD removal efficiency severely declined at shock loading rates of azo dye
RO16 (300 to 1000 ppm), owing to the immature microbial enzymatic system. However,
COD removal efficiency was gradually enhanced in the adaptation period [49]. Several
other studies reported that, after the adaptation period, the microbial consortia that were
able to secrete the effective operational enzymes thrived in the system. Subsequently,
adequate levels of enzymes could be released, consuming azo dyes as their primary carbon
and energy source [50–52]. UV-Vis absorbance spectra of the initial sample at 0 h and treated
samples at 48 and 72 h are shown in Figure 9. A drastic decrease in the peak was found at
460 nm in the samples at 48 and 72 h, indicating the effective decolourization of MO. Thus,
upon proper enrichment, a mixed bacterial culture can decolourize higher concentrations
of MO under denitrifying conditions, and enhanced biomass lysis is advantageous in
suspended growth systems as it could minimize sludge handling problems. However,
tertiary treatment is required to eliminate the remaining COD present in the effluent by
either aerobic biological treatment or advanced physico-chemical treatment.
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3.8. Effect of Salinity

In the textile dyeing process, various salts are used to separate organic contaminants
to help in precipitation and standardization of dyestuff. Textile industry effluents are
generally characterized by high salt concentrations of about 1 to 10 g/L [53]. Many species
of bacteria are sensitive to the high concentration of salts in the saline azo dye wastewater,
due to plasmolysis or loss of active cells [54]. However, a few microbial species are capable
of surviving in high saline conditions due to certain physiological and morphological
adaptations. Hence, this experiment was conducted to determine whether our developed
process was capable of being sustained in high salt conditions. As evident from Figure 10,
efficient colour (>99%), and NO3− -N (>98%) removal was found in all the reactors, with
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1 to 10 g/L of NaCl. In the reactor with 1 g/L of NaCl, complete colour removal occurred
within 1 d, and complete decolourization was achieved in 2 d in the reactor with 10 g/L
of NaCl. Guo et al. [55] identified that consortium GG-1 (Zobellella, Rheinheimera, and
Marinobacterium) could decolourize a wide variety of azo dyes in saline concentrations up
to 15 g/L of NaCl, catalyzed by the enzymes azoredyctase, laccase, and lignin peroxidase.
In this study, NO3− -N removal was also not affected by high salinity. COD removal was
also stable in all the reactors. Interestingly, higher biomass growth was noticed in the
reactors with salinity up to 8 g/L (Figure 11). A few studies have reported an increase
in growth of biomass under moderate saline conditions, whereas drastic decreases in
growth rate are observed in very high saline environments [56,57]. Overall, the results
indicate that salinity at moderate concentrations in real textile effluents will not affect the
decolourization process.
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Figure 10. Effect of salinity on MO decolourization (temperature: 30 ± 2 ◦C; volume: 150 mL;
MLSS: 15.26 g/L; RPM: 110 ± 2; time: 96 h).

Water 2022, 14, x FOR PEER REVIEW 16 of 19 
 

 

 

Figure 11. Effect of salinity on MLSS and MLVSS. 

4. Conclusions 

The results of this study show the feasibility of effective decolourization of high 

concentrations of MO, along with simultaneous removal of NO3−-N and COD under de-

nitrifying conditions. The process is effective in broad pH and salinity ranges, making it 

suitable for real-life applications. High concentrations of NaCl may enhance biomass ly-

ses, which in turn supplies sufficient organic carbon for effective denitrification. At 

higher biomass concentrations and increased reaction times (84 h), complete decolouri-

zation occurs even at high concentration of MO (1000 mg/L). The synergy between dif-

ferent microbial species under denitrifying conditions appears to help in effective de-

colourization but requires further research. Although decolourization is possible in the 

absence of organic carbon, supplementing with sucrose greatly enhances the decolouri-

zation rate. Analysis of reaction kinetics showed that an extended reaction time enhanced 

the removal of COD, and decolourization followed first-order kinetics with a rate con-

stant of 0.0612 h−1. This developed process will be helpful to treat real textile industry 

wastewaters, as this process has several benefits, including: (i) Cost-effectiveness; (ii) 

Having a smaller footprint; (iii) Low sludge production; (iv) Greater stability in diverse 

conditions, such as high concentrations of dye or wide ranges of pH and salinity levels 

(v) Simultaneous decolourization and denitrification; (vi) Easy process control. However, 

further studies are needed to find effective ways for the complete mineralization of the 

treated effluent before releasing it to the environment or being available for reuse. 

Author Contributions: S.D. conducted experiments, investigation, formal analysis, validation, and 

writing (original draft). A.T. was involved in conducting experiments. S.P.C. was involved in con-

ceptualization, data curation, funding acquisition, project administration, supervision, and writing 

(review and editing). All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by the Department of Science and Technology (DST), Gov-

ernment of India with grant number DST/TM/WIC/WTI/2K17/82(G3). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not deposited in any repository. 

0

5

10

15

20

25

30

35

0

5

10

15

20

25

30

35

40

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

M
L
V

S
S

 (
g

/L
)

M
L

S
S

 (
g

/L
)

Concentration of NaCl (g/L) 

MLSS MLVSS

0       1        2       3        4       5        6        7       8        9      10

Figure 11. Effect of salinity on MLSS and MLVSS.



Water 2022, 14, 3747 15 of 17

4. Conclusions

The results of this study show the feasibility of effective decolourization of high concen-
trations of MO, along with simultaneous removal of NO3− -N and COD under denitrifying
conditions. The process is effective in broad pH and salinity ranges, making it suitable
for real-life applications. High concentrations of NaCl may enhance biomass lyses, which
in turn supplies sufficient organic carbon for effective denitrification. At higher biomass
concentrations and increased reaction times (84 h), complete decolourization occurs even
at high concentration of MO (1000 mg/L). The synergy between different microbial species
under denitrifying conditions appears to help in effective decolourization but requires
further research. Although decolourization is possible in the absence of organic carbon,
supplementing with sucrose greatly enhances the decolourization rate. Analysis of reac-
tion kinetics showed that an extended reaction time enhanced the removal of COD, and
decolourization followed first-order kinetics with a rate constant of 0.0612 h−1. This devel-
oped process will be helpful to treat real textile industry wastewaters, as this process has
several benefits, including: (i) Cost-effectiveness; (ii) Having a smaller footprint; (iii) Low
sludge production; (iv) Greater stability in diverse conditions, such as high concentrations
of dye or wide ranges of pH and salinity levels (v) Simultaneous decolourization and
denitrification; (vi) Easy process control. However, further studies are needed to find
effective ways for the complete mineralization of the treated effluent before releasing it to
the environment or being available for reuse.
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