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Overview of Biological Technologies
for Azo Dye Removal

L. P. Silva Júnior, I. R. M. Câmara, A. B. S. da Silva, F. M. Amaral,
F. Motteran, B. S. Fernandes, and S. Gavazza

Abstract The textile industry segment has been continuously expanded and is one
of the most expressive consumers of chemical products, dyes, and water. As a result,
the sector is responsible for generating a large amount of industrial wastewater.
These effluents are highly toxic and potentially carcinogenic and mutagenic. Azo
dyes are widely used in the textile industry; thus, they are commonly found in
its wastewater. This chapter approaches the main processes of azo dyes removal
and biodegradation, highlighting the most used and effective reactor configurations.
While anaerobic reactors are most efficient for combined color and organic matter
removal, aerobic reactors are required to mineralize aromatic amines, byproducts of
azo dye degradation. Therefore, combination of anaerobic and aerobic reactors is
desired. The following topics are also covered: the influence of operational parame-
ters; effectiveness of applying one- or two-stages (aerobic and anaerobic) processes;
and metabolism, stoichiometry, and byproduct formation. Sequencing Batch Reac-
tors (SBR) are the most used one-stage system, showing good removal efficiencies.
Upflow Anaerobic Sludge Blanket (UASB) and Expanded Granular Sludge Blanket
(EGSB) reactors were effectively used as anaerobic reactors, while different biofilm
aerobic reactors showed excellent performance on removing aromatic amines.

Keywords Textile wastewater · Effluent treatment · Recalcitrant effluent ·
Aromatic amines · Environmental contamination · Biodegradation ·
Anaerobic–aerobic degradation · Reactor configuration · Two-stage systems ·
Metabolism of microorganisms

1 Introduction

In 2020, the global textile market was estimated at US$1000 billion, with expected
growth given in Compound Annual Growth Rate (CAGR) of 4.4% from 2021 to
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2028. Pacific Asia alone accounted for over 47% of the global revenue in 2020 [48].
China is the world leader in the production and export of textile and clothing raw
materials, followed by the United States, which is considered the main producer
and exporter of raw cotton, in addition to being the largest importer of raw textiles
and clothing [83]. India is considered the third-largest textile manufacturing industry
[83]. The largest textile producer countries in the world, by region, are the United
States in North America, Brazil in Central and South America, Germany in Europe,
Saudi Arabia in the Middle East & Africa, and China in the Asia Pacific [48].

The textile segment is one of themost expressive consumers of chemical products,
dyes, andwater.As a result, this sector is responsible for discharging a large amount of
highly toxic and potentially carcinogenic and mutagenic wastewater [11, 47]. This
wastewater is characterized by high contents of organic matter, suspended solids,
chemical oxygen demand (COD), salinity, and frequently, sulfate. Low biochemical
oxygen demand (BOD) and COD ratio, together with intense color, complement the
composition and give so much challenge to treat this wastewater [29, 121].

The most used dyes in the industries, among the organic dyes, are of the azo type.
Characterized by the chromophore azo bond (-N = N-) in the molecular structure,
they present toxic characteristics. In addition, their biodegradation leads to the forma-
tion of aromatic amines, which are often equally or more toxic to the environment
than the dye itself [2, 5, 90].

In order to treat the wastewater from the textile industry, physicochemical
processes have been frequently studied and applied [84, 98, 99, 115]. However, these
technologies present high energy demand and maintenance cost and may not miner-
alize the toxic compounds, which makes them less viable for low-income regions.
These treatment methods also generate large amounts of non-inert chemical sludge,
which increases the cost of treatment and disposal and makes the process often not
feasible for small producers and small-scale industries [60].

In this context, biological processes are interesting alternatives because they are
low-cost and ecologically friendly technologies, removing color and reducing toxi-
city, frequently achieving compound biomineralization [121]. Among the existing
technologies, the following stand out: anaerobic processes [4, 18, 39], aerobic
processes [43, 51], and more recently, since the 90 s, the combination of anaerobic
and aerobic processes [9, 121] has been studied applying one-stage [7, 8, 16] and
two-stage systems [1, 12], 36; [58, 87, 94, 112]. These solutions become interesting,
since the biological degradation process of azo dyes starts in an anaerobic environ-
ment for the reductive cleavage of azo bonds, leading to color removal. Nonetheless,
the byproducts from azo dye degradation are often hazardous recalcitrant compounds
that are better degraded in an aerobic environment [17].

Finally, this chapter elucidates the main technologies for the biological treatment
of effluents from the textile industry, combining aspects of engineering, chemistry,
and biological process.
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2 Anaerobic Reactors

2.1 Color Removal of Azo Dye Textile Effluent in Anaerobic
Reactors

The mineralization of azo dyes begins with the reductive cleavage of the azo bond,
which occurs more easily under anaerobic conditions due to the low redox potential
(≤−50 mV) [11, 79]. This reaction occurs with the aid of the enzyme azoreductase
[29]. In this process, breaking the double bond between nitrogen atoms involves the
transfer of 4 electrons, as shown in Fig. 1.

In the reductive cleavage process, the azo dye acts as the electron acceptor, due
to the electron withdrawing capacity of the azo bond. The presence of an electron
donor is required and reducing equivalents, biologically formed by the fermentation
of easily degrading organic matter, commonly perform this role [2]. The addition
of co-substrates is encouraged in order to increase the amount of reducing equiva-
lents available in the environment [28, 29, 103]. Nevertheless, their use in excessive
concentrations can cause unwanted effects on the system, such as decreased color
removal efficiency [22].

The use of redox mediators can improve the dye degradation process [29, 102].
Since in anaerobic mixed cultures, the production of reducing equivalents is not a
limiting factor, the electron transfer to the azo bond can become the drawback. In this
context, redox mediators are chemical compounds that have low molecular weight
and act as accelerators of azo bond cleavage. First, the mediators are enzymatically
reduced using the available organic matter as the electron donor. Then, there is a
chemical transfer of the captured electrons to the azo dye, resulting in the recovery
of the mediator in its oxidized form [19, 20].

Given the electrophilic characteristic of the azo bond (−N = N−), that is, its
high electron affinity, azo dyes are better degraded under oxygen-free conditions
[93, 111]. This happens because oxygen in its free form (O2) or in its combined
form competes with the dye, as an acceptor, for the electrons of the organic matter.
As a result, organic matter removal may be high, but color removal may be low [2].
The presence of color in textile effluents is not only an aesthetic problem but also an

Fig. 1 Electron requirements for reactions steps of reductive cleavage of azo bonds
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environmental one, with negative impacts on water bodies, inhibiting photosynthesis
in water. Thus, high color removal efficiency is desirable and the anaerobic reactors
are the most used for this purpose.

2.2 Configuration of the Anaerobic Treatment Systems

Anaerobic reactors are used under different configurations, such as anaerobic filter,
packed-bed, anaerobic rotating disc, fluidized bed reactor (FBR), structured bed
reactor (SBR), UASB (Upflow Anaerobic Sludge Blanket) reactor and expanded
granular sludge bed (EGSB) reactor [121]. This chapter will mainly focus on the
performance of UASB reactors for textile wastewater treatment, since it is the most
used configuration with this purpose. Figure 2 shows a didactic schematic of the
most used anaerobic reactors.

The UASB reactor is a widely used anaerobic reactor configuration for color and
organic matter removal in textile wastewater [11, 18, 20, 28, 103]. Initially designed
for treating industrial effluents at mesophilic temperatures (between 20 and 45 °C), it
is also used for treating domestic effluents [40]. In aUASB reactor, the effluent passes
through a dense blanket of anaerobic sludge, in an upward flow, reaching a three-
phase separation unit (solid/liquid/gas) [71]. Due to the high biomass concentration
in the reactor, it tolerates high organic loads and is widely used in the treatment of
complex effluents [29]. When treating highly toxic compounds, such as azo dyes,
these reactors. can reach high treatment efficiency, ensuring stability [2, 20, 28, 103].

As a result of low sludge production, the generation of energy in the form of
biogas, and its low costs in comparison to aerobic treatments, the UASB reactor is
considered a sustainable technology. Furthermore, it is considerably versatile and
goes from small to large scales [70]. Mechanical agitation is not used in UASB
reactors to avoid disaggregation and granule shear. Additionally, biogas production
or effluent recycling can promote contact between biomass and effluent.

The study on textile effluent treatment in anaerobic reactors has advanced during
the 1980s and 1990s [9]. Nonetheless, isolating these azo dye-degrading cultures
remains a challenging task. Still, studies with anaerobic reactors inoculated with
mixed cultures have been widely used as a single treatment for textile effluents
during the 1990s and 2000s [20, 22, 28, 103, 122].

2.2.1 Influence of Operational Conditions on Color Removal from Azo
Dye Textile Effluent by UASB Reactors

Modifying the operational settings of the reactor can optimize color removal effi-
ciency and should be chosen with caution to achieve a more robust treatment of
complex effluents. When high color removal efficiencies are the target, the optimal
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Fig. 2 Common anaerobic reactor configurations used for degradation of azo dyes

conditions necessary for dye cleavage must be considered, such as hydraulic reten-
tion time (HRT), the choice of co-substrate, the use of a redox mediator, process
temperature, initial dye concentration, and others [121].

The higher the hydraulic retention time (HRT), the longer the biomass will be in
contact with the effluent. When HRT is increased, the organic load applied to the
reactor decreases, and the overall removal efficiency is expected to increase. Razo-
Flores et al. [103] assayed 160 mL UASB reactors with 75 mg/L (0.25 mM*) of the
azo dye azodisalicylate, using glucose as co-substrate. An increase in HRT from 8
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to 16 h and to 26 h led dye removal efficiencies to increase from 63.4% to 69.1%
and to 88.9%, respectively. Nonetheless, a decrease in HRT below optimal values
can lead to a significant decrease in removal rates, but when combined with other
parameters it can yield different results. In the study of [20], using 100 mg/L of the
azo dye Acid Orange 7 (AO7) (0.29 mM*) in a 1.3 L UASB reactor, the decrease
in HRT from 6 to 4 h and to 2 h decreased color removal efficiency from 98 to
90% and to 70%, respectively. After adding 3µM (1.1 mg/L*) of the redox mediator
Anthraquinone-2,6-disulfonate (AQDS), color removal was above 90% for all HRTs.
The configurations used by both authors can be seen in Table 1.

The use of easily-degradable organic matter as electron donor is indicated to
facilitate azo bond cleavage. Different co-substrates provide different effluent color
removal rates. Table 1 shows different configurations of the use of co-substrates.
Chinwetkitvanich et al. [22] used tapioca starch as a co-substrate in UASB reactors,
at 200 and 500 mg/L, when treating real effluents. Color removals of 58% and 57%,
respectively, of the effluent containing blue dye, and 52% and 56%, respectively, of
the effluent with red dye were achieved, suggesting these concentrations should be
used for the decolorization of 150 color SU (space units).

Donlon et al. [28] inoculated two separate 160 mL UASB reactors with anaerobic
granular sludge and used either glucose (1.3 g COD/L) or a mixture of volatile fatty
acids (VFAs)—acetate, propionate, and butyrate—(1.5 g COD/L) as co-substrate.
The authors reported the removal of 95.1% and 91.2%, respectively, of 0.35 mM
(101 mg/L*) and 0.18 mM (52 mg/L*) of influent Mordant Orange 1 (MO1). When
no co-substrates were received, the reactor failed after 50 days. The use of 10 g/L of
dextrin (19.8 mM*) and 5 g/L of peptone (72 mM*) as co-substrate in 500 mL serum
bottles by [11] treating 300 mg/L of the reactive azo dyes Black 5 (0.30 mM*), Red
2 (0.49 mM*), Red 120 (0.22 mM*), Yellow 3 (0.51 mM*), Yellow 15 (0.47 mM*)
and Yellow 17 (0.44 mM*), resulted in color removal between 77.8% and 97.1%.

Redox mediators can be used as catalysts for the reductive cleavage process of
azo dyes. Figure 3 shows a schematic of the azo bond cleavage process combined
with the use redox mediators. Their use improved the decolorization efficiency of
a synthetic effluent in the study performed by Dos Santos et al. [30]. The authors
reported the speed up in the decolorization rate of 0.3 mM of azo dyes (Reactive Red
2 (RR2) (185 mg/L*), AO7 (105 mg/L*), or MY10 (110 mg/L*), by up to eightfold
compared to themediator-free bottles in an EGSB reactor, with all three redoxmedia-
tors (RM) used, Anthraquinone-2,6-disulfonate (AQDS), anthraquinone-2-sulfonate
(AQS) and riboflavin (vitaminB2).Cervantes et al. [20] also reported a decolorization
increase from 70% to above 95% of 100mg/L of azoAO7 (0.29mM*), with different
doses ofADQS, 3, 10 and 30µM(1.1, 3.7 and 11.0mg/L*) in aUASB reactor, even at
lowHRTs (2 h). Similar results were reported by [4], treating a synthetic effluent with
0.06mM (65mg/L*) of the azo dyeDirect Black 22 (DB22) in aUASB reactor, using
0.012mMof Lawsone (2mg/L*) and Riboflavin (45mg/L*) as redoxmediators. The
use of Lawsone led to 90% of effluent decolorization and 87% of Riboflavin decol-
orization. However, when tested in real textile wastewater, the authors reported color
removal of only 23% with Lawsone (when used with Sucrose as electron donor) and
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Fig. 3 Flowchart of the anaerobic reductive cleavage of azo bonds process aided by redoxmediators

26% with Riboflavin (with ethanol as electron donor). The operational parameters
of the reactors used by the authors are referred to in Table 1.

Process temperature influences the metabolism of the bacterial community, since
it is directly related to the kinetics of the enzymatic reactions. Although most of
the reactors are operated at a mesophilic temperature range, Dos Santos et al. [30]
reported faster decolorization of the azo dyes RR2, AO7, and MY10 under ther-
mophilic conditions (55 °C) compared tomesophilic conditions (30 °C), using EGSB
reactor and AQDS as redox mediator. Furthermore, no lag phase was observed for
the thermophilic conditions, suggesting this temperature range as advantageous over
the mesophilic, for the tested conditions.

The initial concentration of the dye also has a great influence on its removal
efficiency. This is mainly due to the toxicity characteristics of the dyes and the ability
of microorganisms to overcome the toxicity, making some cultures more tolerant
than others. High initial concentrations of azo dyes can inhibit community growth,
leading to a decline in reactor efficiency. Beydilli et al. [11] analyzed the degradation
of azo dye RR2 at initial concentrations of 50, 300, 500, 1000, and 2000 mg/L (0.08,
0.49, 0.81, 1.63, and 3.25 mM*) in 500 mL UASB reactors and verified that at the
concentrations of 50 and 300 mg/L, complete color removal was achieved in the first
1 and 122 h of incubation, respectively,without inhibitory effects. Nevertheless, color
removal was not completed within 400 h for the other concentrations, and there was
an inhibition in the methanogenesis process. The different initial dye concentrations
used by the authors are shown in Table 1.
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Some characteristics of the azo dye itself must also be observed aiming to improve
color removal efficiency. Van der Zee et al. [122] used 0.3 mM (100–300 mg/L) of
20 different kinds of azo dyes, including mono, di, tri, and tetra azo dyes (which
have 1, 2, 3 or 4 azo bonds, respectively). The authors demonstrated that the rate of
dye decolorization was not dependent on its molecular weight. On the other hand,
chemical groups on the dye structure do influence color removal. Kulla et al. [69]
demonstrated that the sulfonic group in azo dye molecules can decrease removal effi-
ciency: (a) by hindering the enzymatic attack of the azoreductase, (b) by destroying
the ability of the molecule to induce this enzyme or, (c) by its electronegativity,
“shielding” the molecule from enzymatic attack.

2.2.2 Use of Other Anaerobic Systems on the Treatment of Azo Dye
Textile Effluents

Fluidized bed reactor (FBR) and the expanded granular sludge bed (EGSB) reactor,
originating fromUASB reactors, have also shown good performance on decolorizing
azo dye effluents.

The configuration of fluidized bed reactors allows the use of alternative support
materials, such as sand, activated carbon, pumice stone, kinasite, tire scraping, glass
beads, among others. Thus, the biomass adheres to the support material and is
distributed in the reactor, increasing the contact surface between wastewater and
microorganisms [10, 62, 85, 86, 92]. Maintaining the stability of this type of reactor
in practice is more complicated than the UASB reactors, because it is necessary to
control aggregate formation in the biofilm. This is performed adjusting the upflow
speed of the liquid, size, and density of the dispersed particles of the influent wastew-
ater, aiming to avoid the disaggregation of the biofilm formed in the support media
[70]. Despite that, Haroun et al. (2009) reported color (65%) and soluble organic
matter (98%) removal from a real textile effluent using FBR with activated carbon as
support material, 0.6 g/L of glucose (3.3 µM*) as co-substrate, and 12 h HRT. Cirik
et al. [24], in a study using a synthetic effluent of the azo dye Remazol Brilliant Violet
5R at concentrations from 100 to 200 mg/L (0.14–0.27 mM*), reported the improve-
ment in FBR removal efficiencies. Using activated carbon as support medium color
and organic matter removal, using glucose and ethanol as co-substrate, ranged from
60 and 76% to 75% and 99%, respectively.

In the Expanded Granular Sludge Bed (EGSB), granular biomass is used as
inoculum. The granular bed has an expanded section, allowing greater contact
between the influentwastewater and themicrobial biomass. This configuration allows
higher upflow speed than FBR, which can be boosted by effluent recirculation,
improving the removal efficiency of toxic and recalcitrant compounds [70]. Dos
Santos et al. [32] used EGSB reactor for the treatment of 1.35 g/L of the azo dye RR2
(2.19 mM) and reported 91% of color removal and 62% of organic matter removal.
This shows that configurations of non-conventional or hybrid anaerobic reactors can
be interesting alternatives in the treatment of. wastewater containing azo dyes, since
they provide excellent results in both organic matter and color removal.
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2.3 Byproducts of Azo Dye Reductive Cleavage
and the Challenges for the Anaerobic Treatment

It is well established in literature, as demonstrated in the previous sections, that
the cleavage of azo dyes requires an environment with low redox potential. Thus,
anaerobic reactors are the most suitable for that job. Nonetheless, despite removing
color from the effluent, the reductive cleavage of azo dyes results in compounds
with at least one radical with an amino group (NH2) [90, 116]. These byproducts are
colorless compounds that are not metabolized in an anaerobic environment, due to
the electronic stability of the benzene ring, whichmakes bond breakage hard and less
energy-yielding for microbial cells in these environments [38, 42]. It is necessary to
remove aromatic amines from the effluent, since they are even more toxic than the
dye that produced them [2, 36, 37].

Kulla et al. [69] studied the azo dyeOrange I, demonstrating that the sulfonic group
present in the structure influences dye mineralization. The Pseudomonas strains
K22 and KF46 used in the anaerobic degradation of the dye conducted the reduc-
tive cleavage of Orange I, partially removing the color from the synthetic effluent.
However, one of the reductive cleavage byproducts, sulphanilic acid, was not metab-
olized, accumulating brownish-colored substances instead of releasing CO2. The
authors discuss that the non-utilization of the metabolite by microbial strains may
occur because of the low cell permeability of the sulfonated molecules and their
high electronegativity, which hinders enzymatic attack. Additionally, the increase in
the remaining intracellular sulphanilic acid may have caused the destruction in the
ability of the molecule to induce azoreductase, causing a decline in the cell ability
to degrade the dyes.

The poor performance of anaerobic environments in degrading aromatic amines
was also reported by Pereira et al. [96], who studied two simple aromatic amines,
aniline and sulphanilic acid, in UASB reactors in the presence of nitrate and
nitrite. Aniline was consumed with nitrate, but in a combination of nitrate and
nitrite, aromatic amines ended up chemically reacting and forming other aromatic
compounds. The amines formed had higher molecular weights and were more diffi-
cult to degrade and hence, more recalcitrant. Although these results are promising
and similar studies have been reported on the anaerobic degradation of aromatic
amines [80, 117], biological processes using oxygen as electron acceptor are still
energetically favorable.

Currently, studies performed in anaerobic reactors focus more on increasing color
removal efficiency along with the removal of azo dye byproducts and nutrients
(nitrogen, phosphorus, carbon, sulfur), and on the generation of energy by the use
of reactors combined with electrodes [3, 18, 35, 39, 44, 64]. Nonetheless, most of
the reductive cleavage byproducts do not exempt aerobic treatment, since they are
persistent in environments with low redox potential [59, 96]. Further studies using
aerobic reactors for the complete mineralization of azo dyes have been conducted,
which is discussed in the next session.
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3 Aerobic Reactors

3.1 Color Removal of Azo Dye Textile Effluent in Aerobic
Reactors

Azo dyes are not removed by conventional aerobic treatment systems nor rapidly
degraded, since oxygen is the preferred electron acceptor [53, 61, 116]. Neverthe-
less, there have been indications that aerobic decolorization can occur in the presence
of certain enzymes. Dye degradation under aerobic conditions is catalyzedmainly by
azoreductase enzymes, but it also occurs in the presence of Nicotinamide Adenine
Dinucleotide Hydrogen-Dichlorophenolindophenol reductase (NADH-DCIP reduc-
tase), malachite green reductase (MG reductase), and oxidative enzymes like lignin
peroxidase and laccase [110]. Studies indicate that the action of some aerobic
microorganisms combined with the enzyme azoreductase improves the kinetics of
the azo dye degradation process [72]. In addition, some microorganisms that can
aerobically decolorize azo dyes by the catalysis of aerobic or oxygen-insensitive
azoreductases have been isolated [63, 82, 89]. Factors such as dye concentration,
enzyme concentration, temperature, and intermediate complex formation rate also
influence and contribute to the reduction of azo dyes [110].

It has also been observed that aerobic processes for the treatment of effluents
that contain azo dyes are ineffective in most systems containing textile industry
wastewater, although few microorganisms can partially or completely degrade dye
molecules. However, the products formed during the anaerobic process, aromatic
amines, can be demineralized or decomposed by the aerobic process. The aerobic
treatment is essential for the degradation of the byproducts of the anaerobic degra-
dation, and the removal of the toxicity generated by the production of aromatic
amines.

3.2 Configuration of Aerobic Treatment Systems
and Strategies to Enhance Color Removal

Several studies using bacteria, fungi, and algae capable of reducing azo dyes have
been reported [27, 46, 105]. Bacteria are widely used for decolorizing azo dyes
due to their high activity, extensive distribution, and strong adaptability [29, 95].
Nevertheless, the decolorization intermediates, such as aromatic amines, can inhibit
the activity of a large number of bacteria [101]. On the other hand, fungi have a
strong ability to degrade complex organic compounds by producing extracellular
ligninolytic enzymes, including laccase, manganese peroxidase and lignin peroxi-
dase, drawing attention to fungi in recent years [46, 101]. So far, some species, such
as Pleurotus ostreatus, Pichia sp., Penicillium sp., and Candida tropicalis, have been
confirmed to discolor azo dyes by adsorption or degradation [6, 55, 101].
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Buitrón et al. [15] evaluated the aerobic degradation of the azo dye Acid Red 151
(AR151) by a sequencing batch biofilter packedwith a porous volcanic rock, reaching
up to 99% of color removal from an initial concentration of 50 mg/L (0.11 mM*)
of AR151. Coughlin et al. [26] isolated two bacterial strains capable of reducing the
azo bond of dyes AO7 and AO8, at 50 mg/L (0.14 mM*). One of the strains used
both dyes as its only source of carbon, nitrogen, and energy, while the other could
only reduce the azo bond when co-substrates (0.05% glucose and 0.2% NH4SO4)
were present. Some azo dyes can be degraded by aerobic bacteria in the presence
of suitable co-substrates [103]. The aerobic degradation of a simple azo compound
(Orange Carboxy II) by Flavobacterium sp. was reported by [68].

Tan et al. [118] evaluated the aerobic decolorization and degradation of azo dyes
both by suspended growing cells and immobilized cells of a newly isolated yeast
strain, LH-F. The effects of different parameters on the decolorization of Acid Red B
by growing cells of strain LH-F1 were investigated, including initial dye concentra-
tion (50–300 mg/L), concentrations of glucose (2–14 g/L), and ammonium sulfate
(0.5–3.0 g/L), inoculation size (2%–10%, v/v), temperature (20–40C), and pH (3–9).
More than 90% of all six azo dyes were decolorized by strain LH-F1, and more than
98% of Acid Red B was removed within 10 h when the initial dye concentration was
50 mg/L.

The activated sludge system is the most promising aerobic system for treating
wastewater containing azo dyes because it can be operated for a long period without
too many concerns about the elimination of specific microbial strains from the treat-
ment systems and frequent inoculation [74]. Aerobic granular sludge has attracted
great attention for wastewater treatment containing azo dyes, since its compact struc-
ture and bead size allow them to resist the shock of toxic compounds and harsh
environmental conditions. The more diverse the microbial population, the greater
will be the removal of pollutants. Aerobic granules can be easily formed with azo
dyes at low concentrations, such as 50 mg/L−1, mixed with other biodegradable
carbon sources, such as glucose, starch or ethanol [74]. Mata et al. [78] reported
better granulation results with the addition of 20 mg/L of the azo dye AR14 to a
synthetic textile effluent, using starch as carbon source, and organic matter concen-
tration around 1000 mg/L−1, using a batch reactor system for 62 days. Ibrahim et al.
[52] developed granules capable of treating real textile wastewater from a mixture
of sterilized activated sludge and bacterial species isolated from textile sludge.

Furthermore, during aerobic decolorization processes, the breakdown of
compounds could be further degraded by monooxygenase and dioxygenase catal-
ysis, which would induce the incorporation of O2 into the aromatic ring of organic
compounds before ring fission, as cited by [107]. Some azo dyes could be decolorized
or even mineralized by certain microorganisms under aerobic conditions. Therefore,
compared to the conventional two-stage system, aerobic processes with selected
microbial strains become simple and economical alternatives for the treatment of
textile effluents containing azo dyes. The conventional process of activated sludge
treatment is one of the important aerobic treatment methods for azo dye degrada-
tion. In addition, it is often an effective and highly economical method that reduces
organic pollutants present in several wastewaters. Nevertheless, the activated sludge
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Fig. 4 Schematic of the main reactor configurations used for aerobic degradation of azo dyes

system used for aerobic azo dye treatment proved to be an ineffective process in most
cases, since the degradation rate of azo bonds is significantly lower in the presence
of aerobic microorganisms compared to the anaerobic process. Figure 4 shows a
schematic of the activated sludge and sequencing batch reactors.

Different microbial cultures were isolated aiming at the discoloration and degra-
dation of dyes under different conditions, such as anaerobic, microaerobic, aerobic,
or alternating anaerobic and aerobic conditions. The consortia have proven to be
more efficient in treating textile effluents containing azo dyes [81, 123]. Table 2
shows some types of aerobic effluent treatment systems containing azo dyes.

3.3 Removal of Azo Dye Textile Effluent Byproducts
in Aerobic Reactors

The selection of the best option of biological treatment for the bioremediation of a
specific type of industrial effluent is a difficult task, given the complex composition of
this effluent.An efficient combination for the removal of azo dyes is the use of systems
or processes in two or more stages, and the choice depends on effluent composition,
dye characteristics, cost, toxicity of the degradation products, and future use of the
treated effluent [113].

Despite the ineffectiveness of aerobic reactors in azo dye treatment, its use is
studied as an anaerobic additional post-treatment for the mineralization of their
byproducts. Themost energetically favorable path for the biodegradation of aromatic
amines is by introducing hydroxyl groups into the aromatic ring by oxygenase-like
enzymes, destabilizing the ring’s electronic shield and thus enabling its rupture [5, 33,
42]. Hence, the addition of aerobic post-treatment or the combination of anaerobic
and aerobic environments to mineralize them to CO2 and water is required [59, 121].
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The combination of an anaerobic process followed by an aerobic one for the treat-
ment of textile effluents has already been highlighted in the early 1990s. A study by
[50] with the azo dye Mordant Yellow (MY) 3, using mixed culture, switched the
researchers’ focus from treatments with a single anaerobic or aerobic unit to studying
the combination of both environments. The authors verified that the complete miner-
alization of MY3 happened with the alternation between these processes. Thus,
studies using aerobic-anaerobic packed bed reactors, aerobic-anaerobic fluidized
bed reactors, and aerobic-anaerobic sequential batch or continuous-flow reactors
have been better developed, and their systems were improved for the mineralization
of azo dyes [9]. Anaerobic-aerobic combination has produced good results in studies
conducted with synthetic and real effluents [1, 2, 16, 36, 41, 106].

Nonetheless, this combination results in the use of two treatment units, substantial
energy demands, and trained personnel. Furthermore, aromatic amines are produced
as intermediate compounds in the anaerobic degradation of azo dyes and are known
to have toxicity equal to or greater than that of azo dyes, and many of these amines
are carcinogenic [29, 97, 100]. It is noteworthy that the aerobic stagemust be reached
because it is necessary for the toxicity arising from azo dyes to be reduced.

The aromatic amines produced by the reduction of the azo bond are known to be
mutagenic and carcinogenic and may have a higher degree of toxicity than the dye
that originated them [13, 17, 21, 57]. Several studies on azo dye reduction indicate
that most of the aromatic amines, produced in an anaerobic environment, are capable
to be removed in an aerobic environment [1, 2, 16, 97, 121], thus confirming that
two-stage systems are an excellent alternative for the complete removal of both the
azo dyes and the byproducts generated in the treatment of wastewater containing
these compounds.

4 Anaerobic-Aerobic Reactors

Due to the need for sequential anaerobic and aerobic environments for the mineral-
ization of azo dyes, in a process similar to the one shown in Fig. 5, many studies have
evaluated the efficiency and optimization of treating systems using a single reactor
or sequential reactors under anaerobic and aerobic conditions. The application of
these environments can be performed by one- or two-stage systems. In one-stage
systems, the anaerobic and aerobic environments occur in the same compartment
by alternating anaerobic and aerobic periods or using technologies that provide an
oxygen concentration gradient for themicrobial community, such as aerobic granules
or biofilm reactors. In two-stage systems, firstly an anaerobic reactor is used, where
microorganisms perform the reductive cleavage of azo bonds (first stage), followed
by an aerobic reactor where the azo dye byproducts formed in the first stage are
mineralized by aerobic or facultative organisms. In these systems, the anaerobic and
aerobic biomasses are separated by two or more reactors.

Two-stage systems benefit from the separation of anaerobic and aerobic envi-
ronments to provide specialized microbial communities necessary to perform the
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Fig. 5 Mineralization of azo dyes in sequential anaerobic-aerobic process

required reactions at each stage,without the anaerobic organisms being harmedby the
presence of oxygen and the aerobic organisms, by the absence of oxygen. Nonethe-
less, some aromatic amines are not mineralized during the sequential anaerobic-
aerobic stages, due to the need for other reactions that only occur in anoxic or
microaerated environments [67, 73, 76, 122].

One-stage systems utilize the metabolic synergy of mixed microbial communities
(presence of anaerobic, facultative, and aerobic organisms) to perform the metabolic
reactions necessary for the mineralization of azo dyes. The variation of redox poten-
tial caused by the change between the anaerobic and aerobic environments in the same
compartment might favor the degradation of recalcitrant aromatic amines, allowing
specific reactions to happen, and consequently, themineralization of aromatic amines
that would not be degraded otherwise, in conventional two-stage anaerobic-aerobic
reactors [124]. However, alternating between anaerobic and aerobic environments
might harm the development of strict anaerobic or aerobic organisms, reducing the
efficiency of one-stage systems [12, 76]. More recently, the possibility of using
microaeration (continuous or intermittent) as the aerobic period has been observed
[16, 79, 91]. Microaeration can reduce energy costs and minimize the harm to strict
anaerobic organisms because of exposure to oxygen.
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4.1 Two-Stage Systems

UASB reactors and their variations are widely used in bench and pilot-scale studies
as the first stage for the removal of organic matter and decolorization of synthetic
and real textile wastewater in sequential two-stage anaerobic-aerobic systems [1, 2,
36, 90, 114, 125]. This reactor is commonly used for its advantage of being compact,
of easy operation, and robust, capable of receiving a variety of organic loads while
maintaining stable operation even during its variations [23, 109]. Expanded granular
sludge bed reactors (EGSB) have also been used for the degradation of azo dyes,
presenting a more compact configuration than UASB and allowing intense contact
and mixing of biomass and wastewater [30–32]. The parameters that influence the
performance of these reactors are the same as seen in the anaerobic reactors.

Different aerobic reactors have been used as the second stage of UASB or EGSB
reactors. O’Neill et al. [90] used a bench-scale conventional activated sludge as the
second stage of aUASB reactor employed for the degradation of 150mg/L of Procion
Red H-E7B, an azo dye present in a synthetic textile wastewater. Activated sludge is
well established and is the most popular system for municipal wastewater treatment.
The system uses a completelymixed aerated tank continuously fed, where suspended
microorganisms perform the biological treatment, followed by a settler that returns
a part of the sludge to the aerated tank. In this study, the UASB reactor, which was
operated with HRT of 24 h, was responsible for 60–61% of organic matter removal,
while the total system removed from 66 to 88%. In general, it is commonly found
that the anaerobic reactor is responsible for most of the organic matter removal. This
behavior is favorable for biogas production, which is ideal for industrial applications.
The system had maximum color removal of 77% while being fed with azo dye and
3.8 g/L of starch. The authors reported that increasing the ratio between starch and
dye improved color removal in the system. In the aerobic reactor, microbial growth
was limited by the low availability of carbon sources, since the growth of aerobic
organisms has a much faster substrate consumption kinetics compared to anaerobic
organisms.

Tan et al. [120] used a combination of EGSB and activated sludge to degrade
synthetic wastewater containing the azo dye Mordant Yellow 10 and methanol as
the electron donor. The EGSB reactor was operated with HRT varying from 16.8 to
29.3 h, which resulted in color removal higher than 97% even with azo dye concen-
tration ranging from 57 to 192 mg/L. The first stage removed 100% of the methanol
used, in all tested conditions. The authors reported minimum degradation of 88% of
the aromatic amine 5-aminosalicylic acid in the aerobic reactor, but it was necessary
to increase HRT in the aerobic reactor from 8.9 to 79.2 h to promote the development
of organisms capable of degrading sulfanilic acid, which is another aromatic amine
produced from the reductive cleavage of the azo bonds fromMordant Yellow 10. The
system showed great color and organic matter removal; however, in order to degrade
the aromatic amines produced, it was necessary to greatly increase the HRT of the
aerobic system.
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Amaral et al. [2] used a Submerged Aerated Biofilter—SAB as the second stage
of a UASB in a pilot-scale system for the degradation of real textile wastewater
from a medium-sized industry. Expanded clay spheres were used as a fixed support
material inside the SAB. The biofilters allow the growth and maintenance of slow-
growing organisms, such as those necessary for aromatic amine mineralization [34].
The authors reported that varying organic load from 1.84 to 2.42 kg of organic
matter/m3.d-1 (HRT varying from 8 to 12) in the UASB reactors did not cause signif-
icant variation in the efficiency of the system. Nevertheless, the variation of wastew-
ater composition highly influenced the decolorization efficiency of the system. SAB,
which was operated with 6 and 9 h of HRT, being an aerobic reactor, was respon-
sible for most of the color removal, with efficiencies ranging from 65 to 92%, while
UASB showed 30–52% of color removal. The low color removal performance of
UASB was attributed to the high salinity and sulfate concentration of the wastew-
ater, which both inhibited the development of organisms in the anaerobic reactor and
caused competition between sulfate and azo dye for the electron donors. The treating
system was able to almost completely remove toxicity, as evaluated by ecotoxicity
assays using Daphnia magna as bioindicator. This study highlighted the robustness
of the SAB reactor, using simple support material, for treating real, highly varying
textile wastewater.

Sequencing Batch Reactors (SBRs) have also beenwidely employed in the studies
on azo dye degradation; however, they are mostly used as one-stage systems. There-
fore, there are few studies that have used SBR in two-stage systems [12, 65, 66].
These reactors are versatile, since they can be manufactured in different volumes,
from microcosms to full scale, they can be employed with suspended or granular
biomass or with carriers for biofilm growth.

SBR can be used as an anaerobic or aerobic reactor in two-stage systems.
Bonakdarpour et al. [12] used two SBR, one anaerobic and one aerobic, for the
degradation of a synthetic textile wastewater containing glucose at the concentration
of 2 g/L of organicmatter and the azo dye Reactive Black 5 at a concentration ranging
from 100 to 500 mg/L. SBR was operated at 30 °C for 45 h for each anaerobic and
aerobic reaction. In this study, more than 80% of color and organic matter removal
were observed in the anaerobic SBR, which is in agreement with most studies. It was
reported that increasing azo dye concentration from 100 to 500 mg/L resulted in a
slight decrease in anaerobic organic matter removal, indicating a possible toxicity of
the azo dye and its metabolites to the anaerobic microbial community. The authors
also reported 40–44% of aromatic amine removal in the aerobic SBR and reappear-
ance of color, indicating autoxidation of aromatic amines. In this case, it is possible
that the long HRT used in this system was favorable for the first stage, although the
long exposure to oxygen might have resulted in the autoxidation of aromatic amines.

Koupaie et al. [66] used Moving Bed Biofilm Reactors (MBBR) as the second
stage in a system used to degrade synthetic textile wastewater containing the azo dye
AcidRed 18 (AR18) and amix of glucose and lactose as electron donors.MBBRuses
carriers for the development of microbial growth by biofilm formation, similarly to
the SAB reactor. Themajor difference betweenMBBRand SAB is that inMBBR, the
media support moves freely inside the reactor, while it in the SAB, it is fixed. Biofilm
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reactors have the advantage of maintaining slow-growing organisms and an oxygen
gradient inside the biofilm that will allow the development of diversified organisms.
In this study, an anaerobic SBRwas used as the first stage, operatingwith 66 h ofHRT
and with the temperature controlled at 35 °C. The reactors were fed with wastewater
containing glucose and lactose (1.5 g/L of each) and 100–1000 mg/L of AR18.
More than 98% of decolorization was reported, and organic matter removal was
higher than 80% in the anaerobic SBR. Increasing dye concentration did not cause a
significant change in color and organic matter removal efficiency. MBBR operated
with 66 h of HRT and was responsible for the total color removal of the system and
almost total residual organic matter removal. The authors identified the degradation
of 1-naphthylamine-4-sulfonate ranging from 88.7 to 100%, indicating the system
efficiency for the degradation of aromatic amines. The concentration of biomass
attached to the carriers decreased with the increase in dye concentration, indicating
that the metabolites might have inhibited the development of biomass in the MBBR.
The combination of SBR-MBBRresulted in excellent azo dye decolorization, organic
matter removal, andmetabolite removal, while treating a synthetic textilewastewater.

AnaerobicBaffledReactor (ABR) has also been used in textilewastewater treating
systems. ABR is a continuous flux reactor in which multiple compartments are
grouped together, sequentially, where the effluent passes through biomasses in each
compartment, being gradually treated. ABR compartments turn these reactors into
systems of several stages, which results in the development of multiple specialized
microbial communities, in addition to being able to avoid long-term contact between
toxic compounds and more sensitive organisms, such as methanogenic archaea and
the metabolites from azo dye degradation [88, 126, 127].

Zhu et al. [126] used two baffled reactors, each with six identical compartments
in which the three initial compartments were anaerobic, followed by two aerobic
and one for sedimentation, operating with a total HRT of 24 h. Each compartment
had a baffle that made the wastewater follow a downflow and an up-flow while in
contact with the biomass. The authors evaluated the degradation of 30–60 mg/L
of the azo dyes Acid Orange 7 (AO7) and Methyl Orange (MO) while using 2
g/L of glucose as electron donor. Organic matter was gradually removed along the
compartments, without distinct removal efficiency among them, until reaching a total
removal of 83.3–83.8%, in the reactors fed with AO7 and MO, respectively. While
the aerobic compartments were efficient for aromatic amine removal, the anaerobic
compartments also showed the ability to partially degrade aromatic amines. The
authors reported dissolved oxygen concentrations higher than 1 mg/L, indicating
that they were not effectively hermetic.

A variety of aerobic reactors were successfully used as second stage for miner-
alization of azo dyes and Fig. 6 shows a didactic scheme of the most used. Table 3
presents the studies that have used different two-stage system configurations for the
degradation of azo dyes in synthetic wastewater or real textile wastewater.
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Fig. 6 Schematics of common aerobic reactors used as second stage for degradation of azo dyes
by-products

4.2 One-Stage Systems

SBRs were pioneering reactors in the study of azo dye degradation using one-stage
systems [75, 76, 120]. In these reactors, the possibility of applying multiple environ-
ments along the same reaction cycle (anaerobic, aerobic, microaerophilic or inter-
mittently aerobic/anaerobic) makes them ideal for use in the degradation of azo
dyes.

Lourenço et al. [76] studied the degradation of the dye Remazol Brilliant Violet
5R (RBV5R) at concentrations from 60 to 100 mg/L and Remazol Black B (RBB)
at the concentration of 30 mg/L, using the starch-derived compound Emsize E1 at
a concentration that resulted in 750 mg COD/L. The reactors operated in a 24-h
cycle, divided into 21 h of reaction and 2 h for volumetric exchange. The reaction
was divided into 9–13 h of anaerobic reaction followed by 8–9 of aerobic reaction.
The authors reported the efficiencies of organic matter and color removal of 90
and 80%, respectively, in the reactor fed with RBV5R. The authors also reported
that the aromatic amines formed from the anaerobic degradation of RBV5R were
partially mineralized during the aerobic reaction, but that increasing aerobic reaction
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time from 8 to 10 and 12 h did not result in improvements. The low removal of
aromatic amines was attributed to the absence of organisms capable of degrading
these compounds. The reactor fed with RBB showed lower color removal efficiency,
which was due to the RBB molecular structure.

Çinar et al. [25] evaluated different reaction cycles in SBR for the degradation
of the azo dye RBV5R. The study used 100 mg/L of the azo dye and 1000 mg/L of
glucose in a reactor inoculated with biomass previously adapted to the degradation
of real textile wastewater. The reactor was operated with three different reaction
times: 48 h (24 anaerobic, followed by 23.9 aerobic), 24 h (12 anaerobic followed by
11.9 aerobic), and 12 h (6 anaerobic, followed by 5.6 aerobic). Over 75% of organic
matter removal was reported in all reaction times, and approximately 70% of this
removal occurred during the anaerobic reaction. Reducing reaction time resulted in
a decrease in organic matter removal efficiency, from 92% in cycles of 48 h to 87%
in 12 h. The change in reaction time was not related to the change in color removal,
which showed 72, 89, and 86% efficiency for 48, 24, and 12 h of total reaction,
respectively. The removal of aromatic amines derived from benzene was identified
in all conditions, but only the reaction time of 24 h was efficient for the removal of
amines derived from naphthalene, with 64% of removal. This study indicated that
24-h cycles showed the best results in terms of organic matter, color and aromatic
amine removal.

More recently, [79] studied the use of intermittent microaeration as the aerobic
reaction in a sequential anaerobic-aerobic SBR, used to degrade the azo dye DB22.
The reactors operated with cycles of 24 h, divided into 12 h of anaerobic reaction,
11 h of aeration, and 1 h of volumetric exchange. Similar organic matter, color, and
toxicity removal were verified comparing a reactor that used 30min of microaeration
every 2 h and a reactor with continuous microaeration. The reactor that operated
with intermittent microaeration showed 76.8% of DB22 removal, while the reactor
with continuous microaeration showed 74.5%. Organic matter removal was 81.4 and
79.5% for the intermittently microaerated and continuously microaerated reactors,
respectively. The authors also found similar results for aromatic amine and toxicity
removal between both reactors, showing that intermittent microaeration is a great
strategy for the aerobic reaction in an anaerobic-aerobic SBR used to treat synthetic
textile wastewater containing the azo dye DB22.

Manavi et al. [77] used SBR for the development of aerobic granules acclimated
for the degradation of real textile wastewater. The use of aerobic granules is inter-
esting because it can provide an oxygen gradient inside the granules, allowing the
development of anaerobic, facultative, and aerobic organisms in the same compart-
ment. The reactors operated with reaction cycles of 6, 8, 12, and 24 h, divided into
anaerobic and aerobic reactions, following a ratio of 2 (for cycles with 6, 8, and 12 h
of reaction) and 3 (for cycles with 24 h of reaction). The authors developed granules
able to remove 73% of color and 68% of organic matter at the end of the operational
periodwith 24-h cycles,which showed the best results. Organicmatterwas consumed
during the 6 initial hours of anaerobic reaction, but it increased during the last 12
h of anaerobic reaction. This behavior was explained by the hydrolysis of extracel-
lular polymeric substances produced by organisms in the granules. Therefore, the
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aerobic reaction was responsible for most of the organic matter removal. Although
most of the color was removed during the anaerobic reaction, color removal during
the aerobic reaction was also reported, possibly due to the formation of an anaerobic
region inside the granules. At the end of the operation, the authors verified color
reappearance during the aerobic reaction, possibly due to autoxidation of aromatic
amines.

Few studies have evaluated the possibility of using aerobic biofilm reactors for the
degradation of azo dyes. Schoeberl et al. [108] used a membrane reactor to degrade
real textile wastewater, adopting HRT between 2.9 and 5 h. Membrane reactors are
highly efficient treating systems because they use a mix of physical and biological
mechanisms to treat wastewater, resulting in effluents of high quality,nevertheless,
their operation and maintenance are costly. This reactor showed organic matter
removal efficiency from 89 to 94% and color removal efficiency ranging from 65
to 91%. It was reported that, in general, increasing backwash and aeration intensity
helped to reduce membrane fouling. Sahinkaya et al. [104] used membrane reac-
tors for the degradation of 50 mg/L of the azo dye Remazol Brilliant Violet 5R.
The authors found better color removal efficiencies using intermittent aeration and
the efficiency increased with the increase in the anaerobic periods, reaching 97% of
removal for the ratio of 1/15 min of aerobic/anaerobic reaction.

Carvalho et al. [16] used a UASB reactor with a microaeration system placed
immediately above the sludge blanket layer for the degradation of synthetic textile
wastewater containing 32.5mg/L of the azo dyeDirect Black 22 and 1200mgCOD/L
of starch as an electron donor. Color removal between 69 and 79% was reported, as
well as organic matter between 59 and 78%, similarly to the completely anaerobic
UASB reactor, which was used as control. Nonetheless, the microaerated reactor
showed high efficiency for the removal of aromatic amines, reducing almost totally
the toxicity of the effluent evaluated by toxicity assays in Vibrio fischeri, while the
anaerobic reactor did not remove aromatic amines and toxicity. The microaerated
UASB system showed good color, organic matter, and toxicity removal efficien-
cies without causing sufficient autoxidation to impair color removal, indicating this
system as a great alternative for continuous flow systems.

Sequencing batch reactors, microaerated UASB, and membrane bioreactors are
popular among one-stage systems, and Fig. 1.x shows a schematic of these reactors.
Table 4 summarizes the studies that have used different one-stage system reactors
(Fig. 7).

5 Conclusions

The chapter elucidated the main processes of azo dye removal and biodegradation.
Specifically, the biological treatment of azo dyes revealed the need of using sequen-
tial anaerobic-aerobic environments for the mineralization of azo dyes employing
systems that use one or two stages or by one-stage systems, which allow anaerobic
and aerobic environments in the same compartment.
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Fig. 7 Schematics of common one-stage reactors used for degradation of azo dyes

A variety of reactor configurations and their combinations have been used with
good color and organic matter removal efficiency, from simpler configurations, such
as UASB and SBR, to more sophisticated, such as MBR. The reactors RBBS and
UASB and their variations, such as EGSB, are commonly used and have proved to be
good alternatives as anaerobic reactors, because they are relatively simple technolo-
gies, widespread in the treatment of municipal and industrial wastewater, and have
shown good results for azo dye degradation in studies that haveworkedwith synthetic
and real textile wastewater. The results obtained with aerobic reactors indicated that
these systems are not optimal for the degradation of azo dyes, mostly because of the
competition for electron donors between oxygen and azo dyes. Nonetheless, they are
necessary for the mineralization of the aromatic amines formed during the anaerobic
reductive cleavage of azo bonds.

The aerobic reactors BAS and MBBR, which use support material for promoting
the growth of biofilms, have shown good results of residual organic matter, color,
and aromatic amine removal. The organisms necessary for the mineralization of
aromatic aminesmight be slowgrowers and the biofilmgrowth in the supportmaterial
promotes the development and maintenance of these organisms.
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SBRs are widely used as a one-stage system for the treatment of azo dyes, and
they have also shown good color, organic matter, and aromatic amine removal perfor-
mance; nonetheless, they have mostly been used for the treatment of synthetic
wastewater. SBRs have the advantage of being versatile, with ability to operate
in different environments (anaerobic, aerobic, microaerophilic, or intermittently
aerated) in the same reaction cycle, using different types of biomass, such as granular,
flocculent of biofilm.MicroaeratedUASB reactors have shown promising results, yet
there are not many studies with this system and with similar microaerated reactors
working with continuous flow.

Anaerobic reactors used for the degradationof azodyes andorganicmatter arewell
consolidated; however, the aerobic stage still needs further investigations, especially
regarding its optimization in continuous or intermittent aeration or microaeration
systems used to treat both synthetic and real textile wastewater.
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Fundamental of Aerobic and Anaerobic
Processes in Dye Wastewater

Pallavi Jain, A. Geetha Bhavani, Prashant Singh, and Madhur Babu Singh

Abstract One of the critical challenges of the textile industry is the removal and
degradation of dyes. While designing a wastewater treatment plant, the design, envi-
ronment, and toxicity concerns associated with releasing textile effluents into a water
body must be considered. The various traditional methods like coagulation, adsorp-
tion, oxidation, and flocculation are used to remove the contamination. Compared
to all oxidation and physicochemical methods, the biological process, either aerobic
or anaerobic is easy and demonstrates substantial benefits. This chapter covers the
different aerobic and anaerobic processes employed to remove contaminants from
textile industries.

Keywords Decolorization · Textile effluent · Biological treatment · Aerobic ·
Anaerobic treatments

1 Introduction

The wastewaters left from textile industries are heavily polluted and possess higher
temperatures with pH, strong colour, and a higher percentage of chemical oxygen
demand (COD) concentration. It also demonstrates a lower ability of biodegrada-
tion [11, 16, 38]. These wastewaters need to be treated and disposed of properly,
otherwise lead to grim health and environmental concerns. The capacity of reoxy-
genation and penetration of sunlight will be stopped by the wastewater containing
coloured contaminates and pollute the water bodies which degrade the aquatic life
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[35]. The various traditional methods like coagulation, adsorption, oxidation, and
flocculation [18, 53] are used to remove the contamination. Compared to all oxida-
tion and physicochemical methods, the biological process is easy and demonstrates
substantial benefits. Among all the treatments, the frequently employed biological
methods [23] in the form of aerobic and anaerobic ways, are the potential methods to
convert the complex pollutants [42]. The activated sludge usage in aerobic biological
treatment is quite regular to treat effluents from the textile industry. Even though acti-
vated sludge is not up to the mark to degrade the complex dye molecules, however,
researchers are finding alternatives with the combination of bacteria and fungi for
effective dye degradation [34]. The anaerobic process significantly cleaves the azo
dye bonds, which leads to aromatic amine formation after the degradation [37, 55].
For any type of anaerobic process, the highly reactive bioreactors are deployed for
increasing the efficiency to run for a longer time [33]. The textile wastewater can
undergo an aerobic process before the anaerobic process as a post-treatment in the
case of coloured wastewater [9]. The chapter aims to intend to provide insights
into dye removal from industrial effluents left in wastewaters through anaerobic and
aerobic treatments.

2 Impact on Environment

The existence of the untreated dye in water bodies is the biggest concern to the
environment, which hinders the photosynthesis of underwater plants by preventing
sunlight [57]. Few reports showed that untreated dyes led to toxic aromatic amine
affecting the bladder, liver, spleen, and causing deformities in the chromosomes
of mammalian cells [2]. Many issues are related to wastewater treatment with the
degradation process of dye molecules. The industrial effluents are highly corrosive,
possess an unpleasant smell and the capacity to increase the insolubility of the mate-
rials in water. These insoluble materials in water with chemical contaminants merge
with fresh waters and increases the turbid formation [25], which are unsuitable for
irrigation and human consumption, and other needs. The inorganic contaminants like
sulphur trioxide and chromium are dangerous to aquatic life and to the beneficial
microorganisms contributing to clean water bodies naturally. The range and level of
the contamination may vary with the textile effluent and the chemicals used in the
process and may lead to the variation in the pH levels that affect the aquatic life.

Some researchers [3, 14, 39] reported the anaerobic conditions for the decol-
orization mechanism of azo dye using bacteria. This bacterium allowed the elec-
tron transfer by the enzymatic process to link ATP generation. Although other
studies [26] showed that Fe2+ or H2S generated from inorganic compounds were
far more effective to degrade the azo dyes compared to the synthesis of ATP gener-
ation through the anaerobic process. The inorganic contaminants (nitrites, nitrates,
sulphides, starch) and organic contaminants (cotton, starch) are easily degraded by
bacteria, which improves the BOD of the water. The consequences of the benzidine
and its analogues were studied over hamsters, canines, and mice as a model. The
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outcome of the research showed the presence of N-acetylated and aromatic amines
and their derivatives in their urine and was quite tumorigenic. The findings strongly
indicated that certain textile dye chemicals may lead to cancer and certain other
illnesses in individuals and other aquatic animals.

3 Biological Processes

Every industrial and commercial wastewater is highly polluted and contains
biodegradable constituents. Thus, textile effluents can be effectively treated by the
aerobic and anaerobic processes. Apart from the degradation of organic matter, the
adsorption process and the conversion of the complexmolecules to simple substances
using microbes played a vital role in reducing pollutants like heavy metal complexes
[50]. Figure 1 shows the two ways of the biological treatments, i.e., aerobic and
anaerobic processes depending on the microorganism’s growth.

Fig. 1 Flow chart of the biological processing of the textile effluent in the treatment process [5]
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4 Aerobic and Anaerobic Process

These processes are classified based on the presence of air in the treatment process.
Figure 2a, b demonstrates oxygen as an electron acceptor in the aerobic system,
whereas Fig. 2b shows that the organic material acts as an electron acceptor in the
anaerobic system (oxygen is absent). In the aerobic system, the oxygen converts the
organic compounds into CO2, H2O, and new cells. However, in the anaerobic system,
CH4, CO2, and new cells are produced at the end of the treatment in the absence of
oxygen.

Both the processes are quite effective for textile wastewater treatments with
substantial benefits and are proved to be eco-friendly as chemical usage is not
required. The chemical content and volumes of the sludge produced because of
cell manufacturing are modest and nontoxic in both the processes. Additionally, the
water consumption is on the lower side in comparison to physicochemical treat-
ments. The mixed processes lead to better results due to the synergetic metabolic
activity compared to a single process, i.e., aerobic or anaerobic system [13]. Further,
every dye compound will have an interaction with various kinds of independent
strains through bonds, which leads to a proper degradation process. Bacteria like
B.subtilis, A.hydrophilia, B.cereus are quite effective in decomposing the azo dye
bonds in wastewaters [4]. Many reports confirmed that bacteria like A.faecalis 6132,
B.megaterium, B. licheniformis LS04, R.erythropolis 24, P.desmolyticum NCIM
2112, R.aquatilis,M. aerodenitrificans, A.guillouiae are efficient in decolourizing the
textilewastewaters [19, 24, 40].On the other hand, fungi likeD. flavida,H.larincinus,
D.squalens, I.hispidus, P.tremellosa, P.sanguineus, C.versicolor also seem to be quite
helpful in treating the wastewaters [6]. The membrane process is also found to be
commendable with the combination of biological treatments, popularly known as
membrane bioreactor.When compared to a traditional biological process followed by
sedimentation, the membrane bioreactor has numerous benefits like the high quality
ofwater in the final product,minimal sludge production, requires less area, and highly
effective in biological decomposition. Microorganisms decompose organic material

(a) (b)

Fig. 2 a Aerobic and b Anaerobic treatment process [43]
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in biological treatment processes, resulting in the formation of new cells. For the
system’s stability, the produced sludge containing oldmicrobes should be eliminated.
The separation of the sludge is carried out by a conventional system, i.e., sedimen-
tation. In the sedimentation system, sediment sludge is removed from the bottom of
the tank. In few cases, flocculants are added to initiate the sedimentation process.
While the membrane approach separates sludge from the liquid mixture utilizing
a membrane with a large pore width. The above-discussed benefits of membrane
bioreactor are encouraging the textile industries for effluent treatment.

5 Aerobic Processes

5.1 Activated Sludge Process (ASP)

This process is aerobic with continuous flow system having large quantities of
microorganisms (protozoa and bacteria) for stable organic matter decomposition
to produce CO2, H2O, and new cells with few other products [49]. The aerobic basin
is mechanically aerated to mix the reactor liquor completely for a specific time.
The 15 Gram-negative bacteria are mainly used in activated sludge systems, and
also include nitrogen-carbon oxidizers, facultative anaerobes and aerobes, non-floc
formers [7]. As shown in Fig. 3, the mixed liquor from the basin is transferred to
the secondary sedimentation tank (SST)/clarifier to settle the sludge and remove it
from the SST. For effective removal of organic matters, many operational parameters
like (a) frequent checking of dissolved oxygen in tanks, (b) to control the activated
sludge returning, and (c) to regulate the activated sludge waste, must be taken care
of. Recycling is essential for any activated sludge system. The different types of ASP
are discussed below.

Fig. 3 Conventional activated sludge process [28]
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5.1.1 Conventional Aeration Model

The conventional process has a plug flow type aeration tank. The recycled sludge
and industrial wastewaters enter at the top of the tank and get mixed with mechanical
aerators/diffusers. The mixture is aerated for 5–6 h at a constant rate. During the
period of constant aeration, the organic matter undergoes the flocculation, adsorp-
tion, and oxidation processes. The following parameters are recommended to design
conventional aeration type of ASP:

• Food to microorganism ratio (F/M): 0.2–0.4 kg BOD kg−1 VSS.d
• Volumetric loading rate: 0.3–0.6 kg BOD m−3 .d
• Mixed liquor suspended solids (MLSS): 1500–3000 mg L−1

• Cell residence period: 5–15 days
• Hydraulic retention time (HRT): 4–8 h
• Sludge circulation ratio: 0.25–0.5

5.1.2 Tapered Aeration Model

Tapered aeration is a similar process of plug flow model as the effluent moves from
the top of the tank to the end. In the tapered aeration model, maximum air (aeration)
is used at the top of the tank and gradually reduces to the bottom of the tank. The rest
of the operational conditions are similar to conventional ASP. The tapered aeration
model is highly economic as it increases the efficiency of the aeration unit.

5.1.3 Step Aeration Model

In this process, the wastewater is loaded at more than one point along with aeration
channels. The aeration is uniform throughout the tank and lowers the returned sludge
load.The followingparameters are recommended to design step aeration type ofASP:

• F/M ratio: 0.2–0.4 kg BOD kg−1 VSS.d
• Volumetric loading rate: 0.6–1.0 kg BOD m−3 .d
• MLSS: 2000–3500 mg L−1

• Cell residence period: 5–15 days
• HRT: 3–5 h
• Sludge circulation ratio: 0.25–0.75

The step aeration process is slightly higher productive as compared to conventional
ASP with better performance due to the reduction of returned sludge load [48].

5.1.4 Completely Mixed Model

In this model, the mixed flow system is adopted in the aeration tank. The wastewater
is loaded uniformly from one side through channels with return sludge and the final
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products are collected from the other side of the tank. The following parameters are
recommended to design a completely mixed type of ASP:

• F/M ratio: 0.2–0.6 kg BOD kg−1 VSS.d
• Volumetric loading rate: 0.8–2.0 kg BOD m−3 .d
• MLSS: 3000–6000 mg L−1

• Cell residence period: 5–15 days
• HRT: 3–5 h
• Sludge circulation ratio: 0.25–1.0

Completely mixed ASP can manage flocculation in organic matter concentrations,
and its functionality will not be adversely impacted if any toxic substance (minor
concentration) exists in the wastewater for a short period of time. Owing to this
property, this model is favoured in treating the wastewater with flocculation issue.

5.1.5 Contact Stabilization Model

This ASP process takes the benefits of activated sludge’s absorptive capabilities and
removes BOD in two phases. The first step is the absorption phase, during which
the activated sludge absorbs many of the colloidal, fine suspended particles, and
dissolved organic materials. The second step is the oxidation of organic matter. The
model runs in two separate tanks, and finally, the settled products are mixed and
aerated in a contact tank for 30–90 min with re-aerated activated sludge. The re-
aerated process allows absorbing of the organic matter over sludge flocs and finally
separated in SST. The aeration volume required in this model is roughly half that of
a conventional/traditional ASP. The existing plant can also be converted to a contact
stabilization process by upgrading the plant for potential effect. If the organicmaterial
is in liquid form only, then this model is not efficient enough to treat such wastewater
[36].

5.1.6 Extended Aeration Model

In this model, the aeration time is quite long with low F/M rate to run for endogenous
respiration phase of growth curve. The low excess sludge is produced due to the
endogenous respiration of cells. The produced sludge is dried over a sand bed for
aerobic decomposition. This model involves a completely mixed type aeration tank
and is appropriate for small-scale plants. The following parameters are recommended
to design an extended aeration type of ASP:

• F/M ratio: 0.05–0.15 kg BOD kg−1 VSS.d
• Volumetric loading rate: 0.1–0.4 kg BOD m−3 .d
• MLSS: 3000–6000 mg L−1

• Cell residence period: 20–30 days
• HRT: 18–36 h
• Sludge circulation ratio: 0.75–1.5
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5.1.7 Oxidation Ditch

It is a modified ASP that uses lengthy solids retention periods (SRTs) to eliminate
biodegradable organics. In this model, the tank is in ditch (oval) shape and consists
of 1.0–1.5 m deep ring-shaped channels with appropriate width that are ideal for
trapezoidal/rectangular cross section. A Kessener brush aeration rotor is installed
crosswise the ditch that offers aeration and wastewater circulation (0.3–0.6 m s−1).
The ditch operating conditions are:

(a) shutting the inflow valve and permitting the wastewater aeration for the same
duration as of the design detention,

(b) turning off the aeration and circulation mechanism and permitting the deposi-
tion of the sludge in the tank itself,

(c) enabling the entering wastewater to replace the cleared effluent by unlocking
the inlet and outlet valves.

A continuous wastewater entering was observed in case of continuous operation and
is operated as a flow-through system. The vertical aerators are utilized for abundant
air supply while also maintaining adequate horizontal velocity to prevent the cells
from settling at the ditch’s bottom. The generated sludge in the oxidation ditch is
lower than the conventional ASP and is dried over the sand bed [31].

5.1.8 Sequencing Batch Reactor (SBR)

The SBR is employed in small-scale plants and centralized sewage treatment. It
involves a single complete mixed type reactor that performs all ASP steps (Fig. 4).
The reactor basin is filled and aerated for a specific duration. After 0.5 h, cell will
settle down and decanted from top that requires around 30 min. The emptied tanks
are refilled with wastewater and this process will be repeated until the idle step is
achieved. An idle phase exists between the fill and decant step. In this phase, a little
portion of activated sludge from the SBRbasin’s bottom is squandered. The treatment
parameter is attunedwith anaerobic, aerobic, and anoxic, for effective denitrification,
nitrification, and removal of phosphorus. The SBR requires only one tank with less
space and left small footprint [44].

5.2 Aerated Lagoons

Aerated lagoons are one of the main biological treatments of textile industries. The
large tanks coated with polythene or rubber are utilized for the aeration of primary
treated effluent for 2–6 days. After the aeration, the produced sludge is separated.
The process of ammonia nitrification is occurred in lagoons and effectively removes



Fundamental of Aerobic and Anaerobic Processes in Dye Wastewater 47

Fig. 4 Steps of Sequencing batch reactor operation [22]

99% of BOD and 15 to 25% of phosphorous. The algae usage in lagoons success-
fully removes the total suspended solids. The limitation of this process is bacterial
contamination and the requirement of large space [12].

5.3 Trickling Filters

Trickling filters are used as a secondary treatment in the presence of air. After the
primary process, the wastewater is trickled/sprayed over the filters. The filters are
prepared with a combination of gravel, coal, broken stones, polyvinyl chloride, and
synthetic resins. The filter medium is gel-based formed with microorganisms to
oxidize the organic matter to CO2 and water. The benefit of the trickling filters is
requirement is quite less space, whereas limitations are emitting odour and huge
capital investment [17].
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5.4 Moving Bed Biofilm Reactor (MBBR)

The MBBR process is a new technology with cutting-edge solutions on wastewater
treatment with microbiology [61]. The MBBR is suitable for every simple treat-
ment process involving the high BOD/COD removal, nitrogen reduction from chal-
lenging industrial effluents treatment. This process is operated over a large space
to grow the microorganisms with polyethylene biofilm carriers to operate in precise
conditions. Carriers float in the aerobic or anoxic zone to attach with the bacteria.
Finally, high active biomass settled down and solids are timely been separated. The
usage of biofilms provides effective solutions with highly productivity compared
with conventional ASP [60].

6 Anaerobic Process

The anaerobic treatment occurs in the absence of air, which is effective for decolour-
ization and degradation of dye molecules in effluents that come from textile indus-
tries. The oxidation–reduction reaction of the azo bond leads to the decolouriza-
tion under anaerobic conditions, which is a quite economic process [15]. Anaerobic
decolourization process in industrial scale and medium scale is very efficacious.
The mono azo dye (CI acid orange 7) decolourization was reported in an anaerobic
reactor like up-flow anaerobic sludge blanket (UASB) and anaerobic baffled reactor
(ABR). The UASB and ABR are used by varying the operation conditions [56]. The
UASB reactor was found to be appropriate for the thermophilic system compared to
the mesophilic system. Moreover, both the systems are efficient to decolourize the
wastewaters [59]. The anaerobic conditions were observed for the azo dye, Black 2
HN, Orange II of 400 mg/l decolourization using biofilter leading to 99% efficiency.
The decolourization of the azo dye converted into aromatic amines and found to be
carcinogenic [30].

6.1 Anaerobic Filters

Anaerobic filters are practising for the last 100 years. The septic tank is filled with
contaminated wastewaters with controlled temperature with activated biomass in an
airtight tank. The anaerobic filter, fluidized bed, and growth technique are success-
fully used for wastewater treatment. This process has much more benefits like easy
to load the organic matter, high contact time with microbes, high performance, low
cost, reduction of contaminates in wastewater in the small reactor.
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6.2 Anaerobic Digestion

This sludge is digested in presence of an anaerobic digester for organic matters.
The reaction rate and reaction duration in presence of microbes is crucial for the
bioaugmentation phase. This anaerobic digestion takes stable operating conditions
with long time duration, industrial scale reactor size to complete operation. After the
anaerobic process, the released biogas is cached at a high rate. The ideal wastewater
digestion required adequatemixingwith heat, which is equally proportional to highly
effective digestion. The hydraulic retention time of digestion needs 15 days, whereas
30 to 60 days is the commonly used duration while doing the anaerobic process [51].

6.3 Anaerobic Baffled Bioreactor (ABR)

The ABR technique plays a vital role in the treatment of textile effluent owing to
better stabilization towards toxicity, excessive time for contact, less requirement of
energy, non-requirement of fixed media and sludge/gar separators, less velocity of
flowing liquid, lesser washout of bacteria, possess an anaerobic filter [58]. ABR is
also seen as a sequence of UASB reactors.

ABRs can be used as an activated sludge reactor, trickling fixed reactor, UASB
reactors, fluidized bed reactor, and septic tanks, among other things. It is made up of
several compartments and baffles through which the influent passes. The remarkable
finding of ABR is the induction of capable bioreactors with high solid retention
capability. As a result, for treating a slurry of high solids, vertical baffled to a plug
flow was used.

The ABR’s architecture provides enough time for influents to degrade and
discharge appropriate outflow, as well as the ability to handle wastewater in a single
unit with a circulating pattern and reduced capital expenditures. For increasing the
efficiency of the bioreactor, it does not require a granulation technique [21].

Since 1987, the hybrid anaerobic baffled bioreactors (HABRs) are in process.
The suspension and growth are instigated by flowing liquid with the 0.46 mh−1

velocities of the flocculent and granular biomass, 0.97kg COD kg−1 VSS l−1 of low.
initial loading. rate, and 4.01g VSS l−1 [8]. The formation of stable 0.5 mm granules
presented in all. HABRs takes 30 days duration. Despite the flocs formed during this
process being found less than 1.5 mm andweak, however, after 90 days, they reached
3.5 mm and this was determined by the kind of substrate taken in the process. The
composition of granules is the acetoclastic methanogens (Methanosarcina cluster)
that upraise the surface due to the cavities being full of gas and having low density.
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6.4 Anaerobic Fluidized Bed Reactor (AFBR)

For the treatment of wastewater at relatively less hydraulic retention times (HRT),
several high-rate anaerobic reactor configurations have been developed. TheseAFBR
successfully works in a broad spectrum of treating wastewater. This one has been
known as one of the breakthroughs in technology. The brief information of the
performance of different anaerobic systems for the treatment of biodegradable and
synthetic wastewater is reported in the literature, respectively [20]. The functioning
of AFBR gives negligible issues in plugging, gas holding, and channelling matters.
Besides this, it also provides substantial surface area for adsorption and requires low
HRT for treating highly polluted wastewater and to handle high OLR. The efficiency
of this reactor can be upgraded using better bed material that will enhance the whole
process [45].

6.5 Fluidized Bed Biofilm reactors (FBBR)

These reactors are in use from an age ago to treat textile wastewater [52]. This
technology is ten times more efficient than ASP and only takes up 10% of the space
needed by stirred tank reactors of comparable capacity. Unlike the suspended growth
process, which involves sedimentation and biomass recirculation, this process does
not require any of the special measures to preserve the biomass in culture. These
FBBR are preferred because the carrier particles are small, allowing a wide surface
for biomass attachment and development [32]. Furthermore, the fluidization of these
reactors reduces the risk of blockage, electrical conduction, and, as a result, large
pressure losses in packed towers [41]. The fluidized bed’s superiority over many of
the suspended and attached growth biological systems is interpreted based on the
pilot scale and experimental evidence [47].

6.6 Up Flow Anaerobic Sludge Blanket Reactor (UASB)

The extremely apt method for the treatment of textile dye house outflow and sago
discharge is theUASB reactor. These reactors come in the class of high-rate anaerobic
reactors composed of a sludge bed. Sandy biomass has highmethanogenic properties
and outstanding settling down properties cultures in these. reactors. But the washout
of biomass limited the function of UASB reactors [10, 46].

Wastewater enters the USAB reactors from the bottom of the reactor and drifts
ascending through “sludge blanket” that consist of a molecular sludge bed. This
configuration provides effective anaerobic decomposition due to the efficacious
mixing of biomass and wastewater [54].
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The functioning of this reactor systematically rotates on its sludge bed that gets
expanded and made the wastewater drift vertically rising up through it. The granular
sludge bed consists of microflora film to the sludge particles removes the pollutant
in wastewater, the main factors directing the UASB efficiency are the quality and
intimacy of the biofilm of the sludge-wastewater contact [1]. The upper part of the
reactors consists of the phase (gas -liquid–solid) separator that allows the release
of biogas. This released biogas allows the mixing and the contact between residue
and wastewater, separating it from liquid outflow and residual sediment particles
[54]. The upward flow with a velocity of 0.5–1.0 m/h and diameter ratio of 0.2–0.5
geometry attributes the operation of UASB reactors [27]. This reactor is well known
for the treatment of wastewater with high content of BOD and COD efficiency and
the ratio of BOD and COD [29].

6.7 Up flow Anaerobic Sludge Fixed Bed Reactor (UASFB)

The UASFB is made to answer the setback with high performance with much more
table benefits. The compensations of UASFB are the retention of biomass in the
reactor, elimination of the clog, great retention time, and ability to reduce OLR with
stability. The UASFB is suitable for brewery, sugar wastewaters treatment within the
acceptable ranges of CH4 release. The UASFB process is not suitable for wood fibre
wastewater treatment, whereas other effluents are efficiently removed by COD level,
still, the process will vary depending upon operating conditions of treatment.

7 Conclusions

The wastewaters left from textile industries are heavily polluted. The wastewaters
show higher temperature with pH, lower ability of biodegradation, strong colour, and
higher percentage of chemical oxygen demand concentration. The various traditional
methods used are biologically treated, coagulation, adsorption, oxidation, and floc-
culation. The reactor is used to remove the contamination. Among all the treatments,
the biological methods frequently used in the form of anaerobic or/add-on aerobic
ways are potential methods to convert the complex pollutants. The textile wastewater
undergoes an aerobic process prior to an anaerobic process as a post-treatment in
case of coloured wastewater to degrade the organic matters. The adsorption process
plays a vital role in converting the complex molecule into simple substances using
microorganisms like heavymetal complexes. The oxygen acts as an electron acceptor
in the aerobic system, whereas organic material acts as an electron acceptor in the
anaerobic system. Both processes end degradable products lefts new cells with low
quantities of the chemicals with less water consumption and no toxicity. In this
chapter, fundamentals and different types of aerobic and anaerobic treatments were
discussed. For the membrane process on an industrial scale, membrane bioreactors
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are used to treat wastewater followed by sedimentation using various types of anaer-
obic and aerobic reactions, models using biofilms, and membranes to achieve greater
treatment.
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Aerobic Biological Units in Dye Removal

Aiza Azam, Gulzar Muhammad, Muhammad Arshad Raza,
Muhammad Mudassir Iqbal, Muhammad Shahbaz Aslam, Adnan Ashraf,
and Tania Saif

Abstract Over the last few decades, the production of dye effluent is gaining a lot
of concern owing to the rapid increase in industrialization. The textile industry is
consuming a large number of dyes (azo dyes) and is responsible for the production
of dye wastewater full of hazardous chemicals, which pose serious threats to both
aquatic life and humans. Therefore, there is a dire need for dye wastewater treatment
before discharging into the environment using either physiochemical or biological
methods. A biological process is the best to treat wastewater due to being inexpensive
and producing less amount of sludge.Among biological processes, aerobic biological
process is preferred, which can degrade toxic aromatic amines. The chapter focuses
on the treatment of wastewater dye effluents through the aerobic biological process
using various aerobic microbes such as bacteria, fungi, algae, and yeast. Bacteria
are proved to be more efficient for the treatment of dyed wastewater due to the fast
growth and high degradation rate than other microbes.

Keywords Dye effluent · Wastewater treatment · Azo dyes · Aerobic biological
process · Biocatalysts · Bacteria · Fungi · Algae · Yeast

1 Introduction

Different industries such as leather, textile, plastic, food, paints, and pharmaceuti-
cals use dyes due to color-giving properties [23, 35]. The textile industry mainly uses
synthetic azo dyes in producing 60–70% dyestuff [9, 12, 14, 37]. Once the dyeing
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process is finished, dye wastewater (effluent), a mixture of a lot of hazardous chem-
icals (Fig. 1) is discharged into the water without proper management and is a major
concern because dye effluent is very harmful to both aquatic and human life [23, 35].

Dye wastewater (dye effluent) is the left-over of dye mixture taken at the start
of the dyeing process [23]. Refractory dyes and some other organic chemicals are
normally present in dye wastewater [5]. Among five major industries (Fig. 2), the
textile manufacturing units are mainly liable for dye wastewater, a major source of
aromatic amines and color into the environment [23, 26, 51]. Water is very important
for every life but due to the increase in industrialization is being spoiled [13].

The textile industry is the part of the largest manufacturing industries and a
great contributor to Pakistan’s economy [26]. The textile industry uses more than
10,000 dyes and discharged 280,000 tons of dyes annually during operations such as
desizing, sizing, bleaching, scouring, dyeing, and mercerizing [47]. Dye wastewater
discharged by the textile industry has 72 toxic chemicals out of which major contam-
inants are coloring agents like tannin and lignin, acids-bases, and organic–inorganic
solid materials [9]. Each process in the textile industry produces a different amount
of wastewater in which the dyeing process is responsible for 85%dye effluent (Fig. 3)
[23]. Major pollutants, chemical types, and processes of origin are enumerated in
Table 1 [29].

Fig. 1 In dye-utilizing industries, hazardous chemicals present in dye effluents along with dyes
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Textile (54%)

Dyeing (21%)

Paper and pulp 

(10%)

Tannery and 

paint (8%)

Dye 

manyfacturers 

(7%)

Fig. 2 Amount of dye effluents produced by five major industries [23]

Fig. 3 Percentage of dye mixture discharged from every textile process [23]

Dyed wastewater treatment is crucial because wastewater has negative impacts
on almost everything on earth such as animals, aquatic life, and soil. Dyed wastew-
ater causes chronic diseases in humans such as skin irritation, eye burns, breathing
problems, sweating, mouth burns, confusion, vomiting, or nausea. Due to the dark



60 A. Azam et al.

Table 1 Major pollutants present in textile wastewater [29]

Pollutant Types of chemicals Processes of origin

Nutrients Buffers, ammonium salts, sequestrants Dyeing

Organic load Surfactants, waxes, fats, starches,
enzymes, acetic acid, grease

Dyeing, bleaching, desizing

Sulfur Sulfide, sulfuric acid, sulfate,
hydrosulfide salts

Dyeing

Color Scoured wool impurities, dyes Dyeing

pH and salt effects Sulfate, NaOH, NaCl, carbonate,
silicate, mineral/organic acids

Dyeing, bleaching, scouring,
desizing, mercerizing

Refractory organics Resins, carrier organic solvents,
surfactant dyes, chlorinated organic
compounds

Dyeing, bleaching, desizing,
finishing

Toxicants Reducing agents, biocides, heavy
metals, oxidizing agents, quaternary
ammonium salts

Dyeing, bleaching, desizing,
finishing

color of the polluted water, sunlight penetration is disturbed, which results in photo-
synthesis prevention and causes hyper-trophication of water bodies. Textile wastew-
ater is rich in very harmful pollutants such as dissolved salts (total dissolved solids
and total suspended solids), chemical oxygen demand (COD), colors, biological
oxygen demand (BOD), and hazardous chemicals. The only permissible amount of
dye wastewater can be discharged into the environment as summarized in Table 2
[23, 29].

The degradation process’s driving force is the presence of microorganisms and
favorable conditions for the growth of microorganisms. The factors (pH, nutrient
availability, temperature, food to microorganism ratio, aeration or oxygen transfer
rate, hydraulic retention time, and hydraulic and organic loading rates) influence the
textile effluent biodegradation, microorganism’s survival, and biochemical oxidation
rate. For cell synthesis and survival, various microbes require optimal temperature
(25–35 °C) andpH (6.0–7.5).Bacteriamainly grow in slightly alkaline pHwhile algae
and fungi grow mainly in slightly acidic conditions. The growth of microorganisms

Table 2 International
standard/permissible amount
of dye effluent into the
environment [23]

Factor Standard allowed

COD <50 mg/L

BOD <30 mg/L

pH 6–9

Color <1 ppm

Temperature <42 °C

Suspended solids <20 mg/L

Toxic pollutants Not allowed
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can be enhancedusing the nutrients like nitrogen andphosphorus.Hydraulic retention
time is the average time spent within the bioreactor by the contaminants. Aeration or
oxygen transfer rate is the mixing of air with textile wastewater. Aerobic bioreactor
specification depends upon both organic and hydraulic loading rates. The food to
microorganism ratio helps in determining the number ofmicroorganisms in relevance
to the aeration chamber [29].

To treat the dyedwastewater, three different conventionalmethods are used such as
physical, chemical, and biological (Fig. 4) [11]. Physio-chemical methods are expen-
sive with limited versatility and low efficiency and are associated with hazardous
metabolites. Physio-chemical methods produce a large amount of sludge, require a
large amount of energy and proper handling of waste [14, 33].

In contrast, a biological method is advantageous because it is ecofriendly and
in-expensive with minimum sludge and hazardous metabolites [30]. A biological
process is the secondary treatment process as shown in the system of traditional
wastewater treatment (Fig. 5) and is further divided into aerobic and anaerobic treat-
ment or a combination [23, 24]. Aerobic treatment is preferred because anaerobic
treatment produces carcinogenic and mutagenic aromatic amines [43].

Conventional methods

Physical method Biological methodChemical method

Enzymes

Biosorption

Anaerobic 

degradation

Coagulation/ 

Floculation

Adsorption

Aerobic 

degradation

Reverse 

osmosis

Filtration

Ozonation

Electrolysis

Oxidation

Fig. 4 Conventional methods for dye removal [2, 40]
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Pretreatment – Equalization and neutralization of dye effluents.

Primary treatment – Removal of pollutants from dye effluent.

Chemical or physical separation treatment – Removal of suspended solids.

Secondary treatment – Waste components stabilization due to biological 
treatment.

Tertiary treatment – Complete removal of lingering dye particles.

Tertiary treatment – Complete removal of lingering dye particles.

Treat the sludge before disposal.

Fig. 5 Traditional wastewater treatment systems [23]

The chapter emphasizes the dyedwastewater treatment with the help of an aerobic
biological process using various biocatalysts such as bacteria, fungi, algae, and yeast.
The process and mechanism of dye removal by aforesaid microorganisms are also
discussed. Effect of different factors on dye degradation such as dye’s initial concen-
trations, time taken, and different conditions applied for dye removal and dye removal
results are also taken into account.

2 Aerobic Biological Treatment

Treatment processes using oxygen are metabolically active in which cellular energy
is generated using aerobic respiration and more residual solids are generated as cell
mass are called aerobic processes (Fig. 6) [1]. Pagga and Brown [32] studied the
aerobic degradability of dyes (Fig. 7) and checked 87 dyestuffs to aerobic treat-
ment [35, 37]. Aerobic treatment includes different processes or systems such as
activated sludge treatment methods, oxidation, aerobic digestion, trickling filtration,
and lagoons [11]. Owing to its greater productivity and wide range of applications,
aerobic biological treatment is a conventional biological treatment [22].
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Fig. 6 Schematic representation of aerobic biological wastewater treatment process [38]

Fig. 7 Aerobic biological treatment of azo dyes [3]

3 Aerobic Biological Units

For aerobic degradability of dyes, different aerobic microorganisms (aerobic biolog-
ical units) such as bacteria, fungi, yeast, and algae are used [35]. The two most
common microorganisms used for dye removal are bacteria and fungi [37].

3.1 Bacteria

Many microorganisms act as biocatalysts to treat organic pollutants present in dye
wastewater. Among biocatalysts, bacteria are more advantageous owing to easy
culturing, rapid growth, and dye degradation rate than fungi and other microbes
[7, 9]. Aerobic treatment using bacteria is also economical with minimum sludge
creation and greater decolorization and mineralization rate [29]. Besides, bacterial
activity can be increased easily bymolecular geneticmanipulation, and several bacte-
rial strains are being isolated from ecological niches like water, contaminated food
materials, soil, and excreta of humans and animals [9, 33, 48]. For dyes or some
toxic effluent degradation, bacteria of genera Bacillus, Pseudomonas, Proteus, and
Aeromonas aremostly used [29].Various aerobic bacteria used to decolorize different
azo dyes are listed in Table 3 [41, 45].
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Table 3 Docolorization of dyes using aerobic bacteria [41, 45]

Azo dye Bacteria

Acid Yellow P. fluorescens

Remazol Black B Halomonas sp.

Navitan Fast Blue P. aeruginosa

Disperse Blue 79, Acid Orange 10 B. fusiformis kmk 5

Disperse dye Bacillus sp.

Reactive Black 5, Basic Blue 41 Klebsiella sp.

Reactive Blue, Reactive Red, Reactive Black P. luteola

Congo Red S. aureus

Acid blue 113 B. subtilis

Orange II X, azovorans

Acid Orange 7 Pseudomonas, Enterobacter, Morganella

Methyl Red Bacillus sp., Enterobacter agglomerans, P.
nitroreductase, V. logei

Direct Black 38 E. gallinarum

Methyl Red and sulfonated azo dyes E. faecalis

Remazol Orange B. lastrosporus

Reactive Black 5, Acid Red 88, Disperse
Orange 3 and Direct Red 81

S. putrefaciens

Azo, Triphenylmethane and Anthraquinone A. hydrophila

The aerobic bacteria responsible for the organic compounds biodegradation are
Acetobacter liquefaciens, Aeromonas hydrophilia, Bacillus cereus, Klebsiella pneu-
moniae, Bacillus subtilis, Sphingomonas, and Pseudomonas species [39]. The prin-
ciple involved is the intake of oxygen by aerobes to degrade organic contaminants
resulting in several byproducts like CO2, biomass, water, and inorganic nitrogen
(Fig. 8) [50]. Bacterial strains need organic carbon sources for growth, obtained
by utilizing amines produced by the azo bond cleavage [18, 33]. Azo dyes provide
carbon, nitrogen, and energy for many bacteria. For example, Xenophilus azovorans
KF46 and Pigmentiphaga Kullae K24 can grow on carboxy-orange I and II aero-
bically and strain 1CX of Sphingomonas sp. uses an azo dye, acid orange 7 for its
growth [33].

Aerobic bacteria have an oxidoreductase enzyme responsible for degrading dye
molecules either symmetrically or asymmetrically and can also carry out desulfona-
tion, deamination, and hydroxylation, etc. [18]. Degradation of dyes with aerobic
bacteria started in 1970swhenB. subtiliswas reported followedby someother aerobic
bacteria like A. hydrophilia and Bacillus cereus [6, 27]. Similarly, A. hydrophilia,
Pseudomonas strains, Pseudomonas cepacia, and B. subtilis IFO 13,719 were used
for the simple azo compounds aerobic reduction, sulfonated azo dyes degrada-
tion, reductive cleavage of azo dyes, and five tri-phenyl methane dyes degradation,
respectively [37].
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Aerobic 

bacteria

Organic contaminants

Oxygen

Nutrients

Water

Carbon dioxide

New cells

Fig. 8 Aerobic biological principle for organic contaminants degradation [50]

Manybacterial strains such asBacillusmegaterium,Rhodococcus erythropolis 24,
Alcaligenes faecalis 6132, Rahnella aquatilis, Bacillus licheniformis LS04, Acineto-
bacter guillouiae, Pseudomonas desmolyticum, and Microvirgule aerodenitrificans
decolorize or degrade azo dyes [15, 21, 36].Another bacterium,Pseudomonas luteola
isolated from the sludge of dyed wastewater depicted 33, 93, 88, and 93% decoloring
efficiency for red G, RP2B, V2RP, and RBP, respectively after 48 h shaking incu-
bation followed by 48 h static incubation [17]. To degrade and oxidize sulfur-based
textile dyes into sulfuric acid, sulfate-reducing bacteria are used [34, 37, 52].

Some triphenylmethane dyes such as malachite green, crystal violet, magenta,
brilliant green, ethyl violet, and pararosaniline were decolorized using a strain of
Bacillus sp. MTCC B0006. and Kurtbia sp. cells. Using Kurtbia sp., cells, COD
reductionwasmore than88%in triphenylmethanedyes like in cell-free dyes but itwas
almost 70% in ethyl violet after biotransformation. Crystal violet decolorization with
Escherichia coliDH5α, Schizosaccharomyces pombe, and Saccharomyces cerevisiae
was found to be toxic but was not toxic when Bacillus sp. MTCC B0006 was used
[37].

Various dyes are mineralized under aerobic conditions using bacterial strains
under conditions as listed inTable 4.HydrogenophagaPalleronii S1 derived bacterial
strain S5, aerobic film reactor isolated Bacterial strain MI2, and Sphingomonas sp.
strain 1CX were used to decolorize and mineralize sulfonated azo dye, which can
be used as an energy and a sole carbon source like acid orange 7, acid orange 8, acid
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orange 10, acid red 4, and acid red 88. Acid 151 was successfully degraded using an
aerobic sequenced biofilm reactor and the dye provides carbon to microorganisms,
and 73% carbon was changed into CO2 [37].

Pseudomonas aeruginosa can degrade or decolorize many dyes in the presence
of oxygen especially commercial tannery and textile dyes in the presence of glucose
such as Navitan Fast blue S5R and strain BCH of P. aeruginosa was able to degrade
98% Remazol Orange 3R within 15 min [33, 44]. Azo dye degradation using genus
Halomonas also showed promising results. Shewanella strain KMK6 reduced COD
and color of dyes mixture. Another bacterium, Bacillus MK-8 strain in granular
form reduced COD and color to 66.7 and 96.9%, respectively [29]. Likewise, A.
hydrophilia and some other aerobic bacterial strains used oxygen insensitive or
aerobic azo-reductases, because oxygen can inhibit the activity of azo-reductase,
to reduce azo bond which proved that oxygen-rich environments are needed for dye
degradation and decolorization (Fig. 9) [44, 48].

An azo bond is cleaved by azo-dye degrading bacteria with the help of the
enzyme, azo-reductase. There are several bacteria species in which azo-reductase
activity is identified such asXenophilus azovoransKF6F, Enterobacter agglomerans,
Pigmentiphaga Kullae K24, and Enterococcus faecalis [46]. The dyes can be decol-
orized by pure bacterial culture quickly but are also responsible for the formation of
aromatic amines (toxic intermediates). Mixed culture is extra effective as compared
to pure bacterial culture because synergistic metabolism of microbes converts toxic
intermediates to non-toxic by-products. In such a study, a microbial consortium of
Pseudomonas, Sphingobacterium, andBacillus decolorized contaminatedwater even
more quickly than pure bacterial culture [29].

3.2 Fungi

Filamentous fungi present everywhere have a great influence in degrading and
decolorizing the dyes [29, 40]. The isolation of fungi from plants, waste, and soil
has also been carried out successfully [40]. To treat the dye wastewater, different
fungal species like White rot fungi are used to degrade triphenylmethane and azo
dyes (Fig. 10). A fungal species, Phanerochaete chrysosporium degrade lignin (a
polymer obtained from woody plants), various dyes, xenobiotics, related aromatic
compounds, and many harmful pollutants like nitrotoluenes, chlorophenols, and
polycyclic aromatic hydrocarbons [4, 9, 27, 29, 37]. A fungal culture metabolism
can adapt to changes in the environment with the help of intracellular or extracellular
enzymes [30]. On the other hand, White rot fungi have limitations of an extensive
growth cycle and prolonged hydraulic retention times [29].

In 1990, the very first azo dye aerobic degradation was performed using lignolytic
fungi,P. chrysosporium, in the extracellular enzymes like laccases,manganese perox-
idase, and lignin peroxidase. Using aforesaid enzymes, various dyes were decol-
orized under aerobic conditions, however, mainly decolorized three azo dyes like
tropaeolin O, Congo red, and orange II [9, 27, 37, 49]. Some other dyes such as
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Fig. 9 Scheme showing degradation of acid blue 113 by aerobic bacteria (S. lentus) in shade flask
[48]

reactive dyes, direct dyes, disperse dyes, acidic dyes, azo dyes (14C labeled azo
dyes), polymeric dyes, heterocyclic dyes, and acid green 20 were also decolorized
in the presence of lignin peroxidase without using manganese peroxidase at 30 °C
[27, 37, 49]. P. chrysosporium in the presence of lignin peroxidase also oxidized
3,5-dimethyl-4-hydroxyazobenzene-4′-sulfonate and 1-(4′-acetamidophenylazo)-2-
naphthol (Fig. 11–12) [49].

Some other fungal strains such as Cyathus bulleri, Funalia trogii, Kurthia sp.,
Coriolus versicolor, P. chrysosporium, Laetiporous sulphureus, and Streptomyces sp.
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Mechanism of 
White rot fungi

Fig. 10 Process involved in dye removal using White rot fungi [19]

Fig. 11 Mechanism for 1-(4′-acetamidophenylazo)-2-naphthol oxidation by using P. chrysospo-
rium bacterium in the presence of an enzyme-lignin peroxidase [49]
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Fig. 12 Mechanism for 3,5-dimethyl-4-hydroxyazobenzene-4′-sulfonate oxidation by using P.
chrysosporium bacterium in the presence of an enzyme-lignin peroxidase [49]

are also used to decolorize dyes. Among the species mentioned above, P. chrysospo-
rium is proved more advantageous due to nonspecific enzymes and can decolorize a
diverse range of dyes by catalyzing a lot of reactions with the help of enzyme-lignin
peroxidase such as phenol dimerization, benzylic oxidation, carbon–carbon bond
cleavage, O-demethylation, and hydroxylation. However, the strain has also some
limitations while treating the industrial wastewater, if carbon and nitrogen nutrients
are present in the industrial wastewater, will inhibit the enzyme release from fungal
cells. Moreover, dye degradation with the help of lignin peroxidase needs higher
levels of hydrogen peroxide, veratryl alcohol (metabolite released by the fungus)
and lignin peroxidase which is not created instantaneously in dyed effluents [37].
Due to the limitations of P. chrysosporium, other White rot fungi are used such as
Trametes and Bjerkandera species [49].

Trametes versicolor with the help of ligninases catalyzed oxygenwas successfully
able to decolorize 80% indigo, azo, anthraquinone dyes, and metal complex while
manganese peroxidase was not able to decolorize the dyes. It is due to the reason
that T. versicolor used an extracellular oxidase enzyme, laccase for dye decomposi-
tion (indigo, azo, and anthraquinone dyes) [27, 37]. T. versicolor has some advan-
tages over P. chrysosporium because it can produce an oxidative enzyme, laccase,
even in carbon and nitrogen nutrients. Owing to the reasonable redox potential
(78mV ), T. versicolor oxidizes organic contaminants without secondary metabolites
and hydrogen peroxide [37].
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Unidentified White rot fungi were used for the cotton bleaching effluent in the
presence of manganese peroxidase while lignin peroxidase was not evidenced effec-
tive here [27]. To decolorize Direct Blue 1 and Reactive Black 5, White rot fungi
used are Bjerkandera adusta, Geotrichum candidum, Penicillium sp., Pycnoporus
cinnabarinus, Pleurotus ostreatus, and Pyricularia oryzae [49]. Some other White
rot fungi like Daedalea flavida, Dichomitus squalens, Polyporus sanguineus, and
Irpex Flavus are used to decolorize and modify many chromophoric groups of dyes
present in textile wastewater [10, 16].

Other fungal strains such as Inonotus hispidus, Hirschioporus larincinus, C. versi-
color, Phlebia tremellosa, Umbelopsis isabelline, Aspergillus foetidus, Penicillium
geastrivous, and Rhizopus oryzae also biosorb or decolorize many dyes [8, 25, 27].
The reduction of COD and BOD is achieved using mixed fungal cultures of C. versi-
color and P. ostreatus. Various fungal strains used in degrading dyes are summarized
in Table 5 [29].

The oxidation of anthraquinone dyes by laccase was achieved directly but azo and
indigo dyes (nonsubstrate) decolorization needs mediation by some anthraquinone
dye or some synthetic organic compounds. Mediation is important in color removal
from textile effluents because of the presence of non-substrate dyes with the substrate
dyes. Oxidation of phenolic compoundswas done using an enzyme laccase in oxygen
and some redox mediators. Fungal laccase isolated from the textile industry was not
able to decolorize Remazol brilliant blue R when used without any redox mediator
but was able to decolorize when low molecular weight redox mediator violuric acid
was used. Some other redox mediators are also used to decolorize various classes of
dyes with the help of laccases such as 1-hydroxybenzonitriazole, which was ineffi-
cient as compared to violuric acid, acetosyringone, 2-methoxyphenothiaazine, and
4-hydroxybenzenesulfonic acid [37].

3.3 Algae

Like other microbes, algae can treat dyed wastewater containing pigments, dyes,
and heavy metals [28]. Algae decolorized dye compounds by using three different
mechanisms in which chromophores are utilized to convert colored compounds into
uncolored ones, for the algal biomass, water, and carbon dioxide production and dye
adsorption on algal biomass. Algae degraded almost 30 azo dyes to aromatic amines,
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which were further degraded into simple compounds and later into carbon dioxide.
Different algal strains such as Scenedesmus bijugatus andEnteromorpha sp. are used
to degrade azo dyes in textile effluents [29]. Likewise,Chlorella salina andChlorella
vulgaris efficiently reduce BOD, pH, COD, total dissolved solids, nitrate, ammonia,
sodium, sulfate, phosphate, magnesium, potassium, calcium, and some other heavy
metals (copper, manganese, zinc, cobalt, chromium, nickel, and iron). Both were
able to reduce 14–100% heavy metals while C. vulgaris was proved more operative
than C. salina [28]. Algae while growing symbiotically with aerobic microbes will
provide oxygen to aerobes in degrading or utilizing aromatic amines produced as a
result of dye degradation [29].

3.4 Yeast

Yeast is used in treating dyed wastewater because of yeast biomass’s ability to accu-
mulate or absorb chromophores (toxic) or degradation into simpler compounds. For
the biosorption of dyes, yeast dead biomass is used as a biosorbent. Degradation or
decolorization of dyes with the help of yeast also requires some enzymes and reduc-
tases, peroxidases and laccases are the different enzymes used in dye degradation.
For the biodegradation of dyes, different types of yeast have been described like
Trichosporon beigelii, Candida krusei, Galactomyces geotrichum, and S. cerevisiae
[29]. Various algae and yeast used for the dye removal under various conditions from
wastewater are listed in Table 6.

4 Conclusion

In the last few decades, many different treatments are reported to remove dyes from
wastewater, but in a chapter, we focused on dye removal through aerobic biolog-
ical treatment, which is simple, inexpensive, stable, economical in operation and
design, can degrade toxic aromatic amines or aerobic nonbiodegradables, conserve
the energy, reduce toxicity levels of the chlorinated organic compound, eliminate
off-gas air pollution, and have the proper disposal sites for the disposal of produced
excess biomass.

Aerobic treatment is done by using some different aerobic biological units like
bacteria, fungi, algae, and yeast. Bacillus, Pseudomonas, and Aeromonas are the
important bacteria used for dye removal. White-rot fungi such as P. chrysosporium
and T. versicolor are used mainly but T. versicolor is advantageous as compared
with the others. Algae such as S. bijugatus, Enteromorpha sp., and yeast such as T.
Beigelii, C. krusei, G. geotrichum, S. cerevisae are used to treat the dye wastewater.
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Abstract Dyes are synthetic organic chemicals that arewidely employed in a variety
of sectors, including textiles, leather, plastics, food, pharmaceuticals, and paints.
Untreated industrial effluents have accumulated resistant azo dyes, which have had
a negative influence on the ecology. Discharging textile effluents in a water body
has aesthetic, environmental, and toxicological issues that should be considered.
Biological treatment, particularly anaerobic treatment, is usually considered to be
one of the most effective ways for eliminating the majority of contaminants from
complex or high-strength organic wastewater. The purpose of this book chapter is to
describe the effect of biological treatment on dye removal, taking into account both
anaerobic and aerobic treatments separately as well as a hybrid approach.
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1 Introduction

The textile business is both one of the largest and one of the most polluting industries
in the world. Textile manufacture entails a number of procedures, the majority of
which produce highly polluted wastes [21]. One of the most important steps in the
textile industries is dyeing. About 15% of colours used in the dyeing process are
expected to be released in wastewater [40]. Among the many dye classes, azo dyes
are the most popular, accounting for 70% of colours used in textile wastewater [110].
Under anaerobic conditions, spontaneous reduction of the azo bond or photocatalytic
degradationmay occur, resulting in extremely carcinogenic andmutagenic colourless
aromatic amines [3]. The remaining dyes (10–15%) have a considerable impact on
sunlight penetration, changing the natural water body [85]. The presence of various
amounts of dyes with high nitrogen and organic content causes eutrophication, which
causes the aquatic ecology to be disrupted [62].

Different treatment techniques for removing dyes and their related metabolites
from textile effluents have been proposed such as adsorption [108], coagulation [29],
electrocoagulation [6], filtering [50], chemical processes such as oxidation (Fenton’s
oxidation) [28], ozonation [96], and biologicalmethods [12]. Themain disadvantages
of these technologies are their high prices and the vast amount of sludge produced.
The elimination of the principal contaminants from complicated or high-strength
organic wastewater is typically thought to be most effective via biological treatment,
either aerobic or anaerobic [79].

Biological approaches are the most basic, natural, efficient, and cost-effective.
Using biological techniques large amounts of effluents can be treatedwithout causing
significant environmental harm. Activated sludge and microaerophilic modes are
accessible in a variety of bioreactors that can function in anaerobic, anoxic, and
aerobic settings [8, 63]. Although some attempts to decolorize dyes under aerobic
circumstances have proven successful, most azo dyes are still thought to be non-
biodegradable [89]. Various studies found that under aerobic circumstances, dyestuff
did not have substantial biodegradation rates. Because most aerobic bacteria are
incapable of destroying dye molecules, the traditional activated sludge technique is
ineffective in the treatment of textile wastewater in terms of colour. Under anaerobic
conditions, however, in contrast to aerobic treatment, reductive cleavage of azo bonds
is common. The development of high-rate bioreactors, which achieve a high reaction
rate per unit reactor volume by retaining the biomass in the reactor for long periods
of time, is critical for the successful application of anaerobic technology for the
treatment of industrial wastewaters [7].

In this chapter, we will be discussing the importance of dye removal strategies,
different aspects of using anaerobic method as an efficient dye removal process and
how it is better than the present technologies and how it can be made more efficient.
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2 Classification of Dyes

Dyes are categorised in a number of ways. The classification of a single parameter
is exceedingly complicated and useless from a practical view. Each class of dye is
distinguished by its source of material, chemical structure, chemical characteristics,
and mode of interaction with substrate molecules [39]. Figure 1 classifies the dyes
on the basis of source of material, ionic nature and chemical structure.

2.1 Classification Based on the Source of Material

2.1.1 Natural Dyes

Natural dyes are primarily derived from plants, animals, and minerals. The majority
of natural dyes are extracted from plant materials i.e., leaves, stem, roots, flower and
seeds. Natural dyes are biodegradable, non-toxic, and have a greater environmental
compatibility than synthetic dyes [54]. The most of natural dyes have a negative
charge, and positive charge dyes are very rare. Natural dyes are categorised based
on their chemical constitution and colour (Fig. 2).

Fig. 1 Broad classification of dyes [66]
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Fig. 2 Classification of natural dyes based on chemical structure and colour [101]

2.1.2 Synthetic Dyes

Synthetic dyes are man-made dyes generated from organic and inorganic chemi-
cals, and they are usually created from petroleum by-products or earth minerals
as synthetic resources. Synthetic dyes are used in textile dyeing, pharmaceutical,
food, paper printing, cosmetic, colour photography, and leather industries [17, 53].
The ease of application, low cost, and wide range of pigments rendered these dyes
popular. Synthetic dyes, on the other hand, can be toxic, mutagenic, carcinogenic,
and clastogenic to living organisms, resulting in huge contamination of water and
soil [4]. Synthetic dyes are divided into different classes as following.

2.1.3 Direct Dyes

Direct dyes are anionic dyes that are water soluble. These dyes are referred to as
direct dyes since they do not require any sort of fixing. Protein fibres and synthetic
fibres such as nylon and rayon are dyed with direct dyes and they bind to the fibre
due to Van der Waals forces. These dyes are applied in an electrolyte and ionic salts
under aqueous bath [84]. Direct dyes are azo dyes having multiple azo bonds, as well
as stilbene, phthalocyanine, and oxazine compounds. Cotton, leather, paper, wool,
silk, and nylon are all dyed with direct dyes.
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2.1.4 Basic Dyes

Basic dyes are cationic water-soluble dyes that are commonly used on acrylic fibres
[39]. They have cationic functional groups i.e. –NR3 + or = NR2 +. In 1856, H. W.
Perkin developed mauveine guilty basic dye, the world’s first synthetic dye. Acetic
acid is commonly added to the dyebath to enhance dye uptake onto the fibre, and
the dyes connect to the fibres by forming ionic bonds with the anionic groups of the
fibres. Paper is dyed with the basic dyes as well.

2.1.5 Acidic Dyes

Acid dyes are water-soluble anionic dyes that are used to colour fabrics such as silk,
nylon, wool, and modified acrylic fibres in neutral to acid dyebaths. At least half of
the dye’s attachment to the fibre is linked to salt formation between anionic groups
in the dyes and cationic groups in the fibre [61] (Ansari and Seyghali 2013). This
category includes the majority of synthetic food colours.

2.1.6 Reactive Dyes

Reactive dyes aremost commonly used on cellulosic fibres, and theymake a covalent
link with the right textile functionality. Certain functional groups in the dye molecule
can react with the –OH, –SH, and –NH2 groups found in textile fibres [73]. Reactive
dyes have around 29 percent of the global textile dyes market. Their emergence to
the market in the mid-1950s gave rise to a new class of cellulose dyes to replace
sulphur, vats, azoics.

2.1.7 Vat Dyes

Cotton and other cellulosic materials are dyed with Vat Dyes, which are soluble
leuco salts. They are also employed in the production of rayon and wool dyes. The
main chemical classes of these water-insoluble colours are anthraquinon (including
polycyclic quinones) and indigoids [39].

2.1.8 Disperse Dyes

Disperse dyes are water insoluble dyes that were originally developed to colour
cellulose acetate. The dyes are finely ground and marketed as a spray-dried and
marketed as a powder in the presence of a dispersing agent [39]. They are most
generally used to colour polyester, although they can also cellulose triacetate, colour
nylon and acrylic fibres. The small particle size allows for a wide surface area, which
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aids in dissolving and fibre uptake and the dispersion agent employed during the
grinding process might have a big impact on the dyeing rate.

2.1.9 Sulphur Dyes

Sulphur dyes are water insoluble in nature and used to colour cotton [13]. Dyeing is
done by submerging the cloth in an organic compound solution, which interrelates
with the sulphide source to produce dark colours that stick to the fabric [66].

2.1.10 Azoic Dyes

Azoic dye contains a functional group R–N = N–R’, with R and R’ typically
being aryl groups. Azoic dyeing is a process that involves applying an insoluble
azo dye directly to or within the fibre. This is accomplished by combining diazoic
and coupling components in a fibre. However, because the chemicals employed are
harmful, this procedure is not employed when colouring cottons.

2.2 Classification Based on Ionic Nature

Dyes are categorized as cationic (all basic dyes), anionic (direct, acid, and reactive
dyes), or non-ionic (all those other dyes) based on particle charge upon dispersion
in aqueous application medium (dispersed dyes).

2.2.1 Cationic Dyes

Cationic dyes are positively charged, water soluble, and produce colourful cations
when mixed in solution. Cationic dyes are also known as basic dyes and are used
in the dyeing of acrylic, silk, nylon, silk, and wool. This set of dyes encompasses a
wide range of chemical structures, most of which are based on substituted aromatic
groups [24]. These dyes act as a toxin and has been linked to skin irritation, allergic
dermatitis,mutations, and cancer [25].Cationic functionality canbe found in a variety
of dyes, most notably methane dyes and cationic azo dyes, as well as anthraquinone,
di- and tri-arylcarbenium, phthalocyanine dyes, and a variety of polycarbocyclic
and solvent colours. Anthraquinone dyes are costly and weak, whereas azo dyes are
strong and cost effective.
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2.2.2 Anionic Dyes

Anionic dyes encompass awide range of compounds frommany dye classes that have
structural variances (e.g., azoic, triphenylmethan, anthraquinone, and nitro dyes), but
all include water-solubilizing, ionic substituents as a common property. These can
be used to dye protein fabrics like wool, silk, and nylon. To improve solubility, acid
dyes have a complicated structure with big aromatic molecules, a sulfonyl group,
and an amino group [86].

2.3 Classification Based on Chemical Structures

2.3.1 Azo Dyes

Azo dyes are the most vital group among the half of all marketable dyes [39, 90].
Azo dyes have been explored extensively than any other class of dyes, and currently
a large amount of data is available. Azo dyes contain one nitrogen-nitrogen (N= N)
double bond, but they can have a variety of structures [35]. Diazonium salts, phenols
or aromatic/naphthyl amines are used to prepare azo dyes by the coupling reactions.
These dyes are the most widely used in the textile, leather, pharmaceutical, paper,
plastic, and printing industries, owing to their moderately simple synthesis.

2.3.2 Anthraquinone Dyes

Anthraquinone dyes are the second most common type of dye after azo dyes. This
class have anthraquinone chromophore groups and are widely utilised in the textile
industry. Anthraquinone dyes have an intricate and stable structure than azo dyes, and
they are more hazardous to microorganisms and human cells [70]. Anthraquinone
dyes exhibited a number of advantages, including higher illumination and virtuous
fastness [34]. Anthraquinones are essential natural compounds found in bacteria,
fungi, lichens, and plants, unlike azo dyes, which have no natural analogues [43]. The
nucleus of substituted anthraquinones and quinizarin (1,4-dihydroxyanthraquinone)
is usually prepared by synthesis of the nucleus using phthalic anhydride and a benzene
derivative. Most anthraquinone dyes exhibit prominent absorption bands and large
molar extinction coefficients in the long-wavelength range. Anthraquinone dyes have
notable photo stability, as a result, they have been employed in dye-sensitized solar
cells [55].

2.3.3 Nitro and Nitroso Dyes

Nitro and nitroso dyes are of modest commercial value currently, but their minuscule
molecular structures are intriguing. Nitro or nitroso groups are conjugated with an
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electron donating group through an aromatic system.Nitrous acid reactswith phenols
and naphthols to generate hydroxynitroso compounds. The nitroso compounds do
not dye themselves, but they can produce metal complexes that are either pigments
or acid dyes [34].

2.3.4 Triarylmethane Dyes

Triarylmethane dyes are prepared by the condensation of ketone, aldehydes,
acid anhydride or acid chlorides with aromatic amines or phenols (naphthols).
Triarylmethane dyes are employed as textile dyes for silk, cotton, wool, and as well
as in the manufacture of inks, dyeing of paper, colourants in foods, pharmaceuticals
and cosmetics. They are also used as biological stains, and as anti-infective, antibac-
terial, and anthelmintic agents [22, 57, 64]. They have also been used to clean blood
in vitro of flagellate parasites like Trypanosoma cruzi, as well as dye-assisted laser
inactivation of enzymes [80].

2.3.5 Indigoid Dyes

Indigoid dyes are the one of the oldest organic dyes belongs to vat dyes. These are
blue-coloured chemical compound contains carbonyl groups. Indigo dye has been
used for textile dyeing for over 5000 years, when it was initially derived from plants.
Indigo is nearly entirely used to colour denim pants and jackets. People like it because
of its blue colour and the fact that it fades over time to reveal softer blue colours.
In the late nineteenth century these dyes were derived from natural sources, but it
became one of the first natural chemicals to be synthesised with the development
of the modern chemical industry. Dyers favoured synthetically made indigo over
indigo from plants because it was of higher quality. Almost all imported indigo is
now synthetically generated, and most branded commercial manufacturing is based
on versions of the Pflegers technique [32].

3 Common Treatment Strategies in Dye Removal Process

There are threemost common treatment strategies of textile effluent physicalmethods
(membrane filtration processes and sorption techniques), chemical methods (coagu-
lation or flocculation and conventional oxidation processes), and biological methods
[83, 87].
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3.1 Physical Methods

These treatment methods are mostly used for small-scale dye removal. Physical
methods for dye removal are costly and influenced by other effluent components and
also have disposal problems. Major physical treatment processes are given below.

3.1.1 Adsorption

The adsorption technique is the most popular physical method. Despite a lower
utilisation rate, this procedure has recently acquired interest because to its high dye
removal effectiveness when compared to traditional procedures. Physical adsorption
is caused by weak bonding interactions between the adsorbate and the adsorbent,
such as hydrogen bonding, dipole–dipole, and van der wall interactions [38]. Due to
its high adsorption property activated carbon is the best-known adsorbent that can
reduce COD and 92% of color from the textile wastewater [30]. Other adsorbents
that can be used to remove colours fromwastewater include rice husks, sawdust, pine
sawdust, alkaline white mud, bauxite, silica, and chitin, [111]. Some disadvantages
of this procedure include the need for high-cost chemicals for precipitation and
pH changes, as well as problems with disposal and dewatering of generated sludge
following treatment.

3.1.2 Membrane Filtration

Anothermajor approach for extracting colours froman aqueous solution ismembrane
filtration. The dye liquid is filtered through a micropore membrane of a specific size.
The saturate can be reused after these membrane filters separate the dye from the
effluent [10]. However, it acts as a physical barrier for the filtration of dyes, chem-
icals, and processed water for reuse and does not degrade or decolorize the dye
[59]. After primary and secondary treatment of dye effluents, it is utilised as a prin-
cipal post-treatment technique such as reverse osmosis, ultrafiltration, nanofiltration,
and microfiltration. Solutes can be retained by membranes with varying pore sizes
according to their different molecular weight cut-offs (MWCO) and are classified
as: reverse osmosis (<1000MWCO), nanofiltration (500–15,000MWCO), and ultra-
filtrationmembranes (1000–100,000MWCO). Themethod effectively eliminates all
types of dyes, although it generates a lot of sludge. High costs of labor andmembrane
replacement, sincemembranes are prone to clogging and fouling aremajor drawbacks
of this method.



104 A. Vashisht et al.

3.1.3 Irradiation

Irradiation is a useful approach for degradingdyes that are resistant to chemical oxida-
tion /reduction. The amount of radiation and the availability of oxygen both influence
the rate of deterioration [106]. For organic molecules to be successfully broken down
by radiation, dissolved oxygen is required. It is an effective technique for the removal
of reactive, acid, and disperse dyes as well as toxic organic compounds. The photo-
catalytic oxidation processes such as UV/H2O2, UV/TiO2, UV/Fenton, and UV/O3

form free radicals due to UV irradiations [45]. The method’s main shortcomings are
such high chemical cost and low UV light penetration in highly coloured effluent
[113].

3.1.4 Coagulation/Flocculation

The use of a chemical reagent, a coagulant, disrupts the electrostatic connections that
exist between the molecules of reactive hydrolyzed dyes (or auxiliaries) and water
[5]. Coagulation is employed in conjunction with flocculation or sedimentation, and
its effectiveness is determined by themedium’s pH and the type of flocculant utilised.
[5]. The usage of a high amount of chemicals and the formation of a large amount
of sludge are the main disadvantages of this method [74].

3.2 Chemical Methods

3.2.1 Fenton’s Oxidation Method

The Fenton oxidation process generates radicals (-OH-) from Fenton’s reagent
(Fe2+/H2O2) when the Fe2+ ion is oxidised by H2O2 [98]. Both soluble and insoluble
dyes can be efficiently removed from effluent. The procedure is generally inexpen-
sive and effective in treating wastewater, resistant to biological treatment. It also has
a high COD removal efficiency [88]. The main disadvantage of Fenton’s approach
is that it is difficult to treat effluents with an alkaline pH, as well as the precipitation
of ferric ion salts, which results in a huge volume of sludge and the formation of
radicals, which slows down the reaction rate [1].

3.2.2 Ozonation

Ozone was first used in the early 1970s because of its high instability, which made
it a good oxidising agent (oxidation potential, 2.07) when compared to chlorine
(1.36), and H202 (1.78). Ozonation is a chemical process in which ozone due to
its oxidizing property decolorizes the dye at faster rates. In industrial processes,
ozone breaks the conjugated bonds of chromophore groups in dye structure resulting
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in their decolorization with no sludge generation of toxic metabolites formation.
Ozonation decolorizes water-soluble dyestuffs at a high rate as compared to non-
soluble dyestuffs. One of the advantages is that it is applied in its gaseous state, so it
does not affect the overall volume of wastewater. The disadvantage of the ozonation
method is the short half-life (20 min) of ozone. Dye materials, pH, temperature, and
the presence of effluent salts all affect the half-life. In addition, the cost of operation
is higher than with electrochemical treatment. Another drawback of the ozonation
process is the formation of secondary products such as aldehydes and dicarboxylic
acids which are known to be more toxic than parent molecules [72].

3.2.3 Electrochemical Destruction

In the mid-1990s, the electrochemical destruction technique was developed. An
electrochemical reduction/oxidation, electrocoagulation, and electroflotation reac-
tion occur when an electric current is applied to the effluent using the electrodes
(anode and cathode). Electrochemical oxidation of pre-treated textile effluent using
boron-doped diamond (BDD) anode system resulting in 80% reduction in the COD
after 12 h. A novel bioelectrochemical system (BES) based on electrodes; dissolved
oxygen and bacterial biofilm formed on electrode had been reported by [109] for
treatment of Methyl Orange (MO) that leads to the complete decolorization of the
dye (0.15mM) after 5.5 h. Themain advantage of this method is no or little consump-
tion of chemicals and no sludge formation. The major drawback of this technique is
high electricity cost, foaming, the short life span of electrodes, poor decolorization
of some dyes, and generation of unwanted products [16, 77].

3.2.4 Photochemical Oxidation

This method degrades dye molecules to CO2 and H2O by UV treatment in the pres-
ence of H2O2. High concentrations of hydroxyl radicals are produced during the
reaction which results in the degradation of the dye molecules. These hydroxyl radi-
cals broke down the chromophore group of unsaturated dye molecules. Advantages
of this method are no sludge formation, a great reduction in foul odors. However, the
dye removal rate is influenced by the intensity of the UV radiation, pH, dye structure,
and the dye bath composition [27, 94].

3.3 Biological Process of Dye Removal

Dyes, organic pollutants, are well known for their harmful effects on human health
and the environment. They are used in a wide variety of industries such as textile,
pharmaceutics, cosmetics, food, leather, printer ink, or leather producing industries.
The effluents released from these industries contain a wide variety of dyes [31]. Due
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to complex chemical structure and high molecular weight, the biodegradability of
these stable dyes is more difficult [42, 104] and hence, direct release of such potent
pollutants causes serious environmental impacts [31]. The discharge of these dyes
has persistent colour and a high BOD (Biological Oxygen Demand) load. The toxic
carcinogenic dyes obstruct the sunlight penetration into the water, inhibiting photo-
synthesis and growth of aquatic biota, and interferes with gas solubility [9]. Hence,
dye removal from industrial effluent is a necessary process to meet environmental
regulations. There are three different methods of dye removal—physical, chemical,
and biological method. Physicochemical methods (adsorption, chemical and elec-
trochemical oxidation, ion exchange, ozonation, coagulation/flocculation,membrane
process, irradiation, sonication, and filtration with coagulation) are easy to use and
some are cost-effective but there are some drawbacks associated with these methods
[76]. High electricity consumption [18, 19], non-reusable by-products and sludge,
multistage processing with long retention time, use of costly chemicals for pHmodi-
fication (precipitation and coagulation), and dewatering are some of the prominent
challenges associated with the physicochemical methods [49, 100].

Biological methods involve the conversion of synthetic dyes into less toxic inor-
ganic compounds with the help of microorganisms (Table 1). These methods are
considered to be cost-efficient, environmentally friendly, and results in reduced
sludge production when compared with other techniques. The process uses aerobic
or anaerobic organisms such as bacteria, fungi, algae and plants, and the enzymatic
system.

3.3.1 Biological Removal of Dye Using Bacteria:

Bacteria can degrade organic pollutants by using them as an energy source and
can also oxidize sulphur containing dyes into sulphuric acid. Azo dyes are most
commonly treated with the two-stage bacterial process [56]. The first stage involves
direct or indirect reduction of azo bond anaerobically and to facilitate this reaction
auxiliary substratemust be present to generate reduction equivalents. The breakdown
is brought by the azoreductase enzyme resulting in the colourless solution of aromatic
amines that can be a mutagenic, toxic and potent carcinogen. The metabolites so
formed are further catabolized by the aerobic method in the second stage.

3.3.2 Biological Removal of Dye Using Fungi:

Ligninolytic fungi has shown the most promising results of effluent treatment. It
produces laccase, lignin peroxidase, and manganese peroxidase enzymes that are
proven to oxidize soluble, insoluble, phenolic, and non-phenolic dyes. Lignin perox-
idase oxidizes aromatic ring to cationic radical. Manganese peroxidase oxidizes Mn
(II) to Mn (III) which further oxidize phenolic compounds to phenoxyl radicals and
Laccase also oxidizes phenols to phenoxyl radicals. Fungal cells are first immobilized
either by entrapment (microorganisms are captured in porous or fibrous material or
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are restrained in a solid or porous matrix-like natural polymeric gels and synthetic
polymeric gels [47] or attachment (adherence to the surface like polyurethane foamor
nylon foam or to other organisms). When immobilized fungi along with the effluent
are kept in the bioreactor, decolourization takes place due to enzymatic action [56].

Table 1 Summary of various biological processes for dye removal

Method Example References

Biodegradation of dye using
bacteria

Pseudomonas aeruginosa has
been used to remove Remazol
Red dye, Pseudomonas putida
to remove Orange II dye,
Lactobacillus delbrueckii can
remove Reactive Black 5 and
Reactive Orange 16, and
Streptomyces microflavus
CKS6g can remove Crystal
Violet and Safranin T, etc

Nur Hazirah et al. (2014),
Buntić et al. (2017), [76]

Biodegradation of dye using
fungi

Extracellular enzymes like
Lignin peroxidase, laccase, and
Manganese peroxidase secreted
by Phanerochaete
chrysosporium are used to treat
the effluent discharged from
textile, paper, or pulp
industries. Aspergillus oryzae
has been used to degrade azo
dyes, Laccase enzyme
produced by Trametes polyzona
is used to degrade bisphenol-A
and anthraquinone dye, etc. A
biodegradation-ozonation
hybrid model has been
successfully used to treat dyes
and tannins. Penicillium spp.
and Aspergillus spp. are the
fungi that have been extensively
studied for this hybrid model

(Singh et al. 2010; Singh, et al.
2012; Senthilkumar et al. 2014;
[12]

Biodegradation of dye using
algae

Methylene blue degraded by
Chlorella pyrenoidosa, acid red
247 degraded by Spirogyra
Rhizopus, Azo dyes degraded
by Nostoc muscorum,
Cosmarium spp., Pithophora
spp., Ulva lactuca,
Desmodesmus spp., Sargassum,
etc

(Omar et al. 2008; Thirumagal
et al. 2016; Pathak et al. 2015)

(continued)
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Table 1 (continued)

Method Example References

Biodegradation of dye using
plants

Hydroponically Nasturtium
officinale can remove Acid
Blue 92, A. filiculoides remove
Basic Red 46, Hibiscus
furcellatus remove Poly R 478.
Using plant tissue culture
technique, many plants were
grown in vitro and have shown
decolorization results like
Portulaca grandiflora, Petunia
grandiflora, Nopalea
cochenilifera, etc. grown
in vitro degrade Brilliant Blue
R, Reactive Red 196, Green
HE4B, Direct Red 5B, and
Reactive Blue 160. An enzyme
such as peroxidase produced by
Saccharum spontaneum can
decolorize Supranol Green up,
Navy Blue HER, and Brilliant
Blue H-7G and Ipomea
palmate can decolorize Methyl
Orange, Supranol Green,
Brilliant Green, and
Chrysoidine. Strategic action of
plant Bouteloua dactyloides
and bacterial species namely
Pseudomonas aeruginosa,
Ochrobactrum spp. and
Providencia vermicola has
been implemented to treat
Industrial effluents

(Zheng et al. 2000; Shaffiqu
et al. 2002; Davies et al. 2005;
Patil et al. 2012; Khandare
et al. 2015)

3.3.3 Biological Removal of Dye Using Algae:

Algae are potent biosorbents as they are having high surface area and high
binding ability. They are found in both marine and freshwater. The decolouriza-
tion by algae takes place by three different mechanisms—utilizing chromophores
for harvesting algal biomass, carbon dioxide, and water, converting chromophore
to non-chromophoric material, and finally, the resulting product is attached to algal
biomass. It has been reported that algae may produce azoreductase dye enzyme
against azo dyes resulting in decolourization [12]. The product obtained by enzy-
matic action is further degraded into organic compounds or carbon dioxide. Some
algae can even use azo dyes as the sole source of carbon and nitrogen [9]. Dead
algal biomass is more efficient than living algal biomass because of the nutritional
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requirement of living cells and hence, algal biomass can be stored and use for longer
periods.

3.3.4 Biological Removal of Dye Using Plants:

Plants can also be used for the bioremoval of dyes from industrial effluents. Plants
are autotrophic systems having large biomass and having little nutrient cost. They are
accepted because of their easy handling, environmental sustainability, and aesthetic
demand [36, 48]. Hydroponic system, plant tissue culture (hairy root, whole plant,
callus, cell suspension), purified plant enzymes, and synergistic action of plants and
microbes have been implemented/ explored for the biodegradation of dyes.

4 Importance of Anaerobic Process in Dye Removal

Due to their environmental safety and low input requirements, anaerobic treatment
has been deemed the most promising technology for wastewater treatment in dyeing
industry [107]. Various anaerobic treatment methods in the degradation of a wide
range of synthetic dyes have been proved efficient many times [20]. Anaerobic
decolourization uses a hydrogen-based oxidation–reduction reaction rather than free
molecular oxygen in an aerobic environment to decolorize azo and other water-
soluble pigments [83]. Anaerobic reduction of azo dyes can be a cost-effective
and efficient way to remove colour from textile wastewater [26]. Chemical reduc-
tion by sulphide is partially responsible for the anaerobic transformations of Acid
Orange 7, according to certain experiments. The experimental results were math-
ematically evaluated, and it was discovered that autocatalysis was crucial, as 1-
amino-2-naphthol hastened the chemical reduction of the azo link. Under anaerobic
conditions, decolourization of reactive water-soluble azo dyes was performed using
glucose as a carbon source [14]. The addition of tapioca starch improved the effi-
cacy of colour removal from synthetic blue effluent. Under anaerobic circumstances,
methanogenic granular sludgewas used to decrease and decolourizeMordantOrange
1 and Azodisalicylate [81]. In a traditional sewage treatment system, Reactive Red
141 was similarly decolorized under anaerobic surroundings. The chemical iden-
tification of dye degradation products revealed that decolourization occurred via a
reduction mechanism.

Tartrazine, a synthetic dye, was revealed to be easily decolorized in an anaer-
obic baffled reactor (Bell et al. 2000; Plumb et al. 2001). In anoxic sediment–
water systems, Disperse Blue 79 was likewise decreased, with the principal break-
down products being N, Ndisubstituted 1,4 azobenzene and 3-bromo-6-nitro-1,2-
diaminobenzene (Weber and Adams 1995). The impact of various modern tech-
nologies on the decomposition rate of dyes, as well as the effect of the presence of
other chemicals in the media, has received a lot of attention. The creation of high-
rate systems, in which hydraulic retention times are uncoupled from solids retention
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times, has recently been discovered to facilitate the removal of dyes from textile
industry wastewaters (Lier van et al. 2001). Another work (Zee van der et al. 2001)
demonstrated the viability of using anaerobic granular sludge for total decolouriza-
tion of 20 azo dyes. It was also shown that using the redox mediator anthraquinone-
2,6-disulfonic acid greatly accelerates up the breakdown of azo dyes (Zee van der
et al. 2001b). Under anaerobic conditions, the effect of salts (nitrate and sulphate) on
the breakdown rate of the azo dye Reactive Red 141 was investigated. The findings
revealed that nitrate slows the commencement of breakdown, whereas sulphate had
no effect on the biodegradation process (Carliell et al. 1998).

Several high-rate anaerobic reactors, such as the upflow anaerobic sludge blanket
(UASB) and the anaerobic baffled reactor (ABR), have been used in textile wastew-
ater treatment in various investigations (Sen et al. 2003). The ability of a thermophilic
UASB anaerobic system to discolour synthetic textile dye wastewater as a unit opera-
tion clearly shows that it has a considerable advantage over a comparable mesophilic
system and can efficiently decolourize such wastewater with a greater efficiency
(Willetts et al. 2000). Under anaerobic conditions, using a sequencing batch biofilter,
discolouration of commercially relevant azo dyes Orange II, Black 2 HN exhibited
> 99 percent colour removal up to a dye concentration of 400 mg/l for both colours
[67]. The anaerobic filter and the UASB reactor outperformed the other reactor types
evaluated in terms of colour removal efficiency.

5 Integration of Aerobic/Anaerobic Systems to Work
as a Hybrid System

The co-existence of anaerobic and aerobic microbes in a single biofilm is the foun-
dation of this system (Zitomer et al. 1998). An integrated anaerobic–aerobic system
can be maintained by supplying oxygen to an oxygen-tolerant anaerobic consor-
tium (Tan et al. 1999). Initially, to remove certain dyes such as Mordant Yellow 10
and 4-Phenylazophenol, Expanded Granular Sludge Bed (EGSB), which is an inte-
grated method with oxygenation of recovered effluent was used (Tan et al. 1999; Tan
et al. 2001). Reactive Red 5 was removed using a baffled reactor with anaerobic and
aerobic compartments, demonstrating excellent colour removal efficiency (Gottlieb
et al. 2002). Van der Zee and Villaverdee (2005) in their review article mentioned the
degradation of biological azo dye in two stages where the first step is the reductive
cleavage of the azo bond, leading to colour reduction which is more efficient in the
anaerobic digestion process but also results in the production of aromatic amines
which can, in turn, have a high toxicity. It is more appropriate to have a subsequent
degradation of the produced aromatic amines, in aerobic environments, which are
a very efficient method for the removal of aromatic amines. Due to limitations of
aerobic digestion leading to low colour removal and anaerobic digestion resulting in
the generation of aromatic amines and limitation of its mineralization, many authors
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like [23] and [60] have suggested using both the aerobic—anaerobic process for
treating effluents with different types of azo dyes.

Despite the effectiveness of anaerobic reduction in the removal of azo dyes the
intermediate products such as carcinogenic aromatic amines need to be degraded
by an aerobic process. In a study where this type of hybrid system was involved,
decolourization rates were found to be 20%, 72%, and 78% for Acid Yellow 17,
Basic Blue 3, and Basic Red 2, respectively [2]. This method has successfully used
for the degradation of bisazo vinylsulphonyl, anthraquinone vinylsulphonyl and
anthraquinone monochlootriazine reactive dyes (Panswad and Luangdilok, 2000).
A study has also shown the removal of Basic Red Dye using a sequential anaer-
obic/aerobic filter system [11]. In a similar study, further two-stage anaerobic/aerobic
system has shown the successful decomposition of sulfonated azo dyes such as Acid
Orange 10, Acid Red 14, and Acid Red 18 (FitzGerald and Bishop, 1995). In a
study by [91], it was further demonstrated that an anaerobic/aerobic treatment is
highly useful for the breakage of the azo bond in various azo dyes. The investigation
comprising of the removal of reactive diazo Remazol Black B dye by aerobic and
anoxic alongwith anaerobic/aerobic sequencing batch reactor (SBR) activated sludge
processes showed that longer anoxic and anaerobic period-promoted decolourization
[75].

5.1 Typical Effluent Treatment Process

The typical effluent treatment process can be categorized into the primary, secondary,
and tertiary treatment processes. Since most of the dye using industries like textile,
paper printing, leather, plastic, cosmetics, etc. consume large quantities of water
at every stage of their process, wastewater coming from such industries is the
main effluent laden with dye and other wastes. An overview provided by [95] of
typical primary, secondary and tertiary treatment technologies. The typical primary
treatment process consists of screening, sedimentation, homogenization, neutraliza-
tion, mechanical flocculation, and or chemical coagulation. Secondary treatment can
include any or combination of aerobic and or anaerobic treatment which can be
sequential, integrated or staggered, aerated lagoons, activated sludge process, trick-
ling filtration, oxidation ditch, and pond. Tertiary treatment which is also considered
as the end to pipe or final treatment stage includes technologies individually or in
combination like membrane filtration (modified cellulose membrane), adsorption
(biochar, agricultural modified waste, etc.) oxidation technique, electrolytic precipi-
tation, foam fractionation, electrochemical processes, ion exchange method, photo-
catalytic degradation and or thermal evaporation. Below we have tried to list some
of the key novel technologies which can be used for the removal of dye residues or
by-products generated because of its treatment.
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5.2 Hybrid Model (Anaerobic–Aerobic Digestion)
with Photocatalysis

[44] demonstrated the use of photocatalysis (fixed titanium dioxide) for the treatment
of azo, anthraquinone, and phthalocyanine textile dyes. Photocatalysiswas applied on
treated product generated post-biological (anaerobic–aerobic) treatment of azo dyes.
The product generated post photocatalysis showed non-toxicity to methanogenic
bacteria.

5.3 Hybrid Model with Partial Ozonisation

[52] combined biological and chemical treatment into a sequential batch reactor
(SBR) for the treatment of residual dyehouse liquors, which has a high concentra-
tion of reactive azo dye and recalcitrant compounds. SBR had anaerobic and aerobic
phases where water-soluble reactive dyes were reductively cleaved and decolorized
by a facultative anaerobic bacterialmixed culture under anaerobic conditions. Further
mineralization of the cleaved products produced during anaerobic degradation was
subjected to the mixed bacterial population in aerobic conditions. For mineralization
of recalcitrant products present initial, ozone was used for partial oxidation in the
aerobic phase. Ozone supported mineralization by increasing selectivity of reaction
and better biological mineralization. At the end of the process, complete decolour-
izationwas achieved alongwith overall 90% degradation of dissolved organic carbon
(DOC).

5.4 Adsorption with Anaerobic Digestion

[37] demonstrated a combination of the adsorption process with anaerobic biolog-
ical treatment. Anaerobic treatment is the most used method to treat complex wastes
present in textile effluent. Sawdust was used as adsorption material for sludge
generated post anaerobic treatment. This resulted in ease of sludge collection and
disposal.

When compared to other sequential systems, the advantage of these systems is
the small-scale requirement. One thing to keep in mind is that these systems were
largely used in lab settings using synthetic colours. To determine the usefulness of
such a system in an industrial textile mill, a full-scale test should be conducted.
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6 Conclusion

Dye decolourization and degradation is now one of the most common problems in
textile plants as a result of the current stringent standards. The aesthetic and environ-
mental difficulties of discharging textile effluents in a water body should be consid-
ered while designing an effluent treatment facility. The activated sludge technique
is the most widely utilized treatment in textile wastewater treatment plants around
the world. According to published research, such a technique is unable to entirely
remove colour from effluent. Several applications are using lengthy course of actions
to increase the bio-adsorption of dyes into bio-sludge using just aerobic processes.
This type of process operation may meet local rules for effluent needs in some coun-
tries; however, it is ineffective for dye degradation since dyes remain in the sludge.
Anaerobic reduction, particularly with azo dyes, can be a cost-effective and efficient
way to remove colour from textile effluent. Another significant benefit is that the
biogas produced by anaerobic degradation can be used in a cogeneration system to
generate both heat and energy. The best treatment plant structure generally incorpo-
rates spatially consecutive anaerobic and aerobic treatments. The tertiary treatment
procedure should be focused on for effective removal of dye residues remaining after
secondary treatment, as this is where the main load of leftover residues like cleaved
products post dye degradation needs to be addressed. However, it can be concluded
that a combination of different technologies like hybrid model involving anaerobic–
aerobic treatment and or usage of adsorption, filtration, ozonation, photocatalysis,
etc. needs to be selected appropriately to cater in their removal and thus no toxic
by-products are left to enter the environment which can further cause damage.
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13. Božič M, Kokol V (2008) Ecological alternatives to the reduction and oxidation processes in
dyeing with vat and sulphur dyes. Dyes Pigm 76(2):299–309. https://doi.org/10.1016/j.dye
pig.2006.05.041

14. Carliell CM, Barclay SJ, Buckley CA (1996) Treatment of exhausted reactive dyebath effluent
using anaerobic digestion: laboratory and full-scale trials. Water SA 22(3):225–233

15. Chinwetkitvanich S, Tuntoolvest M, Panswad T (2000) Anaerobic decolorization of reactive
dyebath effluents by a two-stage UASB system with tapioca as a co-substrate. Water Res
34(8):2223–2232

16. Cui L, Wu J, Li J, Ge Y, Ju H (2014) Electrochemical detection of Cu2+ through Ag nanopar-
ticle assembly regulated by copper-catalyzed oxidation of cysteamine. Biosens Bioelectron
55:272–277

17. Couto SR (2009) Dye removal by immobilised fungi. Biotechnol Adv 27(3):227–235
18. DemirbasA (2009) Agricultural based activated carbons for the removal of dyes from aqueous

solutions: a review. J Hazard Mater 167(1–3):1–9
19. De Gisi S, Lofrano G, Grassi M, Notarnicola M (2016) Characteristics and adsorp-

tion capacities of low-cost sorbents for wastewater treatment: a review. Sustain Mater
Technol 9:10–40

20. DeleeW,O’Neill C,Hawkes FR, PinheiroHM (1998)Anaerobic treatment of textile effluents:
a review. J Chem Technol Biotechnol: Int Res Process, Environ Clean Technol 73(4):323–335

21. dos Santos AB, Cervantes FJ, van Lier JB (2007) Review paper on current technologies
for decolourisation of textile wastewaters: perspectives for anaerobic biotechnology. Biores
Technol 98(12):2369–2385. https://doi.org/10.1016/j.biortech.2006.11.013

22. Duxbury DF (1993) The photochemistry and photophysics of triphenylmethane dyes in solid
and liquid media. Chem Rev 93(1):381–433

23. Koupaie EH,MoghaddamMR, Hashemi SH (2011) Post-treatment of anaerobically degraded
azo dye acid red 18 using aerobic moving bed biofilm process: enhanced removal of aromatic
amines. J Hazard Mater 195:147–154

24. Eren E, Afsin B (2008) Investigation of a basic dye adsorption from aqueous solution onto
raw and pre-treated bentonite surfaces. Dyes Pigm 76(1):220–225. https://doi.org/10.1016/j.
dyepig.2006.08.019

25. Eren E (2009) Investigation of a basic dye removal from aqueous solution onto chemically
modified Unye bentonite. J Hazard Mater 166(1):88–93. https://doi.org/10.1016/j.jhazmat.
2008.11.011

26. Erkurt HA (2010) Biodegradation of azo dyes. Springer
27. Forgacs E, Cserhati T, Oros G (2004) Removal of synthetic dyes from wastewaters: a review.

Environ Int 30(7):953–971
28. Fernandes NC, Brito LB, Costa GG, Taveira SF, Cunha-Filho MSS, Oliveira GAR, Marreto

RN (2018) Removal of azo dye using Fenton and Fenton-like processes: evaluation of process
factors by Box-Behnken design and ecotoxicity tests. Chem Biol Interact 291:47–54. https://
doi.org/10.1016/j.cbi.2018.06.003

https://doi.org/10.1590/0104-6632.20160334s20150031
https://doi.org/10.1080/10643389.2017.1393263
https://doi.org/10.1016/j.dyepig.2006.05.041
https://doi.org/10.1016/j.biortech.2006.11.013
https://doi.org/10.1016/j.dyepig.2006.08.019
https://doi.org/10.1016/j.jhazmat.2008.11.011
https://doi.org/10.1016/j.cbi.2018.06.003


Anaerobic Processes in Dye Removal 115

29. Gaydardzhiev S, Karthikeyan J, Ay P (2006) Colour removal from model solutions by coag-
ulation - surface charge and floc characterisation aspects. Environ Technol 27(2):193–199.
https://doi.org/10.1080/09593332708618633

30. Ghasemian E, Palizban Z (2016) Comparisons of azo dye adsorptions onto activated carbon
and silicon carbide nanoparticles loaded on activated carbon. Int J Environ Sci Technol
13(2):501–512

31. Gholami M, Nasseri S, Alizadehfard MR, Mesdaghinia A (2003) Textile dye removal by
membrane technology and biological oxidation. Water Quality Res J 38(2):379–391

32. Głowacki ED, Voss G, Leonat L, Irimia-Vladu M, Bauer S, Sarıçiftçi NS (2012) Indigo and
Tyrian purple—from ancient natural dyes to modern organic semiconductors. Isr J Chem
52:1–12

33. Gottlieb A, Shaw C, Smith A, Wheatley A, Forsythe S (2003) The toxicity of textile reactive
azo dyes after hydrolysis and decolourisation. J Biotechnol 101(1):49–56

34. Gregory P (1990) Classification of dyes by chemical structure. In: Waring DR, Hallas G (eds)
The chemistry and application of dyes. Plenum Press, New York

35. Growther L, Meenakshi M (2011) Biotechnological approaches to combat textile effluents.
ChemInform 42(29)

36. Ghodake GS, Talke AA, Jadhav JP, Govindwar SP (2009) Potential of Brassica juncea in
order to treat textile—effluent—contaminated sites. Int J Phytorem 11(4):297–312

37. Gobinath R, Saravanan SP, Kovendiran S, Hema S, Anas SM, Thangaraj M, Sangeetha
M (2015) Treatment of textile wastewater by adsorption process combined with anaerobic
digestion. Int J Appl Eng Res 10(53):101–106

38. GuoX,YaoY,YinG,KangY,LuoY,ZhuoL (2008) Preparation of decolorizing ceramsites for
printing and dyeing wastewater with acid and base treated clay. Appl Clay Sci 40(1–4):20–26

39. Gupta VK, Suhas (2009) Application of low-cost adsorbents for dye removal - a review. J
Environ Manage 90(8):2313–2342. https://doi.org/10.1016/j.jenvman.2008.11.017

40. Hai FI, Yamamoto K, Fukushi K (2007) Hybrid treatment systems for dye wastewater. Crit
Rev Environ Sci Technol 37(4):315–377. https://doi.org/10.1080/10643380601174723

41. Haapala R, Linko S (1993) Production of phanerochaete chrysosporium lignin peroxidase
under various culture conditions. Appl Microbiol Biotechnol 40(4):494–498

42. Hao OJ, Kim H, Chiang P-C (2000) Decolorization of wastewater. Crit Rev Environ Sci
Technol 30(4):449–505

43. HanYH,Van derRobertH,VerpoorteR (2001)Biosynthesis of anthraquinones in cell cultures
of the Rubiaceae. Plant Cell Tiss Org 67:201–220

44. Harrelkas F, Paulo A, Alves MM, El Khadir L, Zahraa O, Pons MN, Van Der Zee FP
(2008) Photocatalytic and combined anaerobic–photocatalytic treatment of textile dyes.
Chemosphere 72(11):1816–1822

45. Isaev AB, Aliev ZM, Adamadzieva NK, Alieva NA, Magomedova GA (2009) The photocat-
alytic oxidation of azo dyes on Fe2 O3 nanoparticles under oxygen pressure. Nanotechnol
Russ 4(7):475–479

46. Jiang H, Bishop PL (1994) Aerobic biodegradation of azo dyes in biofilms.Water Sci Technol
29(10–11):525

47. Katzbauer B, Narodoslawsky M, Moser A Classification system for immobilization tech-
niques.“ Bioprocess Engineering 12, no. 4 (1995): 173–179.

48. KagalkarAN, JagtapUB, Jadhav JP, BapatVA,Govindwar SP (2009) Biotechnological strate-
gies for phytoremediation of the sulfonated azo dye Direct Red 5B using Blumea malcolmii
hook. Biores Technol 100(18):4104–4110

49. Kim S-H, Kim T-W, Cho D-L, Lee D-H, Kim J-C, Moon H (2002) Application of charac-
terization procedure in water and wastewater treatment by adsorption. Korean J Chem Eng
19(5):895–902

50. Konsowa AH, Abd El-Rahman HB, Moustafa MA (2011) Removal of azo dye acid orange 7
using aerobic membrane bioreactor. Alex Eng J 50(1):117–125. https://doi.org/10.1016/j.aej.
2011.01.014

https://doi.org/10.1080/09593332708618633
https://doi.org/10.1016/j.jenvman.2008.11.017
https://doi.org/10.1080/10643380601174723
https://doi.org/10.1016/j.aej.2011.01.014


116 A. Vashisht et al.

51. Khandare RV, Govindwar SP (2015) Phytoremediation of textile dyes and effluents: current
scenario and future prospects. Biotechnol Adv 33(8):1697–1714

52. Krull R, Hemmi M, Otto P, Hempel DC (1998) Combined biological and chemical treatment
of highly concentrated residual dyehouse liquors. Water Sci Technol 38(4–5):339–346

53. Kuhad RC, Sood N, Tripathi KK, Singh A, Ward OP (2004) Developments in microbial
methods for the treatment of dye effluents. Adv Appl Microbiol 56:185–213. https://doi.org/
10.1016/S0065-2164(04)56006-9

54. Kusumawati N, Santoso AB, Sianita MM, Muslim S (2017) Extraction, characterization, and
application of natural dyes from the fresh mangosteen (Garcinia mangostana L.) peel. Int J
Adv Sci, Eng Inf Technol 7(3):878–884. https://doi.org/10.18517/ijaseit.7.3.1014

55. LiC,YangX,ChenR, Pan J, TianH,ZhuH,WangX,HagfeldtA, SunL (2007)Anthraquinone
dyes as photosensitizers for dye-sensitized solar cells. Sol Energ Mat Sol C 91:1863–1871

56. Libra JA, Borchert M, Vigelahn L, Storm T (2004) Two stage biological treatment of a diazo
reactive textile dye and the fate of the dye metabolites. Chemosphere 56(2):167–180

57. Lillie RD, Conn HJ (1991) HJ Conn’s biological stains. Sigma Chemical Co
58. Luangdilok W, Panswad T (2000) Effect of chemical structures of reactive dyes on color

removal by an anaerobic-aerobic process. Water Sci Technol 42(3–4):377–382
59. LuY, ShiW,Qin J, LinB (2010) Fabrication and characterization of paper-basedmicrofluidics

prepared in nitrocellulose membrane by wax printing. Anal Chem 82(1):329–335
60. Silva MER, Firmino PIM, Sousa MR, Dos Santos AB (2012) Sequential anaerobic/ aerobic

treatment of dye-containingwastewaters: colour and cod removals, and ecotoxicity tests. Appl
Biochem Biotechnol 166:1057–1069

61. Mani S, BharagavaRN (2010) 3 Textile industrywastewater environmental and health hazards
and treatment approaches, pp 47–69

62. Meerbergen K, Willems KA, Dewil R, Van Impe J, Appels L, Lievens B (2018) Isolation
and screening of bacterial isolates from wastewater treatment plants to decolorize azo dyes.
J Biosci Bioeng 125(4):448–456. https://doi.org/10.1016/j.jbiosc.2017.11.008

63. Melgoza AM, Cruz A, Buitrón G (2004) Anaerobic/aerobic treatment of colorants present in
textile effluents. Water Sci Technol 50(2):149–155. https://doi.org/10.2166/wst.2004.0111

64. Marmion DM (1991) Handbook of US colorants: foods, drugs, cosmetics, and medical
devices. Wiley

65. Mitrović J, Radović M, Bojić D, An -delković T, Purenović M, Bojić A (2012) Decolorization
of textile azo dye reactive orange 16 with UV/H2O2 process. J Serb Chem Soc 77(4):465–481

66. Mani S, Bharagava RN (2018) Textile industry wastewater: environmental and health hazards
and treatment approaches. In: Recent advances in environmental management, pp 47–69.
CRC Press

67. Manu B, Chaudhari S (2002) Anaerobic decolorisation of simulated textile wastewater
containing azo dyes. Biores Technol 82(3):225–231

68. Miao Y, Ouyang L, Zhou S, Xu L, Yang Z, Xiao M, Ouyang R (2014) Electrocatalysis and
electroanalysis of nickel, its oxides, hydroxides and oxyhydroxides toward small molecules.
Biosens Bioelectron 53:428–439

69. Nakamura Y, Sawada T, Sungusia MG, Kobayashi F, Kuwahara M, Ito H (1997) Lignin
peroxidase production by Phanerochaete chrysosporium immobilized on polyurethane foam.
J Chem Eng Jpn 30(1):1–6

70. Novotný Č, Dias N, KapanenA et al (2006) Comparative use of bacterial, algal, and protozoan
tests to study the toxicity of azo- and anthraquinone dyes. Chemosphere 63(9):1436–1442

71. Omar HH (2008) Algal decolorization and degradation of monoazo and diazo dyes. Pak J
Biol Sci 11(10):1310–1316

72. Patil NN, Shukla SR (2015) Decolorization of reactive blue 171 dye using ozonation and
UV/H2O2 and elucidation of the degradation mechanism. Environ Prog Sustain Energy
34(6):1652–1661

73. Panda R, Panda H, Panda A (2009) Reactive dyes. Colourage 56(6):44–49. https://doi.org/
10.1201/b21336-17

https://doi.org/10.1016/S0065-2164(04)56006-9
https://doi.org/10.18517/ijaseit.7.3.1014
https://doi.org/10.1016/j.jbiosc.2017.11.008
https://doi.org/10.2166/wst.2004.0111
https://doi.org/10.1201/b21336-17


Anaerobic Processes in Dye Removal 117

74. Pandey R, Patel S, Pandit P, Nachimuthu S, Jose S (2018) Colouration of textiles using roasted
peanut skin-an agro processing residue. J Clean Prod 172:1319–1326

75. Panswad T, Techovanich A, Anotai J (2001) Comparison of dye wastewater treatment by
normal and anoxic+ anaerobic/aerobic SBR activated sludge processes. Water Sci Technol
43(2):355–362
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Activated Sludge: Conventional Dye
Treatment Technique

Rudy Laksmono Widajatno, Edwan Kardena, Nur Novilina Arifianingsih,
and Qomarudin Helmy

Abstract Bio-decolorization is a biological method intended to remove dyestuffs
contained in textilewastewater. The biologicalmethod has threemechanisms that can
be carried out at the decolorization stage, namely biodegradation, bioaccumulation,
and biosorption. These three methods have been shown to have the potential to
remove dyes from textile wastewater. Biodegradation is an environmentally friendly
waste treatment at a lower cost than physical and chemical methods. The use of
microorganisms in degrading synthetic dyes is to break the cyclic chain or the double
bond of its chemical structure. Microorganisms used to degrade bacterial dyes will
produce enzymes and change the chemical structure of the pollutant to be simpler
so that the level of toxicity is low. The enzymes produced by the bacteria will then
be used to degrade the dye. The biodegradation process carried out on the dye will
also change the chemical structure of the chromophore or ausochrome groups. The
reductive enzymes produced by several specific bacterial strains function to break
the N = N double bond which will be replaced by two molecules of NH2. The
product produced in the reduction process is two aromatic aminos which will cause

R. L. Widajatno
Energy Security Study Program, Peace and Security Center, Indonesian Defence University,
Sentul, West Java, Indonesia
e-mail: rudy.laksmono@idu.ac.id

E. Kardena · Q. Helmy (B)
Water and Wastewater Engineering Research Group, Faculty of Civil and Environmental
Engineering, Institute of Technology, Ganesa St. 10, Bandung, West Java 40132, Indonesia
e-mail: helmy@tl.itb.ac.id

E. Kardena
e-mail: kardena@pusat.itb.ac.id

N. N. Arifianingsih
Graduate Institute of Environmental Engineering, National Taiwan University, No.1, Sec.4,
Roosevelt Rd, Taipei 106, Taiwan
e-mail: d09541008@ntu.edu.tw

Q. Helmy
Bioscience and Biotechnology Research Center, Institute of Technology Bandung, Ganesa St. 10,
Bandung 40132, Indonesia

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
A. Khadir et al. (eds.),Biological Approaches in Dye-ContainingWastewater, Sustainable
Textiles: Production, Processing, Manufacturing & Chemistry,
https://doi.org/10.1007/978-981-19-0545-2_5

119

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-0545-2_5&domain=pdf
mailto:rudy.laksmono@idu.ac.id
mailto:helmy@tl.itb.ac.id
mailto:kardena@pusat.itb.ac.id
mailto:d09541008@ntu.edu.tw
https://doi.org/10.1007/978-981-19-0545-2_5


120 R. L. Widajatno et al.

no absorption of light in the visible spectrum which indicates that the reduction
process and azo dye decolorization process occur.

1 Introduction

1.1 Textile Industry Process Overview

The textile dyeing and refinement industry is a water-intensive industry, one that
uses large amounts of water to meet process needs. Specific water requirements vary
from 25 to 180 L/kg-product. The use of water in the cotton dyeing process is more
than that of synthetic fabrics. In the wet dyeing and refinement facility, about 72%
of the total water used is process water which will then become wastewater. Details
of water use in wet dyeing facilities are shown in Fig. 1.

Wastewater produced by the textile industry is a mixture of various compounds,
consisting of fibers, biodegradable organic compounds, surfactants, salts such as
sodium chloride and sulfate, alkalis that contribute to high pH, oils and fats, hydro-
carbons, harmful heavy metals, recalcitrant compounds (difficult to degrade chem-
ically) and persistent compounds (difficult to degrade biologically) from aromatic
and heterocyclic compounds, and volatile compounds [51].

The World Bank estimates that around 17–20% of industrial wastewater comes
from dyeing and fabric finishing facilities. The typical components of textile
wastewater are shown in Fig. 2.

Process Water
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Cooling Water
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Steam Produc�on
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Process Water
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Water Treatment

Cooling Water

Steam Produc�on
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Fig. 1 Typical use of water in textile industry wet dyeing facilities
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Fig. 2 Typical types of contaminants in textile wastewater

The main pollutants in the textile industry wastewater are classified into three
types, floating materials, suspended solids, and dissolved solids, as shown in Fig. 3.

Textile wastewater is generally alkaline with a high content of organic compounds
(700–2,000 mg/L BOD). Textile wastewater contains suspended solids, surfac-
tants, and other organic compounds, including phenols and halogenated organic

Contaminants

Suspended MaterialsFloating Materials Dissolved Materials

Acid 
Alkaline 
Cation: Ca, Mg, NH4

Heavy Metals: Cu, Sb, 
Ni, Cd, Fe, Cr 
Anion: HCO3, CO3, PO4,
Cl, NO3, S2-, SO4

Organics: BOD, COD, 
Phenol, Surfactant, 
Hydrocarbon, Oil
Dyestuff

Microorganisms
Soil/Turbidity 
Emulsified organic

Oil & Grease
Fibers 
Scum, Froth

Fig. 3 Typical classification of major pollutant types in textile industry wastewater
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compounds, and some contain metals such as lead, zinc, chromium, nickel, and
copper. The textile industry also frequently uses a variety of flame retardant chem-
icals and other persistent and harmful organic compounds, such as brominated and
chlorinated compounds, arsenic, and mercury, which can enter the textile industry
wastewater stream. Typically, final processing steps such as bleaching, scouring, and
dyeing are major sources of pollutant generation because they use large amounts of
water and chemicals.

In general, wastewater sources from the textile industry are tabulated in Table
1, which are categorized by pollutant level (typical concentration), namely low,
medium, and high strenght. Liquid waste with light category.

Adapted from IMI (Indonesian Ministry of Industry) 2020.

1.2 Wastewater Treatment Using Activated Sludge Process

Nature has the ability to neutralize pollution that occurs if the amount is small enough,
but if it is in large quantities and loads it can have a negative impact on the environment
because it can lead to changes in the environmental balance so that the waste is said
to have polluted the environment. This can be prevented by treating industrial waste
before being discharged into water bodies. There are many choices of technologies
and techniques in wastewater management with certain characteristics. Determining
the right technology for an industry is influenced by many factors such as waste
characteristics, quantity, available technology, environmental impact, available land,
available human resources, financial availability, ease of installation, operation and
maintenance, and so on. The levels and stages of wastewater treatment can vary,
depending on the specific characteristics of the wastewater generated by an industry
[8]. Typical stages of the wastewater treatment process are as follows:

• Pre-Treatment. Pre-Treatment aims to remove large solids such as gravel and
debris left over from the process. In addition, this stage also aims to equalize the
flow rate and composition of the wastewater. This stage is generally carried out
physically.

• Primary Treatment. Primary processing aims to remove settleable materials, both
organic and inorganic materials by gravity, and remove floating materials through
skimming methods. Primary treatment can reduce about 25–30% organics, 30–
50% suspended solids, and about 60–80% of the total fat/oil contained in wastew-
ater. Some organic nitrogen and phosphorus content as well as heavy metals
attached to solids can be separated during this primary treatment. This stage is
generally carried out physically and chemically.

• Secondary Treatment. Secondary treatment generally involves the removal of
dissolved biologicalmaterial and colloidal organicmatter using an aerobic biolog-
ical treatment process. The combination of secondary and primary treatment is
able to removeBODand SS levels up to 80–90%of the initial level aswell as some
heavy metals. This stage is generally carried out biologically and chemically.



Activated Sludge: Conventional Dye Treatment Technique 123

Table 1 Identification of potential sources of textile industry wastewater generation

Potential sources Characteristics

Low strenght

Storm water If the housekeeping of the drainage is not
proper, there is the potential for small amounts
of suspended solids, oil, and grease to go along
with the water flow. Rainwater should be
harvested for industrial process water

Leaks in heat exchangers, boilers, cooling
towers, and steam traps

The amount of dissolved solids is low, in
contrast to the condensate which sometimes
has a high pH. Ideally, wastewater is separated
prior to treatment

Medium strenght

Machinary clean-up and maintenance Oil & grease, surfactant

Boiler blowdown and maintenance High temperature, High dissolved solid

Cooling tower blowdown High suspended and dissolved solid

Filter and softeners backwash High suspended and dissolved solid, salts

High strenght

Sizing:
Process for removing fine fibers that arise on
the surface of the fabric so that the fabric
becomes smooth, even, and clean. Sizing is a
very important process for textile materials and
must be carried out before mercerization,
dyeing, and printing processes

High in organics content (COD/BOD) from
excess starch, cellulose, wax, polyvinyl
alcohol, and wetting agents. Typical water
requirements are 0.5–8,5 L/kg with an average
of 4.5 L/kg product

Desizing:
Process for removing sizing agents which are
mainly starch-based and can inhibit further
textile processing

High in organics (COD/BOD), suspended and
dissolved solids. Wastewater contains starch,
cellulose, polyvinyl alcohol, surfactants,
persulfate, and complexing agents. Typical
water requirements are 2.5–21 L/kg with an
average of 11.5 L/kg product

Scouring:
Process for removing various impurities and
contaminants from fibers using hot water and
detergent

High in organics (COD/BOD) and pH.
Wastewater contains surfactants, complexing
agents, metals ion, and detergents. Typical
water requirements are 20–45 L/kg with an
average of 32.5 L/kg product

Bleaching:
Process for bleaching textile materials
generally uses chlorine-based bleach (sodium
hypochlorite and sodium chlorite) or hydrogen
peroxide

High in suspended and dissolved solids, fibers,
and alkalinity, but low in organics contents.
Wastewater contains chlorine, peroxide,
sulfite, phosphate, enzime, fibers, and
surfactants. Typical water requirements are
24–48 L/kg with an average of 35 L/kg product

(continued)
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Table 1 (continued)

Potential sources Characteristics

Mercerizing:
Process for treating cellulose fibers using a
caustic alkali solution (or ammonia solution) to
increase the strength and affinity of the material
for dyes

Low in organics (COD/BOD), dissolved solid,
and oil&grease, but high in pH. Wastewater
contains caustic, ammonia, wax, sulfate,
antifoam, and complexing agents. Typical
water requirements are 17–32 L/kg with an
average of 24.5 L/kg

Dyeing:
Process for giving color to textiles. In addition
to dyes, various chemical additives are often
used to increase the efficiency of the process.
Liquor ratio (LR) is the mass ratio between the
total dry matter and the total liquid/solution
used. This value varies from 3:1 to 50:1 (for
dyes with low affinity and low process
efficiency)

High in organics, color, and dissolved solid,
but low in suspended solid. Wastewater
contains dyes, reducing agents, wetting agents,
urea, solvents, phenolic compounds, aromatic
hydrocarbons, sulfonic acid, formaldehyde,
metals ion

Padding:
Process where dyes and auxiliaries can
penetrate into the textile material with the help
of padder rollers

Wastewater contains polyacrilamide, foaming
agents, polyacrylate, polymers, and sulfate

Printing:
Process for giving a motif to textile using dyes
or other materials, usually in the form of paste
or ink

High in organics, color, oil and grease,
suspended solids, and slightly alkaline. Low
volume of wastewater that contains dyes,
starch, binder, thickeners, reducing agents,
polymers, polyacrylate, mineral oils,
isopropanol, melamine derivative, and volatile
organics compounds

Finishing:
Process for producing a textile product to suit
its intended purpose or end use. At this stage,
the quality of the fabric will be increased
through one or various stages of the refinement
process

Low volume of wastewater that contains
organics, and solvents

Coating/repellent:
The process of finishing textile fabrics with
various coating materials

Low volume of wastewater that contains
resins, fluorocarbon, polysiloxane, aluminum,
zinc, and chromium

• Tertiary Treatment. The tertiary/advanced process aims to remove suspended
solids or dissolved solids remaining after going through primary and secondary
processing. Advanced processing independently or separately is carried out to
remove nutrients such as nitrogen, phosphorus, and organic materials that are
difficult to handle (refractory organics), and heavy metals. This stage is generally
carried out physically, chemically, and biologically.

If necessary, before being discharged into the environment, the effluent is disin-
fected first. The disinfection process aims to reduce or kill pathogenic microorgan-
isms present in wastewater so that it does not pollute the environment. In addition, the
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Fig. 4 Process technology options flow chart for textile wastewater treatment

wastewater treatment process generally produces sludge. The level of pollutants in
the sludge will be removed or lowered to the quality standard so that it can be utilized
or discharged into the environment. In general, the various technology options that
can be used to treat textile wastewater are shown in Fig. 4.

Textile industrywastewater contains two elements that have the potential to pollute
the environment, namely a relatively strong color and other organic carbon. In partic-
ular, the color content of textile wastewater is difficult to remove given the complex
chemical structure of dyestuffs. The process of dyeing fabrics in the textile industry
generally uses synthetic dyes so that wastewater discharged into the environment
still contains residual dye because not all of it is absorbed by the fabric. In the textile
dyeing process, about 10–15% of the dye used will be wasted into the environment
as liquid waste, so the textile industry wastewater containing color must be treated
first before being discharged into the environment. The textile industry wastewater
treatment technology that is widely applied to date is a combination of chemical and
biological processes. The chemical process commonly used is the coagulation–floc-
culation process using ferrous sulfate (FeSO4) and lime Ca(OH)2. With the addition
of these two chemicals, a CaSO4 precipitate will be formed which will adsorb the
dye. In addition, in the process of flocculation and deposition, this precipitate will
also adsorb and trap other organic substances. The remaining organic substances
that are still contained in the wastewater will be further processed using biological
processes. In this case, the biological process commonly used is the activated sludge
process or trickling filter (biofiltration). These chemical and biological treatment
methods require high operating costs, especially for the procurement of chemicals
and the generation of chemical sludge which is a new problem. Another treatment
method that has been tried is to do physical processing using an adsorption process
with powdered or granular activated carbon to remove color and organic matter at
once, but this process also requires expensive costs because it has to replace satu-
rated activated carbon. Activated carbon as an adsorbent has a limited operational
time because it will experience saturation. In the adsorption process with activated
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carbon, the use of granular activated carbon is more economical than powdered acti-
vated carbon, because granular activated carbon can be regenerated to restore its
adsorption ability. On the other hand, the use of powdered activated carbon is more
competitive than granular activated carbon because powdered activated carbon has
a larger surface area so that the adsorption capacity is greater [65]. Activated carbon
regeneration is an effort to extend the life of activated carbon by removing compounds
that havebeen absorbedby activated carbon, thereby restoring the adsorption capacity
of activated carbon to be reused. Regeneration efforts that are often carried out to date
are chemical and physical regeneration. However, in a combined process between
activated carbon and microorganisms, it is suspected that a bioregeneration process
of activated carbon can occur so that it will extend the life of the activated carbon in
addition to increasing the performance of this system.

Biological wastewater treatment processes with suspended culture systems have
been widely used worldwide for domestic and industrial wastewater treatment. This
process is principally an aerobic process in which organic compounds are oxidized to
carbon dioxide, water, and new cell biomass. Oxygen supply is usually by blowing air
mechanically through a blower or aerator. The most widely used suspended culture
wastewater treatment system is the activated sludge system. Activated sludge is a
complex biological mass produced when organic waste is treated aerobically. Sludge
will contain a wide variety of heterotrophic microorganisms including bacteria,
protozoa, and higher life forms. In other words, activated sludge is a mixture of
sludge and microorganisms that have the ability to treat waste. Since the activated
sludge system was first demonstrated by Edward Arden and William T. Lockett at
the Davyhulme SewageWorks inManchester, United Kingdom in 1914 [28], various
modifications of the activated sludge system have been developed. But basically, it
has two basic concepts, namely the biochemical stage in the aeration tank and the
physical stage in the settling tank. The suspension liquid in the aeration tank in the
wastewater treatment process with an activated sludge system is referred to as mixed
liquor suspended solids (MLSS), which is a mixture of wastewater with microbial
biomass and other suspended solids. MLSS is the total amount of suspended solids
in the form of organic and mineral materials, including microorganisms.

Wastewater treatment with conventional activated sludge process generally
consists of a primary settling basin, aeration basin, and a secondary settling basin,
followed by a chlorination tank to kill pathogenic bacteria. In general, the treatment
process is as follows, wastewater originating from pollutant sources is accommo-
dated in an equalization tank. This equalization tank serves to regulate the discharge
of wastewater which is equipped with a coarse screen to separate large impurities.
The wastewater is then pumped to the primary settling tank. This primary settling
basin serves to reduce suspended solids by about 30–50%, and organic content by
about 25–30%. The runoff water from the primary settling basin is channeled into the
aeration tank by gravity. In this aeration tank, the wastewater is aerated with air so
that the existing microorganisms will decompose the organic substances present in
the wastewater. The energy obtained from the decomposition of organic substances is
used bymicroorganisms for their growth process. Thus, in the aeration tank, biomass
will grow and develop in large enough quantities. This biomass or microorganism
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Fig. 5 Typical scheme of conventional activated sludge system

will continuously decompose the pollutant compounds present in the wastewater.
From the aeration tank, the water flows into the secondary settling basin. In this tank,
the activated sludge, which is a mass of microorganisms, is deposited and pumped
back to the inlet of the aeration tank by a mud circulation pump. Overflow from
the secondary settling basin is channeled to the chlorination bath. In this chlorine
contactor tank, wastewater is contacted with chlorine compounds to kill pathogenic
microorganisms. The suspended solids that settle in the secondary settling basin will
be recirculated back to the aeration basin, and some of the sludge at a certain time
will be disposed of as wasted sludge to control the age of the sludge in the activated
sludge system (Tchobanouglous et al. 2004). Schematic of wastewater treatment
process with standard or conventional activated sludge system can be seen in Fig. 5.

The biomass is separated in the secondary sedimentation tank so that it flocculates
and settles. This causes bacteria, protozoa, filamentous microbe, and other microor-
ganisms to form macroscopic flocs which will eventually settle. The attachment
of these microorganisms is aided by the polysaccharide matrix produced by these
microbes. An illustration of the formation of activated sludge floc can be seen in
Fig. 6.

1.3 Operational Variables in Activated Sludge Process

The operational variables commonly used in wastewater treatment processes with
activated sludge systems are as follows:

Hydraulic Retention time (HRT): The hydraulic retention time is the average
time required for wastewater to enter the aeration tank or tank [40]. For the activated
sludge process, the value is inversely proportional to the dilution rate (D).

HRT = V

Q
= 1

D
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Fig. 6 Illustration of floc forming structure in activated sludge

where V is the volume of the reactor or aeration tank (m3), Q is the discharge of
wastewater entering the aeration tank (m3/hour), and D is the dilution rate (hour-1).

BOD Loading Rate or Volumetric Loading Rate: BOD load is the total mass of
BOD in the influent wastewater divided by the reactor volume.

BOD Load = Q × S0
V

kg

m3
.day

whereQ is the incomingwastewater discharge (m3/day), S0 is theBODconcentration
in the incoming wastewater (kg/m3), and V is the reactor volume (m3). For the
conventional activated sludge process, the BOD load is generally in the range of
0.3–0.8 kg/m3.day, while for the extended aeration activated sludge process the BOD
load is generally in the range of 0.15–0.25 kg/m3.day.

Microbial Degrader Concentration: The liquid suspension in the aeration tank
in the wastewater treatment process with an activated sludge system are referred
to as mixed liquor, which is a mixture of wastewater with microbial biomass and
other suspended solids. Mixed liquor suspended solid (MLSS) is the total amount of
suspended solids in the form of organic and mineral materials, including microor-
ganisms. The MLSS was determined by filtering the mixed liquor with filter paper,
then the filter was dried at a temperature of 105 °C, and the weight of the solids in
the sample was weighed. The portion of organic matter in MLSS is represented by
Mixed Liquor Volatile Suspended Solid (MLVSS), which contains both living and
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dead microbes, non-microbial organic matter, and cell debris. MLVSS is measured
by continuously heating a dried filter sample of MLSS to a temperature of 600 °C,
and the value is close to 65–75% of the MLSS.

Food-to-Microorganism (F/M) Ratio: This parameter indicates the amount of
organic matter (BOD) to be removed divided by the total mass of microorganisms in
the aeration tank. The value of the F/M ratio is generally expressed in kilogram of
BOD per kilogram of MLSS per day [44]. F/M can be calculated using the following
formula:

F

M
= Q(S0 − S)

MLSS × V

where Q is the effluent flow rate m3 per day, S0 is the BOD concentration in the
wastewater entering the reactor area (kg/m3), S is the BOD concentration in the
effluent (kg/m3),MLSS in (kg/m3), andV is the volume of the reactor or aeration tank
(m3). The F/M ratio can be controlled by adjusting the circulation rate of activated
sludge from the circulating final settling basin to the aeration basin and/or adjusting
thewasted sludge. The higher the activated sludge circulation rate, tipically the higher
the F/M ratio. For wastewater treatment with conventional activated sludge systems,
the F/M ratio is 0.2–0.5 kg BOD per kg MLSS per day, but can be as high as 1.5 if
pure oxygen is used (Hammer and [23, 26]. A lowF/M ratio indicates that the number
of microorganisms in the aeration tank is too much compared to organic compounds
as food. This condition can cause starvation of healthy forming floc microbe, which
is followed by several issues such as the formation of bulking, pin floc which triggers
an increase in suspended solids content in the effluent.

Sludge Age: Sludge age is often called the mean cell residence time. This param-
eter indicates the average residence time of microorganisms in the activated sludge
system. If HRT requires retention in hours, the residence time of microbial cells in
an aeration tank can be days. This parameter is inversely proportional to the rate
of microbial growth [67]. The age of the sludge can be calculated by the following
formula:

Sludge Age = MLSS × V

SSe × Qe + SSw × Qw

where V is the volume of the aeration basin (L), SSe is the suspended solids in the
effluent (mg/l), SSw is the suspended solids in the sewage sludge (mg/l), Qe is the
effluent rate of waste (m3/day), and Qw is the rate of influent waste (m3/day). Sludge
age can vary between 5 and 15 days for conventional activated sludge systems. In
winter, it can be longer than in summer. Important parameters controlling activated
sludge operation are organic load, oxygen supply, and control and operation of the
final settling basin. This final settling basin has two functions, for clarification and
thickening of the sludge [7, 14, 58].

Sludge Volume Index (SVI): The conventional way to observe the settleability
of a sludge is to determine the Sludge Volume Index. To determined SVI, take a
mixture of sludge and wastewater (mixed liquor) from the aeration tank and put in a
1 L conical cylinder and left for 30 min, and record the volume of the sludge formed.
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SVI is an indication of the volume occupied by 1 g of sludge. SVI can be calculated
using the following formula:

SV I = SV

MLSS
× 1000mg

gram

where SV is the volume of sludge deposited in a conical cylinder after 30 min of
settling (ml), MLSS is mixed liquor suspended solid (mg/l). In wastewater treatment
units with conventional activated sludge systems with MLSS < 3500 mg/l, typical
SVI values are in the range of 50–150 ml/gr [54]. Considering that there are many
operational parameters in the activated sludge process that must be controlled, the
wastewater treatment process using the activated sludge process is quite complicated
and requires sufficient operator expertise.

1.4 Modification of Activated Sludge Process

The development of the industrial sector will have positive and negative impacts,
where one of the negative impacts that arise is the increase in the amount of
waste produced. This waste will disrupt the flow process in the industry so that the
waste must be removed from the industrial process and generally the waste will be
discharged into the environment. However, before being disposed of, the waste must
be treated properly first so that it does not have bad consequences such as damage to
the surrounding environmental ecosystem due to pollution or disturbance to public
welfare. The problem is that the waste generated from the production of an item will
have different treatment methods and technology so that the problem of treating this
waste is a complex problem. In this sub-chapter, several modifications to the process
and operation unit of the activated sludge WWTP will be discussed. The wastew-
ater treatment process that contains color pollutants that are widely used in Indonesia
currently is the activated sludge process. The problem faced in the currentWWTPs is
that the processed water often does not meet the quality standards to comply with the
new regulations in 2019 [30]. The parameter that often exceeds the quality standard
is the color parameter. Several factors that are often encountered include too short
in hydraulic residence time, very large fluctuations in waste discharge, poor aeration
process, and operational errors due to inadequate knowledge of the operator about
the process. To overcome the problems mentioned above, technological innovation
is needed to improve the efficiency of wastewater treatment, especially the conven-
tional activated sludge process. One example to improve the activated sludge process
is by adding activated carbon to the aeration tank. By adding activated carbon to the
aeration basin, microorganisms will multiply on the surface of the activated carbon
thus increasing the density of microorganisms that decompose organic matter and
dye in the aeration basin.
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Granular Activated Sludge (GAS): In biological wastewater treatment systems,
microorganisms can exist as biofilm and biogranule. A biofilm consists of microor-
ganisms attached to an inert substrate, while a biogranule is a microorganism that is
completely self-immobilized [36]. Biogranules cannot occur in the natural environ-
ment. Strong selective pressure is the requirement to trigger biogranulation in reactors
[37]. Observations of this phenomenon were first made in the sludge of anaerobic
sewage treatment systems in 1980 [35]. The first granular sludge to be detected in
an aerobic system was found in 1997 in the Sequencing Batch Reactor (SBR) [45].
About two decades after the discovery, aerobic granular sludge has been studied for
applications such as treatment of domestic and high organic load wastewaters, biore-
mediation/biotransformation of toxic aromatic pollutants (including phenol, toluene,
pyridine), treatment of industrial effluents (textile, dairy, brewery), adsorption of
heavy metals, recovery of high value-added products, and others [53]. In compar-
ison to conventional activated sludge systems,GAShas several advantages, including
good settling ability, high biomass retention, tolerance to toxicity, high tolerability,
and higher extracellular polymer substances (EPS) production [1, 46, 53, 63]. EPS
is known as bacterium secreted sticky material containing proteins, polysaccharides,
humic acids, and lipids that initiate the granulation process [55]. Aerobic granula-
tion is affected by several operational parameters, including substrate composition,
organic loading rate (OLR), hydrodynamic shear force, feast-famine regime, feeding
strategy, dissolved oxygen concentration, reactor configuration, solids retention time,
sequential batch reactor (SBR) cycle time, settling time, and volume exchange ratio
[53].

The formation mechanism of aerobic particles consists of four stages [48]. Firstly,
intercellular contact with microorganisms. Secondly, under the pressure of external
disturbances, themicrobes react similar toQuorumsensing andgatherwith eachother
to form initial aggregates. Thirdly,microorganisms unitewith each other and enhance
adhesion through the production of EPS. This EPS is an extracellular polymer,
which is one of the important physiological capabilities of microorganisms. It can
break down molecules in the environment (in vitro) into small molecules and then
take them into the body. Finally, gradually form particles through hydrodynamic
shearing force (by aeration bubbles), and switch between aerobic and anaerobic
cycles in a single reactor tank, as the oxygen concentration gradient decreases with
the depth of the particles, so obvious stratification is gradually formed. Generally, the
hydrodynamic shear caused due to bubble aeration induces extracellular polymeric
substances (EPS) production, cell surface hydrophobicity, and trigger cell–cell inter-
actions contributing to initiation of granule formation. The gel forming exopolysac-
charide components of the EPS can play a role in the structural stability. Segregated
distribution of microorganisms in the granular activated sludge illustrated in Fig. 7.

After the mature particles are formed, the reactions in different layers are not
the same. The reaction that can be achieved by the internal anaerobic and external
aerobic composition is the removal of carbon, nitrogen, and phosphorus. The outer-
most aerobic part is decomposed by heterogeneous bacteria for COD and nitri-
fying bacteria for digestion and phosphorus uptake. The excessive anoxic layer
in the middle can carry out the denitrification reaction The innermost anaerobic
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Fig. 7 Graphical
representation on segregated
distribution of
microorganism in the
individual granular activated
sludge. Dyestuff in the
wastewater was
biotransformed to amines in
the anaerobic zone, which
were subsequently degraded
in the anoxic–aerobic zone
[9, 11, 41, 48, 71]

layer releases phosphorus.Anaerobic phosphorus release aerobic phosphorus uptake.
Aerobic granular sludge (AGS) is a novel microbial community which allows simul-
taneous removal of carbon, nitrogen, phosphorus, and other pollutants in a single
sludge system [18]. The biological dye removal process consists of 3 steps, firstly,
anaerobic reduction occurs to cleave the azo dye molecule on its chromophore (-N=
N-) to form colorless aromatic amine intermediates. The second is the cleavage of the
aromatic ring of amine compounds into simpler aliphatic ones, and the third is miner-
alization in the next aerobic phase to form carbon dioxide, water, and ammonia. The
granular activated sludge is then settled in the clarifier tank and due to its heavier char-
acteristics than conventional flocs, and has amuch faster settling speed (>12m/hour),
the sludge deposition process can be carried out in a smaller clarifier tank. It also
allows for higher concentrations of biomass in the aeration tank, leading to more
efficient degradation of wastewater [71].

Biological Activated Carbon (BAC): What is meant by biologically activated
carbon is the biological process of activated sludge with amodification of the process
in the form of adding a certain amount of activated carbon into a biological reactor
containingmicroorganism culture. This combination treatment has been successfully
developed by DUPONT as a PACT™ (Powder Activated Carbon Treatment) process
[17, 27, 56]. This is done with the aim of improving the quality of the WWTP
effluent, considering that the addition of activated carbon into the biological reactor
will improve the system’s performance and is more economical than the physical
process with activated carbon adsorption which is carried out separately after the
biological process [70]. The combined activated sludge and activated carbon system
has better performance due to the following phenomena (as shown in Figs. 8, 9,10).
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Fig. 8 The artistic scheme of the combined activated sludge and activated carbon system in the
biodecolorization process of dye compounds, a initial activated carbon, b saturated activated carbon
after absorbing dyes molecules, c breakdown of dyes molecules by microorganisms activity, and d
bioregeneration process of activated carbon. [68, 69] Adapted from

a. Activated CarbonAdsorption. Activated carbon adsorbs dissolved substances in
wastewater, including non-biodegradable substances. These non-biodegradable
molecules are easier to adsorb, so their levels in wastewater are reduced.

b. Interaction Effect. Activated carbon increases microbial activity, because the
surface of activated carbon becomes a matrix for microbial growth so that the
rate of substrate removal increases. In addition, the absorption of the substrate
on the surface of the activated carbon causes the substrate concentration to
decrease. By decreasing the concentration of this substrate, the process of
substrate biodegradation by microbes becomes faster.

c. Contact Optimization. Substrates that are adsorbed by activated carbon and the
presence of microbes attached to the surface of activated carbon will increase
the contact between the substrate and its degrading microbes.

d. Biological Regeneration Process. The presence of a substrate that is absorbed
by activated carbon will be utilized by microorganisms, as a result, activated
carbon becomes active again for further adsorption processes.
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Fig. 9 Simplified relationship of four factors in biological activated carbon. Activated carbon
adsorbs both dissolved oxygen and contaminants (A-B), degradermicrobe utilizing contaminant and
nutrient to grow on the surface of activated carbon (C-D-E), and by the decomposition of contam-
inants initially adsorbed by activated carbon, promote the regeneration process of the saturated
activated carbon (F)

e. Microbial Flocs Core. Carbon particles have a certain density so that they can
function as ballast elements and as a core for flocculation of biomass, as a result,
the deposition of activated sludge flocs increases.

It can be explained that the transport of microorganisms during the bioregen-
eration process enters the pore structure through the macropores, mesopores, and
micropores, it is possible because the size of microorganisms is smaller than the
macro- and meso-pore diameters, but in the micropore structure, microorganisms
cannot enter because of their size. larger microorganisms. From the test results of
activated carbon that has been regenerated, the efficiency of color removal, COD,
and absorption ability tends to decrease over time from the initial activated carbon
[68]. The process of using activated carbon coated with a biofilm of microorgan-
isms for water and wastewater treatment processes was developed in the 1970s. [52]
examining the bioregeneration of activated carbon used to purify textile wastew-
ater. For this case, it was operated for 11 months and it was stated that the results
were good, but the mathematical bioregeneration process was not reported and the
mechanism was not mentioned. Little attention has been paid to the development
of biologically activated carbon regeneration research as an alternative to traditional
methods of activated carbon regeneration. The experimental practice was carried
out with three different treatments, namely activated carbon which was added to
the biological system, the second was fine sand which was added to the activated
sludge system, and the third was control in the form of activated sludge without
adding other materials. In these three treatments, the growth of microorganisms was
observed with the results in the first treatment, the number of microorganisms in acti-
vated sludge reached 15× 105 colonies/cc, the second treatment resulted in 25× 102
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Fig. 10 Biodegradation assay of monochlorotriazine reactive red (MCTA-RR) dye for 108-h incu-
bation time using Pseudomonas rudinensis. The presence of microorganism activity in the system
caused a decrease in the concentration of MCTA dye (a), while a faster decolorization was observed
in the BAC system where the color removal process was caused by both adsorption of activated
carbon and due to biodegradation action of microorganisms. Adapted from [68]

colonies/cc, and the third resulted in 5 × 102 colonies/cc. Biodegradation of organic
pollutants occurring in the BAC column overgrown with a large amount of aerobic
biomass will result in a longer operating time than unadulterated carbon and this
makes for a low cost treatment. Although the BAC process has been widely used, but
the mechanism is not widely known especially the relationship between biodegrada-
tion and carbon sequestration, these two can be promoted individually or they occur
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Fig. 11 Visual image of
biodecolorization process of
25 mg/l monochlorotriazine
reactive red dye using
Pseudomonas rudinensis
(left: control reactor; right:
after 108-h incubation time)

simultaneously in the biological column of activated carbon [49, 50, 66]. The biolog-
ical activated carbon process was developed based on the activated carbon process,
which uses the synergistic effect of the pollutant biodegradation process by attached
growth microbes and the adsorption process on activated carbon. Activated carbon
is known to have a high specific surface area and a highly developed pore structure,
so it is characterized by its great effect in absorbing dyestuff and organic matter in
textile wastewater. In the process of Biological Activated Carbon technology, both
granular and powdered activated carbon is used as a carrier, by growing or immo-
bilizing microorganisms under proper temperature and nutritional conditions on the
activated carbon surface and finally forming BAC, which can exert adsorption and
biodegradable roles simultaneously. Biological activated carbon technology consists
of the interaction of activated carbon particles, microorganisms, contaminants, and
dissolved oxygen, in the mixed liquor in the aeration tank. Figure 9 illustrates a
simplified relationship that shows how the four factors interact with each other. The
relationship between activated carbon and contaminants is only the adsorption effect
of activated carbon, and the reaction depends on the nature of the activated carbon and
contaminants. While activated carbon can adsorb DO and microorganisms adsorbed
on the surface of activated carbon, DO administration will degrade contaminants.
In summary, with the interaction of these four factors, the goal of removing both
dyes and contaminants from textile wastewater can be achieved using a biologically
activated carbon process.

Generally, the widely adopted textile wastewater treatment is a sequential anaer-
obic–aerobic biological treatment process. This treatment method has proven to be
the most successful yet economical in decolorizing the dye content in textile wastew-
ater due to the breakdown of azo bonds (—N = N—) in an anaerobic process into
intermediate compounds, before entering the aerobic process which then continues
the mineralization of the intermediate compound into carbon dioxide and water.
Currently, biological treatment for textile wastewater usingmicroorganisms has been
widely studied compared to physical and chemical treatment due to its environmental
friendliness, reproducible efficiency treatment and economical implementation. BAC
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can be categorized as a biofilm which is best described as a community of microor-
ganisms attached to the activated carbon surface as a carrier. BAC can be developed
by single or multispecies microorganisms which have the ability to form on both
living and nonliving surfaces. The growth of microorganisms in the form of biofilms
protects them fromadverse environmental conditions and acts as a shield against envi-
ronmental stresses, enabling communication and exchange of genetic material and
nutrient availability and persistence in different metabolic states. Biofilms can have
very long biomass residence times when treatment requires slow-growing organisms
with poor biomass yield or when wastewater concentrations are too low to sustain
activated sludge floc growth [47]. The decolorization process in this biofilm system
can be similar to the decolorizationmechanism in a granular activated sludge system.

2 Biological Dye Removal Process

The biological textile wastewater treatment process can be carried out under two
conditions, namely aerobic conditions and anaerobic conditions or a combination of
anaerobic and aerobic [72]. Aerobic biological processes are usually used for textile
wastewater treatment with a low Biological Oxygen Demand (BOD) load, while
anaerobic biological processes are used for wastewater treatment with very high
BOD loads [32, 39]. Generally, biological wastewater treatment can be divided into
three, namely biological processes with suspended culture, biological processes with
attached culture and treatment processes using a lagoon or pond system. Biological
processwith suspended culture is a treatment systemusing the activity ofmicroorgan-
isms to decompose pollutant compounds present in thewater and themicroorganisms
used are cultured in suspension in a reactor. Biological process with attached culture
is a treatment system which the microorganisms used are cultured and attached the
surface of themedia. This process is also knownas themicrobiological filmprocess or
biofilm process. Examples of wastewater treatment technologies in this way include:
trickling filters, submerged biofilters, rotary biological contact reactors, and others.
The process of biological wastewater treatment with a lagoon or pond is to accommo-
date wastewater in a large pond with a long residence time so that with the activity
of microorganisms that grow naturally, pollutant compounds present in the water
will decompose [62]. The dye molecule is a combination of unsaturated organic
substances with chromophores as color carriers and auxochromes as color binders
with fibers. Unsaturated organic substances found in the formation of dyestuffs are
aromatic compounds, including aromatic hydrocarbons and their derivatives, phenols
and their derivatives, and nitrogen-containing hydrocarbon compounds. The chro-
mophore group is the group that gives the molecule its color. Based on the source
origin, dyes are divided into two, namely natural dyes and synthetic dyes. Natural
dyes are natural dyes or dyes derived from plants, while synthetic dyes are aromatic
hydrocarbon derivatives such as benzene, toluene, and naphthalene. The names and
chemical structures of the chromophore are shown in Table 2. Based on the coloring



138 R. L. Widajatno et al.

Table 2 Chemical structure
of dye chromophore

Chemical bonding group Chemical structure

Azo group
—N = N—

Ethylene Group
—C = C—

Carbonyl Group
—C = O

Carbon Group – Nitrogen
—C = NH; C = N—

Sulfur Carbon Group
—C = S; —C–S–S–C—

Nitroso NO; —N – OH

Nitro NO2; NN–OOH

process, the dyestuffs are classified as reactive dyes, dispersion dyes, direct dyes, vat
dyes, sulfur dyes, basic dyes, acid dyes, and solvent dyes.

Many studies have been carried out on the ability of microorganisms to degrade
textile dyes because the dye contains organic nutrients that can be used for bacterial
growth. Reports on the use of synthetic dye-degrading bacteria have been identi-
fied including: Alcaligenes eutrophus, Bacillus subtilis, Klebsiella pneumonia, Pseu-
domonas stutzeri, and sphingomonas sp. [61]. This dye decolorization research began
with the discovery of the metabolism of mammals fed a mixture of azo dyes. The
azo dyes that enter the digestive tract of these animals are reduced by the microflora
in the digestive tract under anaerobic conditions. This reduced azo bond produces
side products or intermediate compounds, namely amino azo benzene derivatives
which are known to be carcinogens. Azo dyes reduction catalyzed by azo reduc-
tase enzymes in the liver is the same as azo reduction by microorganisms present in
contamination under anaerobic conditions. From the results of these studies, further
research has been developed for anaerobic digestion of dyestuffs. Furthermore, the
biodegradation of dyes under anaerobic conditions is quite potential to remove textile
dyes. The use of microorganisms in degrading synthetic dyes is to break the cyclic
chain or the double bond of the chromophore compound. Microorganisms used to
degrade bacterial dyes will produce enzymes and change the chemical structure of
the pollutant to be simpler so that the level of toxicity is low. The enzymes produced
by bacteria will then used to degrade dyes. The biodegradation process carried out
on the dye will change the chemical structure of the chromophore or auxochrome
groups through the process of reducing the N = N double bonds found in azo dyes
replaced by HN-HN from NH2.

The removal of the dyes from the textile and dyestuff manufacturing industry
biologically can be broadly classified into three categories: aerobic treatment, anaer-
obic treatment, and a combination of both. The color removal process that occurs
in textile wastewater treatment is the process of breaking the double bond in the
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chemical structure of the dye. The result of breaking the dye chain is several chem-
ical compounds as intermediate products including aromatic amine compounds.
Aromatic amines are compounds that are very harmful to the environment because
of their very toxic nature, so a series of intermediate product degradation processes
are needed to become the final product in the form of minerals that are not harmful
to the environment. The results of the research on breaking the chemical structure
of color in both aerobic and anaerobic activated sludge systems are summarized in
Table 3.

The textile wastewater treatment plant which is widely applied by the textile
industry in Indonesia is the conventional activated sludge system. In this installation,
the aerobic systems that dominate are contact aeration, step aeration, and contact
stabilization. Biological treatment, aerobically or anaerobically, is generally consid-
ered the most cost- and technically effective way to remove major pollutants from
complex or high-strength organic textilewastewater such asBOD,COD, andTSS.On
the other hand, only the biological process treatment of the textile wastewater, may
not be sufficient to meet the quality standards which over time and by increasing
in environmental awareness demands tightening both the quality and quantity of
wastewater to be discharged into the environment. As a case study that occurred in
Indonesia, regulations regarding color parameters were not regulated before 2019,
but starting in 2019, the nationally applied color parameter quality standard regula-
tions state that the entire textile industry is required to treat color parameters with a
value of no more than 200 platinum cobalt units (pt–co). Regulation of the Indone-
sian Ministry of Environment and Forestry Number 16, 2019 which regulates textile
industry wastewater quality standards, as shown in Table 4 depicted the spirit in regu-
lating, limiting, and improving environmental quality by tightening the concentration
value of wastewater parameters.

To cope with the newly more stringent regulatory thresholds value, many textile
industries have tomodify or even rebuild their existingWWTPs by adapting the latest
wastewater treatment technologies. The most widely applied WWTP modification
is to add a decolorization unit with a coagulation flocculation process using ferrous
sulfate (FeSO4) and limeCa(OH)2.With the addition of these twochemicals, aCaSO4

precipitate will be formed which will adsorb the dye. In addition, in the process of
flocculation and deposition, this precipitate will also adsorb and trap other organic
substances before being biodegraded further in the activated sludge unit. Another
process modification that is generally carried out in existing WWTPs is to add an
anaerobic decolorization unit since the chemical structure of the dye is a double bond
in the chromophore group. Many studies suggest that the cleavage of the dye double
bond will occur optimally under anaerobic conditions. However, dyestuffs can be
biodegraded anaerobically although not completely, but only part of their chemical
groups will be degraded. Therefore, adding an anaerobic unit will increase the effi-
ciency of decolorizationwith further intermediate compound destruction taking place



140 R. L. Widajatno et al.

Ta
bl
e
3

D
ye
s
bi
o-
de
co
lo
ri
za
tio

n
in

ac
tiv

at
ed

sl
ud

ge
sy
st
em

D
ye
s

B
io
de
co
lo
ri
za
tio

n
tr
ea
tm

en
t

R
es
ul
ts

R
ef
er
en
ce
s

A
er
ob
ic

R
ea
ct
iv
e
R
ed

(R
R
)

(m
on
oc
hl
or
ot
ri
az
in
e)

D
eg
ra
de
r
cu
ltu

re
:P

se
ud
om

on
as

ru
di
ne
ns
is

A
ft
er

10
8
h
of

in
cu
ba
tio

n
pe
ri
od
s,
P.
ru
di
ne
ns
is
ab
le
to

co
m
pl
et
el
y

de
co
lo
ri
ze
d
R
R
w
ith

in
iti
al
co
nc
en
tr
at
io
n
of

10
m
g
dy
e/
l;
92
%
,8

4%
,

77
.3
%

co
lo
r
re
m
ov
al
ef
fic

ie
nc
y
w
ith

in
iti
al
co
nc
en
tr
at
io
n
of

25
,5
0,
75

m
g

dy
e/
l,
re
sp
ec
tiv

el
y.
U
si
ng

bi
ol
og
ic
al
ac
tiv

at
ed

ca
rb
on

sy
st
em

w
ith

th
e

sa
m
e
cu
ltu

re
,h

ig
he
r
co
lo
r
re
m
ov
al
ef
fic

ie
nc
y
w
as

ob
se
rv
ed

w
ith

96
%
,

98
%
,a
nd

98
.7
%

co
lo
r
re
m
ov
al
w
ith

in
iti
al
co
nc
en
tr
at
io
n
of

25
,5

0,
75

m
g

dy
e/
l,
re
sp
ec
tiv

el
y

[6
8]

A
ci
d
D
ye
s
(A

ci
d
R
ed
-1
19
)

D
eg
ra
de
r
cu
ltu

re
:B

ac
ill
us

th
ur
in
gi
en
si
s
SR

D
D

B
ac
ill
us

th
ur
in
gi
en
si
s
ex
hi
bi
te
d
50
–6
0%

de
co
lo
ri
za
tio

n
of

50
00

pp
m

A
ci
d

R
ed
-1
19

in
7
da
ys

of
in
cu
ba
tio

n.
B
.t
hu
ri
ng
ie
ns
is
w
as

al
so

ab
le
to

de
co
lo
ri
ze
d
m
or
e
th
an

98
%
,9

2%
,9

5%
,a
nd

95
%

of
C
.I
.A

ci
d
br
ow

n
14
,

C
.I
.A

ci
d
bl
ac
k
21
0,

C
.I
.A

ci
d
vi
ol
et
90
,a
nd

C
.I
.A

ci
d
ye
llo

w
42

az
o
dy
es

at
10
0
pp
m

co
nc
en
tr
at
io
n
in

24
h,

re
sp
ec
tiv

el
y.
W
he
n
th
e
de
ve
lo
pe
d

is
ol
at
e
of

B
.t
hu
ri
ng
ie
ns
is
w
as

ex
am

in
ed

fo
r
bi
or
em

ed
ia
tio

n
of

ac
tu
al
az
o

dy
e
co
nt
am

in
at
ed

w
as
te
it
re
m
ov
ed

70
%

co
lo
r
fr
om

th
e
w
as
te
in

24
h

[1
3]

R
ea
ct
iv
e
R
ed

B
S
C
.I
.1
11

D
eg
ra
de
r
cu
ltu

re
:

Ps
eu
do
m
on
as

ae
ru
gi
no
sa

N
G
K
C
T
S

P.
ae
ru
gi
no
sa

cu
ltu

re
ex
hi
bi
te
d
91
%

de
co
lo
ri
za
tio

n
of

30
0
pp
m

R
ea
ct
iv
e

R
ed

B
S
dy
e
w
ith

in
5.
5
h
ov
er

a
w
id
e
va
ri
at
io
n
of

pH
ra
ng
in
g
fr
om

5.
0
to

10
.5

an
d
te
m
pe
ra
tu
re

fr
om

30
to

40
0
C
un
de
r
st
at
ic
co
nd
iti
on
s
in

th
e

pr
es
en
ce

of
ei
th
er

gl
uc
os
e,
pe
pt
on
e,
or

ye
as
te
xt
ra
ct
.T

he
ad
di
tio

n
of

30
0
pp
m

of
R
ea
ct
iv
e
R
ed

B
S,

in
ea
ch

st
ep

fe
ed
in
g,

ga
ve

m
or
e
th
an

90
%

de
co
lo
ri
za
tio

n
w
ith

in
2
h
co
rr
es
po
nd
in
g
to

13
6
m
g
pe
r
lit
er

pe
r
ho
ur

dy
e

re
m
ov
al
ra
te

[5
7]

R
ea
ct
iv
e
R
ed

19
5

(S
ul
fo
na
te
d
A
zo

D
ye
s)

D
eg
ra
de
r
cu
ltu

re
:

B
ac
ill
us

ce
re
us

M
1
an
d
M
6

B
ac
ill
us

ce
re
us

M
1
an
d
M
6
w
er
e
pr
ov
ed

to
de
co
lo
ri
zi
ng

su
lf
on
at
ed

az
o

dy
es

(R
ea
ct
iv
e
R
ed

19
5)

un
de
r
ae
ro
bi
c
co
nd
iti
on
s
fo
r
m
or
e
th
an

97
%

af
te
r

72
h
of

in
cu
ba
tio

n.
C
ar
bo
n
an
d
ni
tr
og
en

so
ur
ce

us
ed

in
th
is
st
ud
y
is

m
al
to
se

an
d
pe
pt
on
e

[4
3]

(c
on
tin

ue
d)



Activated Sludge: Conventional Dye Treatment Technique 141

Ta
bl
e
3

(c
on
tin

ue
d)

D
ye
s

B
io
de
co
lo
ri
za
tio

n
tr
ea
tm

en
t

R
es
ul
ts

R
ef
er
en
ce
s

R
ea
ct
iv
e
R
ed

19
8
(R
R
19
8)

D
eg
ra
de
r
cu
ltu

re
:

A
sp
er
gi
llu

s
fla
vu
s

R
es
ul
ts
sh
ow

ed
th
at
bi
or
em

ov
al
of

R
R
19
8
by

A
sp
er
gi
llu

s
fla
vu
s
un
de
r

op
tim

iz
ed

co
nd
iti
on
s
(i
ni
tia
ld

ye
co
nc
en
tr
at
io
n
50

pp
m
,p

H
4,
an
d
12

m
l

cu
ltu

re
in
oc
ul
um

vo
lu
m
e)

in
cr
ea
se
d
to

ov
er

84
.9
6%

w
ith

in
cr
ea
si
ng

tim
e

un
til

eq
ui
lib

ri
um

w
as

re
ac
he
d
af
te
r
a
pe
ri
od

of
24

h.
A
lo
w
pH

w
as

th
e

m
os
te
ff
ec
tiv

e,
w
hi
ch

ca
n
be

ad
va
nt
ag
eo
us

w
he
n
ap
pl
ie
d
to

re
al

w
as
te
w
at
er

w
hi
ch

is
ge
ne
ra
lly

ac
id
ic

[1
5]

R
ea
ct
iv
e
R
ed

19
8
(R
R
19
8)

D
eg
ra
de
r
cu
ltu

re
:

E
nt
er
oc
oc
cu
s
fa
ec
al
is
an
d

K
le
bs
ie
lla

va
ri
ic
ol
a

T
he

re
m
ov
al
ef
fic
ie
nc
y
of

R
R
19
8
dy
e
at
an

in
iti
al
co
nc
en
tr
at
io
n
of

10
–2
5
m
g/
L
w
as

m
or
e
th
an

98
%

w
ith

in
72

h
in
cu
ba
tio

n
pe
ri
od
;h

ow
ev
er
,

re
m
ov
al
ef
fic

ie
nc
y
w
as

re
du
ce
d
to

55
.6
2%

,2
5.
82
%
,a
nd

15
.4
2%

w
ith

in
iti
al
co
nc
en
tr
at
io
ns

of
50
,7

5,
an
d
10
0
m
g/
L
,r
es
pe
ct
iv
el
y.
T
he

hi
gh
es
t

re
m
ov
al
ef
fic

ie
nc
y
oc
cu
rr
ed

at
pH

8.
0,

re
ac
hi
ng

99
.2
6%

af
te
r
72

h
of

in
cu
ba
tio

n,
oc
cu
re
d
af
te
r
in
cr
ea
si
ng

th
e
in
cu
ba
tio

n
te
m
pe
ra
tu
re

fr
om

25
°C

to
37

°C

[1
6]

A
ci
d
O
ra
ng
e
7

D
eg
ra
de
r
cu
ltu

re
:

B
ac
ill
us

ce
re
us

(M
T
C
C
97
77
)

R
M
L
A
U
1

T
he

m
ax
im

um
de
co
lo
ri
za
tio

n
of

68
.5
%

fr
om

in
iti
al
10
0
m
g
dy
e/
lw

as
ac
hi
ev
ed

at
op
tim

um
pH

8.
0
an
d
33

°C
un
de
r
st
at
ic
cu
ltu

re
co
nd
iti
on
s

du
ri
ng

th
e
96
-h

in
cu
ba
tio

n
pe
ri
od
.W

he
n
us
in
g
re
al
te
xt
ile

w
as
te
w
at
er
,t
he

m
ax
im

um
de
co
lo
ri
za
tio

n
of

52
.5
%

oc
cu
rr
ed

w
he
n
th
e
sy
st
em

w
as

su
pp
le
m
en
te
d
w
ith

op
tim

iz
ed

ex
og
en
ou
s
ca
rb
on

an
d
ni
tr
og
en

so
ur
ce
s

al
on
g
w
ith

B
.c
er
eu
s
au
gm

en
ta
tio

n.
Su

lf
an
ifi
c
ac
id

w
as

id
en
tifi

ed
as

ac
id

or
an
ge

7
dy
e
de
gr
ad
at
io
n
pr
od
uc
t,
an
d
ot
he
r
m
et
ab
ol
ic
pr
od
uc
ts
in
di
ca
te
d

th
e
pr
es
en
ce

of
am

in
o
an
d
hy
dr
ox
yl

fu
nc
tio

na
lg

ro
up
s.
R
es
ea
rc
he
rs

su
gg
es
tt
ha
tt
hi
s
st
ra
in

m
ay

be
su
ita
bl
e
to

be
em

pl
oy
ed

fo
r
in

si
tu

de
co
lo
ri
za
tio

n
of

te
xt
ile

in
du
st
ri
al
ef
flu

en
tu

nd
er

w
id
e
en
vi
ro
nm

en
ta
l

co
nd
iti
on
s

[2
0]

(c
on
tin

ue
d)



142 R. L. Widajatno et al.

Ta
bl
e
3

(c
on
tin

ue
d)

D
ye
s

B
io
de
co
lo
ri
za
tio

n
tr
ea
tm

en
t

R
es
ul
ts

R
ef
er
en
ce
s

C
oo
m
as
si
e
br
ill
ia
nt

bl
ue
,

B
ro
m
cr
es
ol

pu
rp
le
,C

on
go

re
d,
an
d
Sa

rr
an
in
e

D
eg
ra
de
r
cu
ltu

re
:

B
ac
ill
us

am
yl
ol
iq
ue
fa
ci
en
s
W
36

T
he

op
tim

um
de
co
lo
ri
za
tio

n
co
nd
iti
on
s
w
er
e
th
at
th
e
st
ra
in

B
ac
ill
us

am
yl
ol
iq
ue
fa
ci
en
s
W
36

w
as

gr
ow

n
in

a
m
ed
iu
m

us
in
g
1
g/
L
m
al
to
se

as
ca
rb
on

so
ur
ce
,a
nd

1
g/
L
(N

H
4)
2S

O
4
as

ni
tr
og
en

so
ur
ce
,s
up
pl
em

en
te
d

w
ith

10
0
m
g/
L
di
ff
er
en
td

ye
s
at
pH

6.
0,

in
cu
ba
te
d
at
30

°C
,a
nd

st
ir
re
d
at

20
0
rp
m

fo
r
96

h.
T
he

ba
ct
er
ia
co
ul
d
ae
ro
bi
ca
lly

de
co
lo
ri
ze

dy
es
,s
uc
h
as

C
oo
m
as
si
e
br
ill
ia
nt

bl
ue
,B

ro
m
cr
es
ol

pu
rp
le
,C

on
go

re
d,
an
d
Sa

rr
an
in
e

w
ith

an
ef
fic
ie
nc
y
of

96
h.
95
.4
2%

,9
3.
34
%
,7

2.
37
%
,a
nd

61
.7
%
,

re
sp
ec
tiv

el
y

[3
8]

T
ri
ph
en
yl
m
et
ha
ne

B
ri
lli
an
t

G
re
en
,

Fl
uo
ro
ne

E
ry
th
ro
si
ne
,

T
ri
ph
en
yl
m
et
ha
ne

C
ry
st
al

V
io
le
t,

A
zo

E
va
ns

B
lu
e,

Fl
uo
ro
ne

B
en
ga
lR

os
e,

A
zo

C
on
go

R
ed

D
eg
ra
de
r
cu
ltu

re
:

M
ix
ed

cu
ltu

re
of

to
ta
l3

1
ba
ct
er
ia
,i
so
la
te
d
fr
om

W
W
T
P

ae
ra
tio

n
ta
nk

U
si
ng

K
im

ur
a
m
ed
iu
m
,m

ix
ed

ba
ct
er
ia
lc
ul
tu
re

w
as

m
ul
tip

lie
d
fo
r
48

h
an
d
af
te
r
th
at
fe
d
w
ith

va
ri
ou
s
dy
es

w
ith

an
in
iti
al
co
nc
en
tr
at
io
n
of

10
0
m
g
dy
e/
la
nd

in
cu
ba
te
d
at
te
m
pe
ra
tu
re

26
0
C
fo
r
14
4
h
in
cu
ba
tio

n
pe
ri
od
.C

ol
or

re
m
ov
al
ef
fic

ie
nc
y
w
as

ac
hi
ev
ed

fo
r
tr
ip
he
ny
lm

et
ha
ne

br
ill
ia
nt

gr
ee
n
(8
5.
7%

),
flu

or
on
e
er
yt
hr
os
in
e
(7
8.
9%

),
tr
ip
he
ny
lm

et
ha
ne

cr
ys
ta
lv

io
le
t(
65
.5
%
),
az
o
E
va
ns

bl
ue

(6
4.
4%

),
flu

or
on
e
B
en
ga
lr
os
e

(6
1.
0%

),
an
d
az
o
C
on
go

re
d
(
57
.4
%
),
re
sp
ec
tiv

el
y

[2
1]

A
zo

dy
e
C
.I
.P

ro
ci
on

R
ed

H
-3
B

D
eg
ra
de
r
cu
ltu

re
:

Ps
eu
do
m
on
as

st
ut
ze
ri

M
ax
im

um
de
co
lo
ri
za
tio

n
of

Pr
oc
io
n
R
ed

H
-3
B
ac
hi
ev
ed

at
96
%
,w

he
n

P.
st
ut
ze
ri
w
as

gr
ow

n
in

a
m
ed
iu
m

co
nt
ai
ns

50
m
g
dy
e/
l,
1%

fr
uc
to
se
,a
nd

0.
5%

pe
pt
on
e
as

ca
rb
on

an
d
ni
tr
og
en

so
ur
ce

w
ith

pH
7.
5
an
d
30

0
C

te
m
pe
ra
tu
re

fo
r
24

h
of

in
cu
ba
tio

n
pe
ri
od

[4
]

D
is
pe
rs
e
R
ed

54
D
eg
ra
de
r
cu
ltu

re
:

B
re
vi
ba
ci
llu

s
la
te
ro
sp
or
us

U
nd
er

op
tim

iz
ed

co
nd
iti
on
s
(p
H
7,
40

°C
),
B
re
vi
ba
ci
llu

s
la
te
ro
sp
or
us

le
d

to
10
0%

de
co
lo
ri
za
tio

n
of

D
R
54

(a
t5

0
m
g
L
(-
1)
)
w
ith

in
48

h.
Y
ea
st

ex
tr
ac
ta
nd

pe
pt
on
e,
su
pp
le
m
en
te
d
in

m
ed
iu
m

en
ha
nc
ed

th
e

de
co
lo
ri
za
tio

n
ef
fic
ie
nc
y
of

th
e
ba
ct
er
iu
m
.R

es
ea
rc
he
rs
id
en
tifi

ed
th
e
fin

al
bi
od
eg
ra
da
tio

n
pr
od
uc
tw

as
N
-(
1λ

(3
)-
ch
lo
ri
ni
n-
2-
yl
)a
ce
ta
m
id
e,
an
d

su
gg
es
te
d
th
at
th
e
m
et
ab
ol
ite
s
ob
ta
in
ed

af
te
r
bi
od
eg
ra
da
tio

n
of

D
R
54

w
er
e
no
n-
to
xi
c
as

co
m
pa
re
d
to

th
e
un
tr
ea
te
d
dy
e

[3
4]

(c
on
tin

ue
d)



Activated Sludge: Conventional Dye Treatment Technique 143

Ta
bl
e
3

(c
on
tin

ue
d)

D
ye
s

B
io
de
co
lo
ri
za
tio

n
tr
ea
tm

en
t

R
es
ul
ts

R
ef
er
en
ce
s

M
et
ha
ni
lY

el
lo
w
G
(M

Y
-G

)
D
eg
ra
de
r
cu
ltu

re
:

M
ix
ed

ba
ct
er
ia
lc
on
so
rt
iu
m

Z
W
1
(H

al
om

on
as
,4

9.
8%

;
M
ar
in
ob
ac
te
r,
30
.7
%
;a
nd

C
lo
st
ri
di
is
al
ib
ac
te
r,
19
.2
%
)

M
ix
ed

ba
ct
er
ia
lc
on
so
rt
iu
m

Z
W
1
w
as

en
ri
ch
ed

un
de
r
sa
lin

e
(1
0%

sa
lin

ity
),
al
ka
lin

e
(p
H
8.
0)
,a
nd

te
m
pe
ra
tu
re

(4
0
°C

)
co
nd
iti
on
s
to

de
co
lo
ri
ze

M
et
ha
ni
lY

el
lo
w
G
.A

dd
iti
on

of
ye
as
te
xt
ra
ct
in

th
e
m
ed
iu
m

le
d
to

93
.3
%

de
co
lo
ri
za
tio

n
of

10
0
m
g/
L
M
Y
-G

w
ith

in
16

h
of

in
cu
ba
tio

n
pe
ri
od

(c
om

pa
re
d
w
ith

1.
12
%

fo
r
co
nt
ro
l)

[2
4]

A
ci
d
B
lu
e
11
3

(d
i-
A
zo

D
ye
)

D
eg
ra
de
r
cu
ltu

re
:

Ps
eu
do
m
on
as

st
ut
ze
ri
A
K
6

B
io
de
co
lo
ri
za
tio

n
of

A
ci
d
B
lu
e
11
3
dy
e,
a
co
m
m
on
ly

us
ed

te
xt
ile

di
-a
zo

dy
e,
ha
s
be
en

co
nd
uc
te
d
us
in
g
Ps
eu
do
m
on
as

st
ut
ze
ri
A
K
6
st
ra
in
.T

he
in
iti
al
dy
e
co
nc
en
tr
at
io
n
of

30
0
pp
m

w
as

de
co
lo
ri
ze
d
up

to
86
.2
%

w
ith

in
96

h
of

th
e
in
cu
ba
tio

n
pe
ri
od

[3
3]

A
na
er
ob
ic

A
ci
d
R
ed

14
D
eg
ra
de
r
cu
ltu

re
:

O
er
sk
ov
ia
pa
ur
om

et
ab
ol
a

D
ec
ol
or
iz
at
io
n
ba
tc
h
te
st
s
w
ith

20
–1
00

m
g/
lA

R
14

in
a
sy
nt
he
tic

te
xt
ile

w
as
te
w
at
er

su
pp
le
m
en
te
d
w
ith

ye
as
te
xt
ra
ct
in
di
ca
te
d
th
at
O
er
sk
ov
ia

pa
ur
om

et
ab
ol
a
ha
s
a
hi
gh

co
lo
r
re
m
ov
al
ca
pa
ci
ty

fo
r
a
si
gn
ifi
ca
nt

ra
ng
e
of

A
R
14

co
nc
en
tr
at
io
ns

(9
1%

af
te
r
24

h
in

st
at
ic
an
ae
ro
bi
c
cu
ltu

re
).
Fu

rt
he
r

an
al
ys
is
co
nfi

rm
ed

th
at
de
co
lo
ri
za
tio

n
oc
cu
rr
ed

th
ro
ug
h
az
o
bo
nd

(-
N

=
N
-)
cl
ea
va
ge

un
de
r
an
ae
ro
bi
c
co
nd
iti
on
s,
th
e
az
o
dy
e
be
in
g
co
m
pl
et
el
y

re
du
ce
d
af
te
r
24

h
of

an
ae
ro
bi
c
in
cu
ba
tio

n
fo
r
th
e
ra
ng
e
of

co
nc
en
tr
at
io
ns

te
st
ed
.A

no
th
er

in
te
re
st
in
g
re
se
ar
ch

fin
di
ng
,p

ar
tia
l(
up

to
63
%
)
re
m
ov
al

of
on
e
of

th
e
re
su
lti
ng

ar
om

at
ic
am

in
es

(4
-a
m
in
o-
na
ph
th
al
en
e-
1-
su
lf
on
ic

ac
id
)
w
as

oc
cu
rr
ed

w
he
n
su
bs
eq
ue
nt
ly

su
bj
ec
te
d
to

ae
ro
bi
c
co
nd
iti
on
s

[1
9]

A
liz
ar
in

Y
el
lo
w
R
(A
Y
R
)

D
eg
ra
de
r
cu
ltu

re
:

A
ct
iv
at
ed

sl
ud
ge

m
ic
ro
flo

ra
A
Y
R
de
co
lo
ri
za
tio

n
un
de
r
an
ae
ro
bi
c–
ae
ro
bi
c–
an
ox
ic
SB

R
sh
ow

n
th
e

op
tim

um
re
m
ov
al
ef
fic

ie
nc
y
of

85
.7
%

an
d
66
.8
%

at
in
iti
al
A
Y
R

co
nc
en
tr
at
io
ns

of
50

an
d
20
0
m
g/
l,
co
nv
er
se
ly

hi
gh
er

A
Y
R
co
nc
en
tr
at
io
n

of
40
0
m
g/
li
nd
ic
at
es

in
ac
tiv

at
io
n
of

th
e
ac
tiv

at
ed

sl
ud
ge

du
e
to

th
e

in
su
ffi
ci
en
ts
up
po
rt
of

el
ec
tr
on

do
no
rs
in

th
e
an
ae
ro
bi
c
pr
oc
es
s.
Fu

rt
he
r

de
co
lo
ri
ze
d
by
-p
ro
du
ct
s
p-
ph
en
yl
en
ed
ia
m
in
e
an
d
5-
am

in
os
al
ic
yl
ic
w
er
e

co
m
pl
et
el
y
de
co
m
po
se
d
in

th
e
ae
ro
bi
c
st
ag
e
of

th
e
tr
ea
tm

en
ta
pp
lie
d
fo
r

50
an
d
20
0
m
g/
lo

f
in
iti
al
dy
e

[1
0]

(c
on
tin

ue
d)



144 R. L. Widajatno et al.

Ta
bl
e
3

(c
on
tin

ue
d)

D
ye
s

B
io
de
co
lo
ri
za
tio

n
tr
ea
tm

en
t

R
es
ul
ts

R
ef
er
en
ce
s

A
liz
ar
in

Y
el
lo
w
R
(A
Y
R
)

D
eg
ra
de
r
cu
ltu

re
:

A
ct
iv
at
ed

sl
ud
ge

m
ic
ro
flo

ra
A
fo
ur
-c
om

pa
rt
m
en
ta
na
er
ob
ic
ba
ffl
ed

re
ac
to
r
(A

B
R
)
in
co
rp
or
at
ed

w
ith

m
em

br
an
el
es
s
bi
oc
at
al
yz
ed

el
ec
tr
ol
ys
is
sy
st
em

(B
E
S)

w
as

ex
am

in
ed

fo
r

th
e
tr
ea
tm

en
to

f
az
o
dy
e
A
Y
R
w
ith

in
iti
al
co
nc
en
tr
at
io
n
of

20
0
m
g/
l.
T
he

de
co
lo
ri
za
tio

n
ef
fic
ie
nc
y
in

th
e
A
B
R
-B
E
S
(8

h
H
R
T,

0.
5
V
)
w
as

fo
un
d

hi
gh
er

th
an

th
at
in

A
B
R
-B
E
S
w
ith

ou
te
le
ct
ro
ly
si
s
(
95
.1

±
1.
5%

co
m
pa
re
d
to

86
.9

±
6.
3%

),
w
hi
le
hi
gh
er

po
w
er

su
pp
ly

(0
.7
V
)
gi
ve

hi
gh
er

ef
fic
ie
nc
y
up

to
96
.4

±
1.
8%

an
d
V
FA

s
re
m
ov
al

[1
2]

A
ci
d
O
ra
ng
e
7

(A
O
7)

D
eg
ra
de
r
cu
ltu

re
:

A
ct
iv
at
ed

sl
ud
ge

m
ic
ro
flo

ra
Tw

o-
st
ag
e
an
ae
ro
bi
c
sy
st
em

(a
ci
do
ge
ni
c
an
d
m
et
ha
no
ge
ni
c
ph
as
e)

w
er
e

us
ed

to
in
ve
st
ig
at
e
th
e
re
m
ov
al
of

an
az
o
dy
e
A
O
7
(2
.1
4
m
M

in
iti
al

co
nc
en
tr
at
io
n)
,w

ith
st
ar
ch

(1
g/
l)
as

th
e
pr
im

ar
y
co
-s
ub
st
ra
te
.R

es
ea
rc
h

re
su
lts

di
sc
ov
er
ed

th
at
un
de
r
5
da
ys

H
R
T,

th
e
m
et
ha
no
ge
ni
c
ph
as
e

ac
co
un
te
d
fo
r
ab
ou
t9

0%
of

th
e
en
tir
e
A
O
7
re
m
ov
al
,a
nd

th
e
ob
ta
in
ed

re
m
ov
al
ra
te
co
ns
ta
nt

fo
r
A
O
7
w
as

2.
93
-f
ol
d
hi
gh
er

of
th
at
in

th
e

ac
id
og
en
ic
ph
as
e.
E
ffl
ue
nt

fr
om

th
e
ac
id
og
en
ic
ph
as
e
co
nt
ai
ni
ng

re
ad
ily

av
ai
la
bl
e
el
ec
tr
on

do
no
rs
w
as

fe
d
as

th
e
in
flu

en
tf
or

th
e
m
et
ha
no
ge
ni
c

ph
as
e,
in

w
hi
ch

A
O
7
w
as

pr
ef
er
re
d
to

be
re
du
ce
d

[2
9]

A
ci
d
O
ra
ng
e
7

(A
O
7)

D
eg
ra
de
r
cu
ltu

re
:

N
on
-a
da
pt
ed

m
et
ha
no
ge
ni
c

gr
an
ul
ar

sl
ud
ge

m
ic
ro
flo

ra

Fe
d-
ba
tc
h
an
d
co
nt
in
uo
us

re
ac
to
r
un
de
r
an
ae
ro
bi
c
co
nd
iti
on
s
w
as

us
ed

to
in
ve
st
ig
at
ed

th
e
de
co
lo
ri
za
tio

n
of

A
O
7
w
ith

lo
ad
in
g
ra
te
of

1.
7
m
M
/d
ay

(5
90

m
g/
l.d

ay
),
an
d
fe
d
w
ith

gl
uc
os
e
(2

g/
l)
as

co
-s
ub
st
ra
te
ab
le
to

re
m
ov
e

92
%

A
O
7.

It
w
as

no
tic
ed

th
at
w
he
n
th
e
co
-s
ub
st
ra
te
w
as

re
du
ce

(A
O
7

0.
3
m
M

an
d
gl
uc
os
e
0.
25

g/
l,
A
O
7
re
m
ov
al
ef
fic
ie
nc
y
w
as

de
cr
ea
se
d

si
gn
ifi
ca
nt
ly

to
78
%

[4
2]

A
ci
d
O
ra
ng
e
6

(A
O
6)

A
ci
d
O
ra
ng
e
7

(A
O
7)

D
eg
ra
de
r
cu
ltu

re
:

A
na
er
ob
ic
sl
ud
ge

fr
om

a
fu
ll

sc
al
e
U
A
SB

pl
an
tm

ic
ro
flo

ra

Se
qu
en
tia
lfi

xe
d-
fil
m

an
ae
ro
bi
c
ba
tc
h
re
ac
to
r
(S
FA

B
R
)
w
as

us
ed

to
in
ve
st
ig
at
ed

de
co
lo
ri
za
tio

n
of

tw
o
az
o
dy
es

(A
O
6
an
d
A
O
7)
,w

ith
va
ry
in
g

in
iti
al
dy
e
co
nc
en
tr
at
io
n
an
d
co
-s
ub
st
ra
te
(0
.5

g/
lg

lu
co
se
).
A
t3

00
m
g/
l

A
O
6
an
d
A
O
7,
m
or
e
th
an

90
%

ef
fic
ie
nc
y
w
as

ac
hi
ev
ed

w
ith

re
m
ov
al
ra
te
s

w
er
e
16
8
m
g/
l.d

ay
an
d
17
6
m
g/
l.d

ay
,r
es
pe
ct
iv
el
y.
D
eg
ra
da
tio

n
by
-p
ro
du
ct
s
id
en
tifi

ed
as

4-
am

in
ob
en
ze
ne
su
lf
on
at
e
an
d
A
m
in
or
es
or
ci
no
l

w
er
e
di
sc
ov
er
ed

to
be

re
si
st
an
tt
o
fu
rt
he
r
de
gr
ad
at
io
n
un
de
r
an
ae
ro
bi
c

en
vi
ro
nm

en
t

[5
9]

(c
on
tin

ue
d)



Activated Sludge: Conventional Dye Treatment Technique 145

Ta
bl
e
3

(c
on
tin

ue
d)

D
ye
s

B
io
de
co
lo
ri
za
tio

n
tr
ea
tm

en
t

R
es
ul
ts

R
ef
er
en
ce
s

A
ci
d
O
ra
ng
e
7

(A
O
7)

D
ir
ec
tR

ed
25
4
(D

R
25
4)

D
eg
ra
de
r
cu
ltu

re
:

M
ix
ed

an
ae
ro
bi
c
ba
ct
er
ia
l

co
ns
or
tia

T
he

an
ae
ro
bi
c
tr
ea
tm

en
to

f
a
m
on
oa
zo

dy
e
(A
O
7)

an
d
a
di
az
o
dy
e

(D
R
25
4)
,w

as
in
ve
st
ig
at
ed

in
a
m
et
ha
no
ge
ni
c
la
bo
ra
to
ry
-s
ca
le
U
pfl

ow
A
na
er
ob
ic
Sl
ud
ge

B
la
nk
et
(U

A
SB

),
fe
d
w
ith

ac
et
at
e
as

pr
im

ar
y
ca
rb
on

so
ur
ce
.A

co
lo
r
re
m
ov
al
ac
hi
ev
ed

m
or
e
th
an

88
%

fo
r
bo
th

dy
es

at
a
H
R
T

of
24

h,
w
hi
le
at
a
H
R
T
of

8
h,

a
m
or
e
ex
te
ns
iv
e
re
du
ct
iv
e
de
co
lo
ri
za
tio

n
w
as

ob
se
rv
ed

fo
r
D
R
25
4
(8
2%

)
co
m
pa
re

to
A
O
7
(5
6%

).
R
es
ea
rc
h
re
su
lts

su
gg
es
te
d
th
at
m
et
ha
no
ge
ni
c
cu
ltu

re
s
pr
ed
om

in
an
tly

to
pe
rf
or
m

az
o
bo
nd

cl
ea
va
ge

[6
]

R
ea
ct
iv
e
O
ra
ng
e
16

(R
O
16
)

D
eg
ra
de
r
cu
ltu

re
:

G
ra
nu
la
r
sl
ud
ge

fr
om

a
fu
ll
sc
al
e

U
A
SB

pl
an
tm

ic
ro
flo

ra

Su
bm

er
ge
d
an
ae
ro
bi
c
m
em

br
an
e
bi
or
ea
ct
or
s
(S
A
M
B
R
s)
w
as

us
ed

to
in
ve
st
ig
at
ed

th
e
de
co
lo
ri
za
tio

n
of

az
o
dy
es

co
nt
ai
ni
ng

te
xt
ile

w
as
te
w
at
er

an
d
op
er
at
ed

fo
r
al
m
os
tf
ou
r
m
on
th
s
w
ith

in
cr
ea
si
ng

R
O
16

co
nc
en
tr
at
io
n

fr
om

0.
06
0
to

3.
2
g/
l.
T
he

re
su
lts

in
di
ca
te
d
th
at
hi
gh

re
m
ov
al
ef
fic

ie
nc
y
of

99
%

w
as

ac
hi
ev
ed

by
SA

M
B
R
s
ev
en

fe
d
w
ith

hi
gh

co
nc
en
tr
at
io
n
(3
.2
g/
l)

of
dy
e

[6
0]

Y
el
lo
w
G
ol
d
R
em

az
ol

(Y
G
R
)

D
eg
ra
de
r
cu
ltu

re
:

A
na
er
ob
ic
sl
ud
ge

fr
om

a
pi
lo
t

sc
al
e
U
A
SB

re
ac
to
r
m
ic
ro
flo

ra

Tw
o
co
nt
in
uo
us

be
nc
h-
sc
al
e
tr
ea
tm

en
tw

er
e
us
ed

to
in
ve
st
ig
at
ed

de
co
lo
ri
za
tio

n
of

Y
el
lo
w
G
ol
d
R
em

az
ol
.U

pfl
ow

A
na
er
ob
ic
Sl
ud
ge

B
la
nk
et
fo
llo

w
ed

by
an

ac
tiv

at
ed

sl
ud
ge

(U
A
SB

/A
S)

sy
st
em

an
d
U
A
SB

fo
llo

w
ed

by
a
sh
al
lo
w
po
lis
hi
ng

po
nd

(U
A
SB

/P
P)

w
er
e
fe
d
w
ith

50
m
g/
l

Y
G
R
an
d
35
0
m
g/
lp

re
tr
ea
te
d
re
si
du
al
ye
as
t,
as

co
-s
ub
st
ra
te
.R

es
ul
ts

in
di
ca
te
d
th
at
th
e
U
A
SB

/P
P
sy
st
em

ac
hi
ev
ed

th
e
hi
gh
es
tr
em

ov
al
of

Y
G
R

an
d
ch
em

ic
al
ox
yg
en

de
m
an
d
w
ith

ef
fic
ie
nc
y
of

23
%

an
d
85
%
,

re
sp
ec
tiv

el
y

[2
]

R
ea
ct
iv
e
R
ed

2
(R
R
2)

D
eg
ra
de
r
cu
ltu

re
:

M
ix
ed

cu
ltu

re
co
nt
ai
ni
ng

D
es
ul
fo
vi
br
io

am
in
op
hi
lu
s,

T
he
rm

oa
na
er
ob
ac
te
r,

L
ac
to
co
cc
us

ra
ffi
no
la
ct
is
,

R
um

in
ic
lo
st
ri
di
um

an
d

R
ho
do
pi
re
llu

la

A
n
in
te
gr
at
ed

hy
dr
ol
ys
is
/a
ci
di
fic
at
io
n
(H

A
)
an
d
m
ul
tip

le
an
ox
ic
/a
er
ob
ic

(A
O
)
pr
oc
es
s
w
as

us
ed

to
in
ve
st
ig
at
ed

th
e
re
m
ov
al
of

R
R
2
an
d
ni
tr
og
en

fr
om

az
o
dy
e
co
nt
ai
ni
ng

w
as
te
w
at
er
.T

he
R
R
2
an
d
ni
tr
og
en

re
m
ov
al

pe
rc
en
ta
ge
s
of

th
e
H
A
an
d
A
O
pr
oc
es
s
w
ith

H
R
T
of

12
h,

tr
ea
tin

g
in
iti
al

co
nc
en
tr
at
io
n
of

30
m
g/
lR

R
2
an
d
11
4
m
g/
lN

H
4C

lw
er
e
89
.4
%

an
d

54
.0
%
,r
es
pe
ct
iv
el
y

[2
2]

(c
on
tin

ue
d)



146 R. L. Widajatno et al.

Ta
bl
e
3

(c
on
tin

ue
d)

D
ye
s

B
io
de
co
lo
ri
za
tio

n
tr
ea
tm

en
t

R
es
ul
ts

R
ef
er
en
ce
s

M
et
hy
lO

ra
ng
e

(M
O
)

D
eg
ra
de
r
cu
ltu

re
:

D
en
itr
if
yi
ng

an
ae
ro
bi
c
m
et
ha
ne

ox
id
at
or

m
ic
ro
flo

ra
(M

et
ha
no
m
et
hy
lo
vo
ra
ns
,

M
or
an
ba
ct
er
ia
)

A
m
et
ha
ne
-b
as
ed

ho
llo

w
fib

er
m
em

br
an
e
bi
or
ea
ct
or

(H
fM

B
R
)
in
oc
ul
at
ed

w
ith

an
en
ri
ch
ed

an
ae
ro
bi
c
m
et
ha
ne

ox
id
at
io
n
(A
O
M
)
cu
ltu

re
w
as

us
ed

to
in
ve
st
ig
at
ed

th
e
de
co
lo
ri
za
tio

n
of

M
O
at
va
ri
ou
s
in
iti
al
co
nc
en
tr
at
io
n
of

40
0–
80
0
m
g/
la
tt
em

pe
ra
tu
re

35
°C

,a
nd

H
R
T
ra
ng
in
g
fr
om

12
to

48
h.

R
es
ul
ts
sh
ow

ed
th
e
M
O
de
co
lo
ri
za
tio

n
ac
hi
ev
ed

ra
ng
in
g
fr
om

88
to

10
0%

w
ith

m
ax
im

um
de
co
lo
ri
za
tio

n
ra
te
s
of

88
3
m
g/
l.d

ay

[3
]

R
em

az
ol

B
ri
lli
an
tB

lu
e
R

(R
B
B
R
)

D
eg
ra
de
r
cu
ltu

re
:

M
ix
ed

cu
ltu

re
co
nt
ai
ni
ng

Pr
ot
eo
ba
ct
er
ia
,S

pi
ro
ch
ae
ta
e,

A
m
in
ic
en
an
te
s,
B
ac
te
ro
id
et
es
,

T
he
rm

ot
og
ae
,a
nd

C
hl
or
ofl

ex
i

A
n
an
ae
ro
bi
c
dy
na
m
ic
m
em

br
an
e
bi
or
ea
ct
or

(A
nD

M
B
R
)
w
as

us
ed

to
in
ve
st
ig
at
ed

th
e
R
B
B
R
de
co
lo
ri
za
tio

n
op
er
at
ed

fo
r
a
to
ta
lo

f
12
0
da
ys

in
th
re
e
st
ag
es

at
m
es
op
hi
lic

en
vi
ro
nm

en
to

f
37

°C
.I
ni
tia
lc
on
ce
nt
ra
tio

n
of

R
B
B
R
ra
ng
in
g
fr
om

0.
5
g/
l(
st
ag
es

I–
II
)
to

1
g/
l(
st
ag
e
II
I)
,w

ith
ad
di
tio

n
of

4.
5
g/
lg

lu
co
se

as
co
-s
ub
st
ra
te
(s
ta
ge
s
I–
II
).
T
he

A
nD

M
B
R
w
as

ru
n

un
de
r
hy
dr
au
lic

re
te
nt
io
n
tim

e
(H

R
T
)
of

5
an
d
2.
5
da
ys
,w

hi
le
or
ga
ni
c

lo
ad
in
g
ra
te
s
in

st
ag
es

I–
II
I
w
er
e
ke
pt

at
5.
0,

5.
0,

an
d
1.
0
g
C
O
D
/l.
da
y,

re
sp
ec
tiv

el
y.
R
es
ul
ts
sh
ow

ed
sa
tis
fa
ct
or
y
fo
r
so
lu
bl
e
C
O
D
an
d
R
B
B
R

re
m
ov
al
ef
fic

ie
nc
y
of

98
.5
%

an
d
97
.5
%
,r
es
pe
ct
iv
el
y

[5
]

R
ea
ct
iv
e
Y
el
lo
w
15

(R
Y
15
)

D
eg
ra
de
r
cu
ltu

re
:

M
ix
ed

cu
ltu

re
co
lle
ct
ed

fr
om

A
ct
iv
at
ed

Sl
ud
ge

W
W
T
P

co
nt
ai
ni
ng

B
ac
ill
us
,

Ps
eu
do
m
on
as
,a
nd

E
-C
ol
i

Im
m
ob
ili
ze
d
m
ix
ed

ce
lls

us
in
g
bi
oc
ar
ri
er

of
so
di
um

al
gi
na
te
(S
A
),
st
ar
ch

(S
t)
,a
nd

G
el
at
in

(G
e)

cr
os
s-
lin

ki
ng

w
ith

po
ly
vi
ny
la
lc
oh
ol

(P
V
A
)
w
er
e

us
ed

to
in
ve
st
ig
at
ed

de
co
lo
ri
za
tio

n
of

R
Y
15

vi
a
a
se
qu
en
tia
l

an
ae
ro
bi
c–
ae
ro
bi
c
pr
oc
es
s.
R
es
ul
ts
sh
ow

ed
co
m
pl
et
e
de
co
lo
ri
za
tio

n
(1
00
%
)
of

R
Y
15

w
as

oc
cu
rr
ed
,a
nd

C
O
D
re
m
ov
al
w
er
e
92
%

±
6.
8,

96
%

±
3.
5,

an
d
10
0%

,u
si
ng

PV
A
-S
A
,P

V
A
-S
t,
an
d
PV

A
-G

e
at
R
Y
15

in
iti
al

co
nc
en
tr
at
io
ns

of
10

m
g/
l,
un
de
r
th
e
ov
er
lo
ad
in
g
ra
te
(O

L
R
)
an
d

H
yd
ra
ul
ic
re
te
nt
io
n
tim

e
(H

R
T
)
of

th
e
ae
ro
bi
c
bi
or
ea
ct
or

ar
e

24
.5

m
g/
l.h

ou
r
an
d
41
.3
7
h,

re
sp
ec
tiv

el
y

[2
5]



Activated Sludge: Conventional Dye Treatment Technique 147

Table 4 Textile industry wastewater quality standards in Indonesia [30]

Parameters Unit Threshold value

Flowrate m3/day ≤ 100 100 < F < 1000 ≥ 1000

BOD mg/l 60 45 35

COD mg/l 150 125 115

TSS mg/l 50 40 30

Total phenol mg/l 0.5 0.5 0.5

Total chromium mg/l 1 1 1

Total ammonia mg/l 8 8 8

Sulfide mg/l 0.3 0.3 0.3

Oil & grease mg/l 3 3 3

pH – 6–9 6–9 6–9

Color Pt–Co 200 200 200

Temperature oC Dev. 2o Dev. 2o Dev. 2o

Maximum flowrate m3/ton product 100 100 100

in the existing aerobic unit. Schematic process flow diagram of several suggested
WWTPs modification is described in Figs. 12, 13.
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Fig. 12 Schematic process flow diagram of commonly practiced in the modification of existing
WWTP to cope with newly stringent regulatory threshold value in textile wastewater by simply
adding anaerobic unit before aeration basin (a), installing decolorization unit using coagulation-
flocculation process (b), and installing ozone unit for color destruction as pre- and/or post-treatment
(c)
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Fig. 13 WWTP Cisirung (aerial view, upper), an integrated communal wastewater treatment plant
located in Bandung, West Java, Indonesia, processes up to 175 L per second wastewater collected
from 22 nearby textile industries. To cope with newly stringent regulatory threshold value in textile
wastewater, WWTP operator company made modification by simply adding anaerobic unit (lower
right) before aeration basin (lower left)
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Role of Moving Bed Bioreactor (MBBR)
in Dye Removal

Roumi Bhattacharya

Abstract Dye containing effluents disposed from various industries include several
toxic chemicals and have adverse health effects on human as well as derogatory
impacts on ecosystem. Among various dyes, chromophores with azo bonds are most
abundant and are investigated to be a potential carcinogen and mutagen. Dyes in
wastewater are difficult to degrade as they are made to be stable under the action
of external factors including temperature, microorganisms and chemicals including
bleaches. Analysing the strengths and weaknesses of various treatment technologies
available, biodecolourization is often economically and environmentally favoured.
Moving Bed Bioreactors (MBBRs) are one of the advanced biological systems that
allow degradation of a wide range of recalcitrant compounds with notable advan-
tages over other treatments and have been modified as well as coupled with several
other technologies to obtain complete mineralisation of the dyes leaving non-toxic
by-products. The present work reviews the aspects of dye removal from effluents in
MBBR with critical outlook on various investigations undertaken in the reactor.
The major points include the following (1) Dye degradation takes place mostly
by azo bond cleavage (bacterial biomass) or enzymatic action (fungi), along with
biosorption (10–50% at most) and bioaccumulation. (2) Under identical experi-
mental conditions, dye removal in MBBR is comparatively higher (51.6%) than
in activated sludge process (26.8%). (3) Anaerobic–aerobic MBBR results in 85%
colour removal whereas complete decolourization was recorded in MB-SBBR and
SBR-MBBR combination. (4) Around 95% colour removal was obtained in case
of MBBR combined with coagulation, ozonation and membrane filtration. (5) All
these experimental results are highly influenced by a number of parameters and
efficiency also includes economical aspect of every process. Generally, initial dye
concentration, pH, HRT and biocarrier concentration has a threshold value which
yields maximum removal, above or below which removal efficiency decreases.
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1 Introduction

At present, dyeing process comprises of more than 8000 chemical compounds with
structural, compositional and behavioural variations that produce up to 1,00,000
different dyes [15, 21, 67, 77]. These dyes are majorly used in textile industries along
with substantial application in paper, rubber, electroplating, food, printing, leather
tanning, cosmetic and pharmaceutical sectors [2, 21, 30, 52, 132]. The contribution of
major industrial sectors towards the production of dye containing effluents is shown
in Fig. 1 [41, 134]. For more stability of colour on different products manufactured in
these industries, dyes are constantly upgraded and new compounds are combined that
results in more resistance to degradation by water, sunlight, temperature, detergents
or any washing substances [5, 163]. Dye wastewater is considered one of the most
toxic industrial effluents [39]. Around 17–20%of pollution caused by textile industry
is due to various dyeingmechanisms [67]which contains a total of 72 toxic chemicals,
only 30 of which can be treated by conventional treatment processes [31]. Dye
wastewater often exhibits highly fluctuating pH, generally towards the higher range
[159], high temperature and high COD concentration along with hazardous and
xenobiotic compounds [74, 144].

Based on origin, dyes can be organic or synthetic. Synthetic dyes have more
complex structure and are made to be more resistant to chemical action and fading
thus making them less susceptible to biodegradation [141]. Synthetic dyes include
acidic, reactive, basic, disperse, azo, diazo, anthraquinone-based and metal complex
dyes [15], among which, the most toxic group of dyes includes basic and direct
diazo dyes [136]. Azo dyes, which constitute more than 50% of the dyes [91], are
characterized by –N = N– (azo) bonds and are often xenobiotic in nature [141].
Azo groups are present as chromophores in anionic and non-ionic dyes which makes
them the most abundant type of dyes in wastewater. Dyes can be broadly classified
as anionic, cationic and non-ionic dyes [89, 102]. According toWang et al. [161] and

Fig. 1 Contribution of different industrial sectors towards production dye wastewater [41, 134]
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Katheresan et al. [77], fibre dyes can be produced by one or combination of more
than one of the following groups:

Fibre Dyes

Direct Dyes Acid Dyes Reactive Dyes Disperse Dyes Vat Dyes Azo Dyes Sulfur/Sulfide 
Dyes Insoluble Dyes Cationic Dyes

Considering water quality, one of the major concerns of untreated dye wastewater
is its elevated chemical oxygen demand (COD) along with the presence of organics
that are not easily biodegradable. Dye effluents are often dark coloured and thus
block sunlight when disposed into any water body affecting the aquatic ecosystem of
that place [12, 57, 159]. Dye effluents having a high pH can alter the pH in disposed
of waterbody along with its dissolved oxygen [72]. Synthetic dyes often react with
other chemicals in the environment to form more recalcitrant compounds [21]. Pres-
ence of organic chemical-based dye fixing agents such as formaldehyde, softeners
having hydrocarbons, chlorinated stain removers also found in dyeing wastewater
have carcinogenic effects [3]. Several dyes have been seen to cause bioaccumulation
in biotic species due to its stable nature and resistant to biodegradation. Metal-based
dyes when eliminated into water system may release the metals (like chromium)
which have adverse health effects on animals in the surrounding ecosystem [15].
Adverse human health effects associatedwith residual dye effluents include irritation,
permanent eye injuries when in contact with eyes, respiratory problems, reproduc-
tive failures, effects on immune system alongwith geneticmutation and carcinogenic
effects [72, 136].

Besides aesthetic concerns, one of the major concerns of adverse health effect
on humans is the potential carcinogenicity of several dyes [99, 149]. Among the
diversified categories of dyes, the azo groups constitute the largest, contributing to
about 70% by weight of total dyes in the effluent [34], being most common and most
toxic commercial dyes [37, 139]. Azo dyes are reduced to toxic, mutagenic and/or
carcinogenic intermediate by-products [60] in anaerobic conditions of sediments
[112, 132, 163] and intestines of humans [35, 141]. As many as 46 different strains
of gut bacteria have been isolated that can reduce a number of azo dyes [36]. Human
skin bacteria are also reported to reduce the dye Direct Blue 14 to amines that are
carcinogenic [126]. These dyes are directly linked with bladder cancer, mutation
of chromosomes and splenic sarcomas [133]. It has been observed that the faecal
anaerobic bacteria in human digestive tract degrade tetrazine, an azo dye to form
amines like benzidine and 4-aminoanilinewhich are carcinogenic in nature [25, 112].
Benzidine based azo dyes are shown to produce various aromatic amines including
N-acetylated derivative that is tumorigenic in the urine of sample mammals [131].
Even after treatment of azo dye containing wastewater, the effluents are often found
to have toxic effects along with several azo dyes being completely unaltered [110].

Treatingwastewater economically and effectively is often considered as one of the
challenging issues due to the presence of harmful recalcitrant substances [124]. At
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present, effluents released from dye utilizing industries must comply with the stan-
dards as prescribed by The International Dye IndustryWastewater Discharge Quality
Standards [46]. The methods developed for treatment of dye wastewater are not
individually employed because of incomplete and inadequate treatment along with
associate disadvantage for each treatment method [76, 119]. Generally, a biological
process is selected alongwith a chemical pretreatment process for effective treatment
of dyestuff effluent [53]. Physical and chemical treatmentmethods often donot neces-
sarily eliminate complex contaminants of dye wastewater [21]. Effective physico-
chemical processes are often coupled with high cost treatment plants and operational
expenses, intensive energy consumption, excess amount of chemical requirement and
thus sludge production, which necessitates the cost of sludge handling [50, 53, 71].
These treatment methods are also sensitive to a variable wastewater input, which is
often experienced in industries [15, 144]. Chemical coagulation alone uses a lot of
coagulants, producing a large amount of sludge with comparative low efficiency in
treatment [80]. Electrochemical oxidation produces a number of intermediary pollu-
tants which needs to be treated in associative treatment systems, thus increasing plant
and operational costs [80].

Microbial degradation of dyes or biodecolourization is often considered as a cost
effective and ecologically safe method for treatment of dye wastewater [15, 52, 169].
Dyes are often toxic to microbial species and may lead to failure of conventional
biological treatment system [109] although it has been observed that microorganisms
growing in vicinity of areas where there is regular disposal of dye effluent can utilize
the dyes as their nutrient sources [72]. Dye wastewater is generally characterized by
very low BOD to COD ratio, even around 0.1 [40, 147] which often necessitates the
use of a pretreatment process tomake itmore biodegradable [53]. The effectiveness of
usingmulti-staged reactor comprising of anaerobic process followed by aerobic treat-
ment system is thoroughly studied throughout the past years [105]. The mechanism
for biodecolourization of azo dyes by bacteria may involve both degradation of azo
bond cleavage by reductase enzymes as well as cell adsorption [112]. The cleavage
of azo bond in absence of oxygen is brought about by non-specific enzymes [172]
which is the main reason behind easy anaerobic degradation compared to aerobic
degradation where the enzymes are dye specific [177]. Decolourization by fungi is
brought about by non-specific enzymes as well as adsorption by dead fungal cells
[54].

MBBR is often regarded as one of the most effective and promising water treat-
ment technology due to its capability to degrade a wide range of wastewater [144].
It comprises a homogenously mixed reactor vessel where biomass remains attached
to carriers in fluidized condition [108]. In aerobic condition, the carriers remain
suspended with the help of aeration supplied by diffusers at the bottom of the tank
whereas in anaerobic condition, it is done using mechanical stirrers. A schematic
representation of MBBR is shown in Fig. 2 which illustrates the reactor operating in
aerobic and anaerobic mode. Biocarriers are characterized by density close to that
of water which helps to remain in suspended condition and integrity when kept in
water for a long period [23]. MBBR has proven to treat a large volume of wastew-
ater at once thus reducing reactor volume [169]. Sustainability of more biomass
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Fig. 2 Schematic representation of moving bed bioreactor in a aerobic condition and b anaerobic
condition. Note that both homogenous mixing of water as well as fluidization of carriers in aerobic
reactor is caused by upward aeration whereas that in anaerobic reactor is caused by mechanical
stirrer

in the reactor along with maintaining a stable concentration of microorganism is
one of the basic reasons behind the increasing acceptance of MBBR as a versatile
treatment technology [108]. It provides comparatively larger solid retention times
(SRT)where older cellswith diminished supplementary nutrient supply exhibit better
degradability [166]. Fluidization of biocarriers increases the contact opportunity of
wastewaterwith the biomass thereby removing the desiredpollutantsmore effectively
[121]. Since there is no need for separate sedimentation tank, the constructional and
operational cost as well as reactor footprint is drastically reduced [80].

Being attached to a support medium, biofilm cells are observed to bemore toxicity
resistant than suspended biomass [49] due to the extrapolymeric substances (EPS)
formed by the biofilm that restricts the diffusion speed of hazardous substances [144]
and acts as a buffer [103]. Wastewater including dye effluent often has elevated
temperatures and has been notably treated in MBBR using thermotolerant bacteria
[95]. Anaerobic MBBRs are found to be highly resistant against shock loads which
are often experienced in dye related industries [62].Other advantages of usingMBBR
include high rate of nitrification, uniform oxygen transfer, stable operation and
increased surface area for biological activities [142, 173]. Comparing all aspects of
dye effluent treatment in activated sludge reactor, MBR and MBBR, it was observed
that with same operational cost as MBR, capital expenditure is 68.4% lower in case
of MBBR along with comparatively less environmental impacts as observed by Life
Cycle Assessment (LCA) analysis. It was also confirmed that the water treated by
MBBR can be reused in industrial sector [170].

Albeit all these advantages, a basic drawback for MBBR is lower sludge settle
ability in comparison to that of a suspended reactor which can be solved by adding
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coagulants if necessary [169]. High fluid flow rate is also not desirable inMBBR as it
reduces HRT and increases the risk of biomass washout [142]. In view of increasing
efficiency of dye removal and decrease the load onMBBR, several other technologies
are associated with the process. The present review focusses on various perspectives
of dye removal in an MBBR system with or without additional treatment processes,
various parameters to be considered during the operations and biological aspects of
this treatment process. In this regard, the present chapter discusses the mechanism
of dye degradation under various operational conditions in both bacterial and fungal
MBBR, followed by the different instances of using MBBR as dye treatment unit
coupled with other treatment technologies and the effect of different microorganisms
and influencing parameters for dye degradation inMBBR and areas for further inves-
tigation. Over the years, several experiments have been conducted but little effort
has been made to recapitulate the investigations which is attempted in the present
work, thereby pointing out the research gaps in this field.

2 Mechanism of Dye Degradation in MBBR

Considering the different microorganisms that have been attached with carriers,
biomass in MBBR can be grouped into bacteria-based carriers and fungi-based
carriers. Both of these microbes have different enzymes responsible for decolour-
ization, thereby has different approaches towards it. For example, bacterial enzymes
are more substrate specific, whereas that in case of fungi is non-substrate specific
which makes it easier to degrade a wide range of dyes. The approach towards degra-
dation by bacteria is usually by breaking the azo bond in azo dyes by reductases
whereas in fungi cellulase and peroxidases comes into action. The basic advantage
of usingMBBR over suspended systems reflects in removal efficiencies. Under iden-
tical experimental conditions, it is established that the high concentration of active
biomass in carriers contribute to higher COD and colour removal efficiencies in
MBBR (61.2% and 51.6%, respectively) as compared to those in activated sludge
system (34.1% and 26.8%, respectively) in considerably lower HRT [144].

2.1 Bacterial Dye Degradation

Different microorganisms in a consortium responsible for dye degradation often
require different environmental conditions for optimum performance and thus, the
need for understanding the mechanism of dye degradation under different conditions
is extremely necessary. Studies show that anaerobic–aerobic system of biodegrada-
tion of dyes is often more effective than aerobic treatment [90]. Azo dye reduction
may occur in three probable mechanisms: azo bond cleavage, bioadsorption [113,
174] and hepatic microsomal reduction [51] although dye degradation following the
latter is almost negligible [100]. Bioadsorption also contributes to a low as 14%
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of decolourization [113]. In general, the azo bond cleavage takes place in anaer-
obic conditions and is almost impossible to occur in aerobic environment. Azo
bonds are characterized by strong electron withdrawing nature which supports easily
cleavage in oxygen deprived environment [113]. Azoreductase enzymes are usually
responsible for initiating this degradation of azo dyes including Orange II [176].

A number of researches have in conducted confirming the efficiency of using
anaerobic/aerobic profile in dye removal inMBBR[112]. Themain reductase enzyme
needed for the azo bond cleavage is functional in anaerobic environment [70] in the
presence of NADH, NADPH and FADH [157]. The transition of anaerobic to aerobic
environment is necessary for complete degradation of dyes because the intermediates
formed as a result of azo bond cleavage are recalcitrant in absence of oxygen [29].
Thus, the colour in dye wastewater is removed in anaerobic stage, whereas a large
proportion of COD is removed in aerobic stage [1, 64, 85, 112, 143]. However,
COD removal does take place in anaerobic chambers, although it is often within
the range of 1–40% in a single staged reactor. In case of double staged reactor, the
removal is quite high, measuring up to 70%. It was experimentally determined that
a small proportion of decolourization may take place in the aerobic phase, as low
as 20% [13]. In a study conducted by Dong et al. [44] using anaerobic and aerobic
MBBRs showed, 20–35%CODbeing reduced in anaerobic phase. The COD reduced
in aerobic phase are contributed by the anaerobically recalcitrant amines formed in
absence of oxygen [62]. Complete degradation of azo dyes takes place in two steps:
(as shown in Fig. 3).

Step1: Cleavage of azo bond under anaerobic conditions.
After the cleavage of azo bond, the nitro groups reactwith protons to formaromatic

amines [51]. Experimental studies confirm that a large proportion of the dyes are
biodegraded rather than being mineralised at this stage [62].

Fig. 3 Schematic representation showing bacterial azo dye degradation via anaerobic/aerobic
pathway [159]
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Step2: The intermediate amines are degraded via hydroxylation and ring cleavage
in aerobic conditions.

This step is necessary for transformation of amines to CO2, H2O and organic
acids [8]. Another possibility of aromatic amine transformation, especially when
ortho-substituted hydroxyl groups are present, is autoxidation in aerobic environ-
ment [88, 158]. This autoxidation is one of the main reasons behind recalcitrant
nature of aromatic amines [159]. Even though it is theoretically considered that
anaerobically formed amines are easily degraded in aerobic conditions, it has been
observed aromatic amines containing sulfonates such as naphthyl amine sulfonate
and aminobenzene sulfonate are not mineralized in conventional aerobic suspended
growth systems due to hindrance in transport across cell membrane [120]. Consid-
ering the stratification of biofilms in MBBR carriers, anoxic and aerobic environ-
ment simultaneously exists in a single reactor that will facilitate both the processes
at different biofilm depths [26, 87, 113].

2.2 Fungal Dye Degradation

Unlike bacterial species, fungi are capable of degrading a wide range of organic
pollutants and are not dye specific [135] due to non-specific nature of enzymes that
aid in dye degradation. Enzymes like lignin and manganese peroxidases and laccase
catalyse oxidationof even complex azodyeswhich are bothphenolic andnonphenolic
[58, 140]. Interaction and relative contribution of these enzymes vary with fungal
species. Similar to bacterial dye degradation pathways, biodegradation, biosorption
and bioaccumulation are the notedmechanisms for fungal biodecolourization by both
live and dead cells [78] however bioadsorption is limited to a maximum dye removal
of 50% [83]. In case of white rot fungi Phanerochaete chrysosporium, Lignin Modi-
fying Enzyme (LME) is responsible for reacting with dissolved oxygen producing
H2O2 [122] and does not require Lignin Peroxidase (LiP) enzyme to degrade dyes
including azo, heterocyclic and triphenyl methane dyes [111]. In the case of Tram-
etes versicolor, another fungal species studied in MBBR, Manganese Peroxidase
(MnP) does not participate in decolourization, which is brought about by oxidation
catalysed by ligninase and laccase for majority of the studied dyes including azo
and anthraquinone dyes [164, 171]. Laccases that belong to the group of oxidase
enzymes catalyse the oxidation of aromatic compounds to their corresponding radi-
cles ultimately reducing to oxygen and water [79]. Adsorption by T. versicolor is
observed to be only 5–10% [19].

3 MBBR as a Treatment Unit

A comparison betweenMBBRwith other suspended growth processes in the context
of dye degradation revealed that the former is far more efficient for removing both
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COD and colour from dye wastewater [13, 121, 144]. Comparative studies between
moving bed systems and SBR show the difference in COD removal was higher by
almost 20% within a HRT of 24 h [13]. MBBR as a sole biological treatment setup
for satisfactory degradation of dyes is not frequently studied due to the requirement
of multi-staged setup for complete degradation, low BOD: COD ratio along with
presence and/or formation of hardly degrading substances. A study involving three
MBBR units—two anaerobic followed by an aerobic reactor demonstrated a total
removal of 86% COD and 50% colour. Almost all the colour removal took place
in the anaerobic reactors, the aerobic unit accounted for mere 1% removal. COD
removal efficiency in the two anaerobic reactors was found to be unsatisfactory but
was increased to 86% after treatment in aerobic chamber [121]. Anaerobic MBBR
operated at different HRTs and temperatures to study the effect of these parameters
on removal efficiency showed that under optimum conditions of 48 h HRT and 30 ±
5 °C, rate of decolourization and COD removal was 85% and 78.3%, respectively.
Decrease inHRTup to 12 h decreased theCODreduction rate to 45%and temperature
decrease also resulted in drastic change for dye decolourization [139]. It is evaluated
that up to a certain temperature, there is proportional relation with dye degradation
[10]. Dye degradation in MB-SBBR resulted in 100% decolourization when initial
dye concentration is increased stepwise. Inducing shock load, decreased the removal
efficiency by 40%. Degradation of aromatic intermediates, formed during anaerobic
phase, was efficiently completed in the aerobic period along with 10% decolouriza-
tion [113]. Experimental study confirmed high temperature dye effluent treatment
using aerobicMBBRand substantial COD removal was achieved in the single system
[95]. Albeit these performances, a number of other treatment technologies coupled
with MBBR are also experimented, which are discussed in detail in the following
sections (Table 1).

3.1 SBR Along with MBBR Setup

To facilitate the aerobic degradation of dye intermediates formed anaerobically,
aerobicMBBRsetups can be installed in sequentialmode for better performances that
aid in complete mineralisation by alternating anaerobic and aerobic phase. Further
improvement can be investigated by applying an anaerobic SBR prior to MBSBBR.
For an instance, it has been observed that up to an initial acid dye (AR18) concen-
tration of 100 mg/L, 100% removal of dye intermediate 1-Napthylamine 4-sulfonate
can be achieved in aerobic moving bed sequential biofilm reactor (MB-SBBR) with
corresponding COD removal of at least 71.5%. Increasing dye concentration even up
to 1000mg/L, the removal of 1-N 4-Swas never less than 83.9%with an HRT of 2.75
d which conforms that aerobic moving bed reactors can efficiently degrade dye inter-
mediates which are otherwise challenging. Using this setup, 98% colour removal was
obtained with initial dye concentration ranging between 100 and 1000 mg/L [85].
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3.2 Coupling Membranes with MBBR

Membrane filtration when used along with a series of anaerobic and aerobic MBBR
reactors exhibits a number of advantages including lower HRT and high loading
rates. Membrane fouling is often a problem encountered in membrane bioreactor
which Erkan et al. [48] attempted to solve by using a novel moving bed membrane
bioreactor (MB-MBR). It was suggested that no cleaning—physical or chemical was
required for the process. In comparison to colour and COD removal percentages in
MBR (87.1% and 93.1%, respectively),MB-MBR showed slightly better results with
respect to both parameters (89.2% and 98.5%, respectively) but the major advantage
lies in avoiding membrane fouling. Degradation of Reactive Brilliant Red in such a
treatment process with hollow fibre PVDF membranes showed 90% colour removal
[44]. A hybrid system employing MBBR along with membrane bioreactor (MBR) is
a striking option in terms of reactor footprint and energy consumption for treating dye
wastewater [169]. Degradation of dye wastewater containing three different azo dyes
using anaerobicMBSBBR—aerobicMBR setup, resulted in a degradation efficiency
of around 79.9 ± 1.5% and 77.1 ± 7.9% in terms of colour and COD, respectively.
The lower colour removal is attributed to autoxidation of dye intermediates formed
in the anaerobic phase [13].

3.3 MBBR and Chemical Coagulation

Chemical coagulation is one of the commonly used treatment technologies for dyeing
wastewater [20] because the effluent emitted from the related industries often contains
a high concentration of solids in suspended as well as colloidal form [22]. The
innovation of biological processes made a promising aspect in combining the two
technologies to get efficient removal discarding the disadvantages of high sludge
production from coagulation process and high organic loading on biological process.
Shin et al. [144] studied the efficiency of treating textile wastewater using a three-
stagedMBBRcoupledwith coagulation using FeCl2.Amaximum removal efficiency
of 95% and 68.5%was achieved in terms of COD and colour, respectively, during the
combined treatment process, whereas, maximum removal efficiencies for COD and
colour was obtained as 55.3% and 56%, respectively, individually in MBBR. The
results showed majority of colour removal took place in anaerobic reactor where
electrons were provided by the dyes in reducing environment. A combined treatment
process was adopted that involved MBBR as biological pretreatment unit, followed
by chemical coagulation and electrochemical oxidation. The combined treatment
yielded a colour removal of 98.5% along with 95.4% COD removal using 3.25 ×
10–3 mol/L FeCl3.6H2O along with 25 mMNaCl at a current density of 2.1 mA/cm2

and a flowrate of 0.7 l/min. The support media resulted in an increase of 19.7%
decolourization and 13% COD removal on the overall process. [80].
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In an attempt to understand the better reactor configuration with chemical coag-
ulation and biological treatment, studies were performed as biological pretreatment
followed by chemical coagulation (FBAS-C) and chemical coagulation followed by
biological fluidized bed reactor (C-FBAS). It was observed that biological treat-
ment followed by coagulation with alum performed better with higher COD removal
(92%) with lower alum dosage (600 mg/L) and 20% less sludge production. In C-
FBAS configuration, a COD removal of 82% was obtained with 1000 mg/L alum
dosage [123]. In place of using bacteria as attached microorganisms, Park et al. [122]
attempted dye removal in two MBBRs with attached white rot fungus with chemical
coagulation as post-treatment in order to improve COD removal. The study investi-
gated the efficiency of alum and FeCl2 as coagulants. COD removal was observed
to be higher in case of alum (81%) with an optimum dose of 1.55 mg alum/mg COD
as compared to 11 mmol/L FeCl2 (79%). Colour removal was also observed to be
higher in alum (42%) than FeCl2 (30%). Almost 96% COD removal was obtained
during this treatment with optimized parameters.

3.4 MBBR Coupled with Advanced Oxidation Processes

Advanced oxidation processes can mineralise a wide range of recalcitrant and toxic
substances [9] although high cost of this method restricts its solitary application
in large industries and is recommended to be applied in case of BOD/COD ratio
less than 0.2 [125]. Dye effluents contain a huge proportion of recalcitrant organic
compounds that characterizes the low BOD: COD ratio of the wastewater making
it hard to biodegrade completely. To increase the biodegradability, the effluents are
often subjected to chemical oxidation that improves BOD: COD ratio [55]. Oxidative
pretreatment of textile wastewater using Fenton oxidation resulted in the increased
BOD to COD ratio from 0.25 to 0.52 [53]. However, dose and contact time of most
of these oxidation processes must be optimized as they may form by-products toxic
to microorganisms undergoing further biological treatment [94, 130].

3.4.1 Oxidation with Ozone

Dissolved ozone is able to decompose refractory materials into easily biodegradable
substances thereby facilitating its biological mineralisation [97, 153]. The nega-
tive charge density prevailing around the azo bond attracts ozone to get oxidized
[155]. Dye decolourization was studied in a four staged reactor comprising of an
aerobic MBBR followed by aerobic MBBR, ozonation and aerobic MBBR where
each reactor had its specific function towards the treatment process. The anaerobic
chamber facilitated dye degradation with 76.8% colour removal whereas the first
aerobic MBBR reduced its intermediates where BOD: COD ratio dropped from 0.33
to 0.14. The residual recalcitrant intermediates were ozonized reviving the BOD:
COD ratio of 0.43 which were easily degraded in the last aerobic chamber [62]. A
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similar study conducted by Pratiwi et al. [129] showed that while degrading Remazol
Black (RB5), an azo dye, ozonation time of 120 min with a dosage of 0.4 g O3/h
resulted in an increase of BOD: COD ratio from 0.23 to 0.42. It was observed that
with a mere retention time of 1 h, dye removal increased from 68.6 to 86.74% with
ozone treatment. Allowing a 24 h batch period, optimum colour and COD removal
efficiencies were obtained as 96.9% and 89.13%, respectively.

A study was conducted by Dias et al. [43] which involved the application of ozone
followed by biological treatment in aerobic MBBR to treat Reactive Red (RR239).
The removal efficiencies of COD and ammonium were obtained as 88% and 41%,
respectively. It was observed that nitrification was partially inhibited which resulted
in accumulation of nitrite in the reactor. The cause of this inhibition was attributed to
triazine and benzofuran. To make the process more efficient, ozonation was further
followed by two-staged aerobic MBBRs as bio-treatment which proved to be highly
efficient for removing RR239 although high ozone dose produced an intermediate
4-amino-6-chloro-1,3,5-triazine-2-ol which still inhibited nitrification in the reactor,
but to a lesser extent. In this study, ozone dosage was reduced from 50 to 20 mg/L.
With lower ozonation dosage, triazine in the dye could not be oxidized. Longer ozona-
tion time (20 min in place of 12 min) resulted in formation of intermediates that were
recalcitrant and toxic for biomass and thus COD removal efficiency dropped from
94 to 90% in the reactors along with nitrification inhibition [42]. However, a similar
study undertaken by Castro et al. [28] involving the removal of Reactive Orange
16 using ozone and aerobic MBBR did not show any inhibition towards removal of
ammonium, where a maximum of 94% COD, 97% colour and 99% ammonium was
removed where ozone was applied at a dosage of 51.09± 0.76 mg/L for 5 min. Thus,
from the previous works it can be concluded that increase in ozonation time produces
more recalcitrant compounds that might inhibit nitrification in aerobic MBBR.

3.4.2 Fenton Oxidation

Fluidized Fenton oxidation process is supposed to be advantageous over other
processes in the fact that iron crystallization and precipitation results in produc-
tion of less sludge [104]. The quantity of hydroxyl radicals produced during the
process is enough to effectively oxidize most of the compounds present in textile
effluent but a major disadvantage of this process is the production of ferric hydroxide
sludge which needs further handling and disposal. Further, it has been observed that
impact of variation in influent wastewater characteristics can be reduced with Fenton
oxidation process [82]. Using immobilized Microbacterium marinilacus isolated
from textile effluents, fluidized bed Fenton process followed by MBBR was capable
of removing 87.22% COD at 67.07% filling ratio. Using Box-Behnken statistics,
the optimum pH and HRT were suggested as 2.25d and 7.33, respectively. Sludge
production combining the two processes resulted in considerable decrease in sludge
production thus being more economical [53].
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3.4.3 Photocatalytic Oxidation

Photocatalysis with TiO2 is a non-toxic, easily available chemical with robust optical
properties, large surface area and its use in treatment operations is cost effective
as compared to several other AOPs [59, 66]. Using polyaniline-TiO2 nanocom-
posites immobilized in polystyrene cubes, 89% of degradation of Acid Yellow 17
was obtained which shows the efficacy of photocatalytic action of TiO2 alone for
dye decolourization [106]. Combination of photocatalysis with biological process
helps in efficient treatment of colour using TiO2 and biological removal of COD.
The removal efficiency using TiO2 is comparable with that using Fenton oxida-
tion process and within 48 h of biological treatment nearly 98% of colour removal
could be achieved even using suspended growth reactors [38]. With all these advan-
tages and various studies involving photocatalysis to degrade dyes, an experimental
study was undertaken to degrade textile wastewater with a BOD: COD ratio of 0.23
using a combination of photocatalytic oxidation using TiO2 and aerobic MBBR
[4]. The researchers compared the removal efficiencies between activated sludge
process, MBBR and MBBR coupled with photocatalysis. Oxidation with photo-
catalyst proved to be the most effective treatment process with considerably better
removal efficiencies in terms of both COD and colour than the other two reactors.
Modified Stover-Kincannon model was used to determine the COD removal kinetics
for the reactors.

3.5 MBBR Along with Adsorption

Bioadsorption is one of the mechanisms of dye effluent decolourization which has
very minimal contribution. However, installing an adsorption medium along with
MBBR system decreases the organic load, as also improves decolourization effi-
ciency. Often along with biological action, the biomedia used takes part in adsorption
of dyes causing a removal of 96% [87]. Moreover, the presence of high concentra-
tion of complex recalcitrant compounds vacillates the use of MBBR without a prior
treatment that would decrease the loading on biological system. Granular activated
carbonhas high retaining capacity alongwith high surface area suitable for adsorption
[167]. A reactor setup comprising of a 20 cm granular activated carbon (GAC) bed
and an aerobic MBBR was used to study the performance regarding dye wastewater
treatment which showed a maximum of 90%, 95%, and 72% COD, BOD removal
and colour removal, respectively. Maximum colour removal occurred in the GAC
by adsorption whereas MBBR increased the quality of the effluent by decreasing
the organic matters. One important advantage of using GAC is it can be reused after
corrosive washing thus minimizing the economic input [155].
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4 Microorganisms in MBBR for Dye Removal

Microorganisms including bacteria, fungi, yeast have been recorded to degrade
different dyes in various environmental conditions [101]. The selection of microor-
ganisms for specific dye removal is quite challenging for high loading rates as it may
often inhibit the activities of respective organisms [148]. Mixed culture is observed
to perform better than pure culture bacteria and is also more resistant to toxic effects
of recalcitrant dyes and is also easy to maintain in industrial treatment plants [73].
A large number of microbial species have been identified to effectively degrade
different dyes [52]. Toxicity of the dyes may have adverse effect on the development
of biofilmswhich iswhy it is often preferred to carry out the process of biofilm forma-
tion on carriers in absence of dyes [69]. Bacterial cultures have been reported to show
better results than fungal biomass in the treatment of dye wastewater [128]. Thir-
teen different diazobenzene dyes have been identified that have antifungal properties
[116].

4.1 Bacteria

A number of facultative bacterial species are able to degrade dyestuff wastewater
in both aerobic and anaerobic conditions [89]. Bacteria isolated from textile efflu-
ents are observed to be capable of decolourising dyestuff effluent over a pH range
of 6–10, temperature range of 25–40 ◦C and an initial dye concentration of 50–
200 mg/L [97]. Often, filamentous bacteria are noticed to remain in suspended form
in MBBR systems during dye degradation [86]. These filamentous bacteria are also
the dominant cultures as observed to be attached to the carriers [68]. Thermotolerant
bacteria when used as biomass to treat high temperature dyestuff wastewater showed
the abundance of genera Caldilinea, Rubellimicrobium, and Pseudoxanthomonas at
different temperature ranges and a number of species has been identified to success-
fully treat dye effluent [95]. Details about the pathway of bacterial degradation and
consequent conditions are discussed in other sections.

4.2 Fungi

This paper has mainly focused on bacterial degradation of azo dyes. However, fungal
immobilization is especially favoureddue to itsmorphologic specificity [125]. Fungal
degradation of azo dyes in aerobic condition occurs due to their ligninolytic activity
using lignin peroxidase [54]. White rot fungi are the most studied species for biode-
colourization [89] among which Phanerochaete chrysosporium and Trametes versi-
color has been reported to exhibit satisfactory dye removal when immobilized [118,
122]. Phanerochaete chrysosporium has been observed to remove as high as 96%
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COD removal and 73.4% colour removal in MBBR along with several other biofilm-
based reactors undergoing dye removal. The ligninolytic enzyme system of this
particular species can degrade a number of recalcitrant dyes [111]. Besides these,
a number of other species of white rot fungi and several other fungal species are
recorded to decolourise various dyes in different reactors [54]. Details about the
pathway of fungal biodecolourization and consequent experimental conditions are
discussed in the previous sections.

5 Factors Affecting Dye Degradation in MBBR

Biological process in reactors is generally influenced by a number of parameters
including pH, temperature, substrate available for biological uptake, retention times,
biomass concentration. Alongwith these, support biocarrier surface, hydrodynamics,
flow of water, turbulence also directly affect the formation of biofilms on media [11].
For treatment of recalcitrant compounds like wastewater containing dyes, chemical
structure as well as inhibitory concentration of those chemicals [21]. Temperature
also has direct effect on biomass community and their growth. It was observed for
thermotolerant bacteria, optimumEPDyieldwas obtained at 45 ◦Cmajorly produced
from humic acid [95]. Interaction of all these factors influence the optimum removal
efficiency of dye wastewater treated in MBBR. To develop a robust process design,
all these factors must be considered and a thorough understanding of their effects is
required from economical as well as an operation point of consideration.

5.1 Effect of Initial Dye Concentration

Increasing dye concentration often limits removal efficiency as the dyes are often
inhibitory to enzymatic activities of microbes at elevated levels [117, 151, 168].
However, too low concentration will limit the enzyme binding capability with the
dyes, considered as substrate [56]. Thus, for optimum biodecolourization, knowl-
edge about threshold influent dye concentration is crucial [142]. By varying initial
concentration of Reactive Orange (RO16) over a range of 50–1000 mg/L in moving
bed sequential biofilm reactor (MB-SBBR), it was observed that increasing concen-
tration beyond a certain limit (300 mg/L dye concentration) significantly decreases
the degradation in terms of both colour and COD. The removal efficiencies with
initial concentration of 50 mg/L were obtained as 100% and 99.19% for colour and
COD, whereas that with dye concentration 1000 mg/L was 26.82% and 36.98%,
respectively, under other identical conditions. The study also confirms that shock
loads with more than 300 mg/L dye concentration caused considerable effect on the
reactor performance due to inhibition by toxic RO16 [113]. Often increasing dye
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concentration to an extent cause similar decolourisation but with lower decolouriza-
tion rates, which is due to the decrease in growth cultures brought about by inhibition
[64].

5.2 Effect of Dye Structure

The fused aromatic structures of anthraquinone-based dyes make them most resis-
tant to biodegradation over a long period of time. High colour intensity of basic
dyes makes them difficult to degrade [15]. Lower potential to decolourize dyes can
also be attributed to redox potential of the dye [47, 51]. The presence of azo bonds
directly influences degradation efficiency, more the azo bonds present, degradation
is harder [56, 156] and so, more dyes are resistant to microbial action [24]. The
reason for difficulty in degradation of azo dyes is the presence of NH2-triazine in
the meta position of the compound [147]. Dyes having low molecular weights are
easily biodegraded than high molecular weight, complex dyes that often are more
recalcitrant [137]. Reactive dyes like Reactive Black 5 (RB5) and Reactive Violet
5 (RV5) often produces intermediates that are extremely hard to biodegrade even
in aerobic environment which will produce water unsafe for further use or disposal
[88, 96]. Reactive Orange 16 (RO16) has sulfonated group in the second position of
naphthol ring which makes it harder to degrade [6]. Presence of sulphonic groups
creates an electron deficient condition which makes it even harder to be biodegraded
[17], for example, vinyl sulfone groups prevents dye adsorption and substrate fixa-
tion in biomass [ 63]. Azimi et al. [13] compared the removal efficiencies of three
different azo dyes with variable number of azo bonds under identical experimental
conditions. It was observed that Red 3BS, having 1 azo bonds and 1 triazine had
a removal efficiency of 91.4 which in case of Black B (2 azo bonds and 2 sulfato
ethyl sulfone groups) was 85.7%. Azo dyes having methyl, sulfo, nitro or methoxy
groups are difficult to degrade than those having hydroxyl or amino groups in their
molecular structure [107].Wong and Yu [164] observed decolourization by fungus T.
versicolor was dependent on dye structure as azo and indigo dyes are not substrates
of laccase enzyme. Another fungal species P. chrysosporium was able to mineralise
compounds with hydroxyl, nitro or amino attached with aromatic ring better than
with unsubstituted rings [149].

5.3 Effect of Co-Substrate

Azo dyes being hard to biodegrade substances are often degraded by co-metabolism
where the dye is treated as a secondary substrate for microorganisms along with an
easier biodegradable primary substrate [141, 152]. During anaerobic degradation,
the dyes are decolourized for being electron acceptors for electron transport chain.
Thus, an easily degradable carbon source is needed [27]. The simple organic carbon
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provides the energy source to catabolize the dyes in biological cycle during anaerobic
phase [159]. It has been observed that Bacillus subtilis uses glucose as a co-substrate
to reduce azo bond by providing essential reducing factors including NADH and
FAD [27]. The composition of wastewater to be treated has to be considered in this
aspect because effluents from industries like distillery and pulp and paper contain
sufficient concentration of carbon whereas those from dyeing and selected chemical
plants is characterized by low organic carbon concentration which has to be supplied
externally [89].

It has been observed that acetate is a relatively poor electron donor whereas
ethanol, glucose and sucrose are used extensively for better dye uptake [113, 156].
In case of fungal dye degradation, glucose, maltose, cellobiose and starch is observed
to show better results in comparison to sucrose or lactose [54]. A combination of
glucose and lactosewhen used as co-substrate was able to degrade about 98%ofAcid
Red 18 even in high concentration up to 1000 mg/L [85, 86]. Sodium benzoate and
sodium acetate also yielded satisfactory removal results for Reactive Black (RB5)
removal in biofilm reactorwhich resulted in 94%COD removal and 99%dye removal
[114]. Endogenousmetabolismalsomay serve as a source of organic carbon in case of
necessities for dye reduction [81, 115]. A study conducted byOng et al. [115] showed
a sharp decrease of MLSS from 7200 mg/L to 4700 mg/L which supplied the organic
carbon required for azo bond cleavage thus making complete mineralization of Acid
Orange 7 even without external carbon. Similar conclusion could be drawn in case
of fungal biomass where dye degradation improved from 5 mg/L/h to 8 mg/L/h with
addition of glucose at a concentration of 1000 mg/L for 50 mg/L dye. In suspended
biomass, absence of glucose restricted any decolourization whatsoever [145].

5.4 Effect of HRT

AdequateHRTswhenprovided in the reactor results in effective degradation of awide
range of dyes [16]. Shorter HRTs correspond to the utilization of more dyes as co-
substrate alongwith a primary substrate due to higher biomass activity at high influent
dye concentration although total dye removal efficiencies were found to be higher in
longer HRTs [141]. Longer retention times in the anaerobic phase is observed to have
positive influence on efficiency of dye degradation [84]. Short HRT system requires
longer time for biofilm growth in the carriers [68]. In comparison to suspended
growth reactors, MBBR can perform similar removal in half of the HRT required for
activated sludge process [170]. In the anaerobic MBBR, the recalcitrant compounds
formed throughout the process are not completely hydrolyzed at shorter HRTs [61].
However, a much higher HRT in anaerobic reactor decreases acidification efficiency
due to the utilization of solubilized volatile fatty acids (VFA) by methanogens [175].
Decrease in HRT from 48 to 12 h resulted in a drop of COD reduction from 78.3 to
54% although the sensitivity of this reduction in HRT is hypothesized to depend on
the type of biocarriers [139].
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Analysing the effect of HRT on removal, it was observed that increasing flow rates
from 25 to 100mL/h decreased HRTwhich in turn reduced removal efficiencies from
95.7 to 72.9% [148]. A decrease in HRT from 33 h to 16.8 h resulted in decrease
in both COD and colour removal efficiency even though carrier filling ratio was
increased from 5 to 10% [113] which is also established in dye degradation studies
in other reactors [92]. Optimum HRTs also provide maximum BOD: COD ratio that
facilitates optimum aerobic degradation thereby directly effecting removal efficiency
[62]. Pratiwi et al. [129] studied the effect of different HRTs varying between 6
and 48 h in the aerobic MBBR and observed that optimum removal efficiencies
were obtained at 24 h with maximum removal of both COD and colour. Colour
removal efficiency increased linearly from 75.74 to 81.21% from 6 to 24 h HRT and
then reduced to 68.6% at 48 h. However, in case of COD removal where efficiency
increased from 37.55 to 85.86% linearly with increase in HRT from 6 to 48 h.

5.5 Effect of Biomass Concentration

In case of MBBR, a high removal efficiency can be achieved with a comparatively
less biomass concentration thus limiting the cost of waste sludge handling. a conven-
tional suspended growth reactor system usually employs an MLSS concentration of
around 3000–4000 mg/L which in case of MBBR systems can be reduced to as
low as 570 mg/L [80, 144]. For this reason, while it has been claimed that lower
biomass concentration has relative lower decolourization rate due to toxicity, MBBR
shows satisfactory removal efficiencies [98, 159]. Since, the majority of biomass
concentration is attributed to biofilms attached to media, volumetric filling of biocar-
riers directly affects the removal efficiency of the process. It is observed that there
is an optimum biocarrier filling percentage, below which concentration of active
biomass in the reactor could be increased to enhance the removal efficiency.However,
increasing carrier filling in the reactor beyond optimum ratio results in decrease in
mobility of the carriers thus limiting proper mixing and efficient DO and substrate
diffusion in biofilms [18, 148]. The adjustable biocarrier filling ratio is one of the
most attracting features ofMBBR that helps in keeping desired biomass in the system
[146]. Considering the effect of biocarriers in between wide range of filling ratio
over 40–80%, the optimum carrier filling ratio was determined to be exact 67.07%
which removed maximum COD from the wastewater [53]. Using PU-AC carriers
for anaerobic and aerobic reactors for dye wastewater treatment, the optimum filling
ratios were identified as 30% and 20%, respectively [121]. Using polyurethane foam-
polypropylene carriers (PUF-PP), it was observed that beyond a carrier filling ratio of
35%, almost negligible positive effect on dye removal was noticed [148]. However,
in the study of Ong et al. [113], increasing biocarrier filling ratio from 5 to 10%, there
was a significant increase in decolourization efficiency. Support media is observed to
increase biomass concentration even up to three times as that in suspended biomass
systems which might be due to both the increase in active biomass concentration
as well as limiting inhibitory effect of toxic substances on biomass [80]. Similar to
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bacterial biomass, fungi attached biocarrier filling have similar effect on dye degra-
dation. Increasing filling ratio of Polyurethane-dyeing sludge carbonaceous material
(PU-DSCM) foam from 10 to 20% had sharp increase in dye removal efficiency,
however the same in case of increasing the ratio to 30% had no notable impact on
removal [122].

5.6 Effect of Biocarrier

Addition of biocarriers in the reactor ensures the presence of active biomass
thereby increasing removal efficiencies in terms of both dye concentration and COD
in comparatively short retention times and high influent dye concentration [65].
Polyurethane foam is often used as support materials in dye degradation due to
the inward matrices that serve as sites of anaerobic environment and help in the
retention of microorganisms [121, 144, 160] and the pores aid in the formation of
stable biofilms [117]. Using simple hexahedral carrier, it was observed that biomedia
increased COD and colour removal up to 38.2% and 27.4%, respectively. Addition
of biocarriers also resulted in higher SRT, almost 3 times as that activated sludge
process effects in dye degradation in MBBR [80]. Shewanella indica when immobi-
lized on biocarriers showed high tolerance for Reactive Black 5 (RB5) with stability
of 90% on an average [174].

Alginate often proves to be a good immobilization media which was studied by a
number of researchers. UsingOrchis mascula as organic biocarriers for immobiliza-
tion of mixed cells, almost 100% decolourization was obtained for different Reactive
azo dyes including Red (RR2), Blue (RB4), andYellow (RY15) in anaerobic environ-
ment [65]. It took a retention time of 40 h to completely degrade 40 mg/L of RR2 and
RB4. Other Reactive dyes like Red (RR195), Orange (RO72), Yellow (RY17), and
Blue (RB36) were effectively degraded using immobilized Pseudomonas putida and
Bacillus licheniformis immobilized in polyacrylamide and sodium alginate [150].
Sodium alginate along with PVA was used to entrap mixed activated sludge which
completely degraded Reactive Blue with the concentration varying between 10 and
40 mg/L. 87–88% COD removal was observed in each case. Cheng et al. [33] immo-
bilized Burkholderia vietnamiensis on alginate-PVA-kaolin gel beads for efficient
removal of crystal violet. Both starch and sodium alginate entrapped biomass showed
similar results towards Reactive Red (RR2) azo dye degradation where complete
decolourization was achieved in anaerobic phase [63]. Using polyethylene glycol
media to entrap biological cells, 50% of anaerobically formed recalcitrant inter-
mediates were degraded in aerobic environment at an HRT of 2–8 h [14]. Using
polyurethane foam to immobilize Bacillus subtilis in a novel multi-staged fluidized
bed reactor, about 92% of COD was reduced from real textile wastewater containing
Congo Red dye with an initial concentration of 100 mg/L, PUF weight 5 g and pH
of 8 [142].

In the light of fungal azodyedegradation, a series of cost-effective biologicalmate-
rials were experimented as biocarriers for growing Trametes versicolor and it was
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observed that jute showedbest resultwith respect to biomass growth, decolourization,
and material integrity. Straw however showed better decolourizing property but was
easily disintegratedwithin 2weeks. Toxicity of amaranth dye towards the fungus was
less when immobilized in any carrier which showed the advantage of using attached
biomass [145]. Phanerochaete chrysosporium or white rot fungus was immobilized
on Polyurethane-dyeing sludge carbonaceous material (PU-DSCM) foam carriers
which showed impressive removal efficiency [122] (Table 2).

5.7 Effect of pH

pH of wastewater is a basic factor that is responsible for the transport of dyes through
cell membranes ofmicroorganisms thereby facilitating degradation [32]. Raw dyeing
wastewater is usually characterized by high pH ranging around 12–13. A very few
bacterial species are capable of growing at such a high alkaline condition. For biolog-
ical treatments, pH should generally be kept close to neutral, however, azo dye degra-
dation is reported to take place within a pH range of 7–10 [12, 127]. Experimental
studies showed that at pH 7, COD removal efficiency was higher than that obtained
at pH 12 [121]. Optimum pH for the removal of Congo Red dye was also obtained
at pH 7 [148]. Francis and Sosamony [53] conducted a study to observe the effect
of pH over a range of 6–9. The results showed that maximum removal efficiency
was obtained in between 7 and 7.5 because the concerned microorganism showed
maximumgrowthwithin that pH range. Since biological azo bond cleavage is enzyme
mediated and enzyme ionization will be directly affected by pH change [56]. Setty
[142] observed that slight alkaline conditions favoured degradation of azo dyes [93]
and increasing pH from 7 to 8 resulted in 5% increment in dye removal efficiency.
Moreover, anaerobic cleavage of azo bonds results in basic aromatic amines which
increases the pH of the effluent if sufficient buffering action of other chemicals is
not present [56].

This, however, is not the case for fungal dye degradation. Fungi often grow in
acidic environment and have optimum dye degradation around a pH of 4.5 [75]. Raw
dye effluent is often characterized by a high pH at which enzymatic activity of fungi
is absent. A comparison between fungal activity towards dye degradation at pH of
7 and 12 showed removal at both pH. It was stated that removal at pH 7 was due to
enzymatic degradation whereas that at pH 12 was due to biosorption [122].

6 Research Gaps and Scope of Future Work

A number of the experimental works and kinetics are developed using simulated
dye wastewater considering the presence and concentration of that dyestuff only.
However, real dye effluents contain salts, sulphur compounds, several nutrients,
heavy metals including zinc, chromium, copper, arsenic besides organic nutrients
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which might affect biological process of dye degradation [165]. This limitation will
result in erroneous development of process kinetics and might not always show
similar degradation when applied in industrial cases [56]. In case of photocatalytic
oxidation, experiments have been conducted usingTiO2, but recently, ZnOhas started
to take its place due to lower cost and higher removal efficiencies for azo dye degra-
dation [7, 38, 45]. These have been used with activated sludge processes but not
investigated in MBBR. Focussing on the advantages of the later over suspended
process, it can be hypothesized that more efficient removal can be obtained with
lower HRT and may be for higher input concentrations.

From the discussion it is clear that different dyes have variable structural complex-
ities and thus optimum removal cannot be theoretically predicted. More thorough
experiments are needed to be done in that case. Moreover, since bacterial enzymes
are substrate specific, the strains used in other biological reactors may be immo-
bilized or grown on carriers for better biodecolourization. Developing successful
process design requires optimization and quantification of parameters through the
development of kinetics. A very few works have been undertaken so far to estimate
the rate of reactions taking place in MBBR for dyestuff removal. One of them inves-
tigated the various models that fit the experimental data obtained from dye effluent
in MBBR and inferred the use of Grau second order and modified Stover-Kincannon
kinetics justified the results of COD removal. However, colour removal kinetics was
not considered.

7 Conclusion

MBBR is one of the advanced water treatment technologies that are applied in
treating municipal as well as a variety of industrial wastewater. Keeping in view
of the different results obtained from the studies undertaken in MBBR, it can be
established that MBBR as a sole treatment technology may require more than one
unit to efficiently biodecolourize as well as remove COD and nutrients. Employing
multi-staged reactor is often more welcome. Since the BOD: COD ratio of these
effluents is quite low, pretreatments like ozonation processes improve biodegrad-
ability. Coagulation and adsorption highly increases both colour and COD removal.
The biofilm attached to carriers improves resistant against recalcitrant compounds
thereby decreasing the effect of substrate inhibition. Determination of influencing
parameters as well as optimizing them to get efficient as well as economical removal
of dyes is essential for process design which requires determination of kinetics as
well as models to estimate the quality parameters of effluent to be safe for disposal
or reuse.
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Up-Flow Anaerobic Sludge Blanket
Reactors in Dye Removal: Mechanisms,
Influence Factors, and Performance

Ronei de Almeida and Claudinei de Souza Guimarães

Abstract Society faces eco-environmental challenges when it comes to managing
industrial wastewaters. In particular, textile effluents are one of the main threats to
living being due to toxic dyes. Technologies used to remove dye compounds include
physicochemical and membrane filtration processes. However, since current tech-
nologies have several limitations, including high investment and energy demand,
researchers have investigated cheaper and eco-friendly alternatives. Among them,
anaerobic processes have been an effective method to decolourise dye-containing
effluents. In that direction, the up-flow anaerobic sludge blanket (UASB) tech-
nology stands out in terms of high cost-effectiveness. The authors reviewed the
published literature on UASB reactors in dye compounds removal. Mechanisms,
merits, demerits, and technical aspects of UASB reactors are introduced. Challenges
and opportunities are discussed. Themajor points are (1)mechanisms of dye removal
in UASB reactors comprise mainly dye adsorption onto sludge granules and azo
bond cleavage (biodegradation), (2) dye structure and concentration, external organic
carbon source, redox mediators, and bioreactor operating conditions play a key role
in the treatment performance, and (3) UASB technology exhibits high decolourisa-
tion rates. Removal efficiencies of chemical oxygen demand and colour lie within
the range of 60–85% and 75–96%, respectively. However, anaerobic treatments may
not be able to mineralise by-products of anaerobic metabolisms. Consequently, post-
treatment of the anaerobically treated effluent is required, and 4) the energy produc-
tion during the decolourisation process in UASB reactors is estimated at 22 kWh per
m3 of treated wastewater. Bio-energy recovery can promote wastewater valorisation
and decrease the economic burdens of dye-containing effluents treatment. Future
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studies should focus on optimising influence parameters of full-scale UASB reactors
and biogas recovery from dye-containing wastewater treatment.

Keywords Anaerobic process · Biodegradation · Bio-energy · Decolourisation ·
Dye · Granular sludge · Industrial wastewater · Methanogens · Resource
recovery · UASB

1 Introduction

The ecological and social impacts caused by dye compounds from dyeing, pharma-
ceutical, pesticides, cosmetics, and food industries have been among the most signif-
icant environmental sanitation challenges. In particular, textile industries used about
50% of the total dyes produced and consume a considerable quantity of water; hence,
it is considered one of the largest activities responsible for aquatic pollution [86].
Due to the presence of chemicals and non-biodegradable substances, textile efflu-
ents have genotoxicity, mutagenicity, and carcinogenicity potentials, which brings
attention to public health security and safety of terrestrial environments [37].

Several methods for decolourisation of textile wastewaters have been reported in
the literature, such as coagulation-flocculation [95], chemical oxidation [1], adsorp-
tion [58], and membrane-based technologies [34]. However, physical–chemical
processes are associated with high installation and operational costs, high chemical
demands, and the generation of polluted sludge and membrane concentrates [78].
Furthermore, it should be noted that the change in toxicity during the treatment by
chemical oxidation methods and the possible generation of by-products also repre-
sents a significant drawback [47], which has pushed dye industries to investigate
cheaper and eco-friendly options for full-scale applications.

Biological techniques stand out in terms of simplicity and high cost-effectiveness.
Based on oxygen requirement, biological methods are classified into aerobic and
anaerobic. In aerobic processes, microorganisms use oxygen as an oxidising agent
to mineralise pollutants, while anaerobic biotransformation consists of removing
contaminants in the absence of oxygen. In an anaerobic environment, sulphate,
nitrate, and carbon dioxide act as oxidising agents [2]. The anaerobic process is
a reliable and cost-effective method for textile effluent treatment due to its several
advantages, such as lowenergy and chemical demand and lowpolluted sludge genera-
tion [32, 46, 70]. Besides, energy demand increase has motivated studies in the field
of anaerobic technology. During anaerobic metabolism, biogas—a high calorific
energy source—is produced and can be converted to thermal and/or electrical power
[101].

Among the various anaerobic bioreactors, up-flow anaerobic sludge blanket
(UASB) technology, developed by Lettinga et al. [59] in the late 1970s, has been
applied to treat a broad of industrial effluents and has achieved maturity in the treat-
ment of domesticwastewater [19].UASB reactors can be (1) applied for high-strength
organic wastewater [91], (2) employed on small and large scales [67], and (3) used
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for recovery resource proposes [75]. Concerning treatment efficiency, they have high
pollutants removal rates and the capacity to withstand organic shock loads [45].

In light of these facts, the present chapter provides an overview of the application
of UASB reactors in dye wastewaters treatment. Mechanisms of dye removal and
technical aspects of UASB reactors are discussed. Besides, the authors investigate
the factors that determine dye removal in UASB reactors. In the end, challenges and
opportunities are summarised.

2 UASB Reactors

2.1 Bioreactor Concept

The UASB reactors have been applied in wastewater treatment systems due to their
reliability, simplicity, and high cost-effectiveness. UASB reactors have a significant
position in sewage treatment plants in emerging economies such asBrazil andMexico
and have successfully been used in distilleries, dairy industries, slaughterhouses, and
chemical companies for industrial effluents [67]. Data analysis of different industrial
anaerobic treatment plants showed that UASB reactors are the most predominant
system. Of 1,215 surveyed facilities installed in 65 nations, UASB reactors were
used in 682 of them (56%) [38].

The UASB reactor comprises a rectangular or cylindrical unmixed tank and a
three-phase (gas–liquid-solid) separator located on top of it. The typical height-
diameter ratio of UASB reactors ranges from 0.2 to 0.5 [62]. Inside the biore-
actor, wastewater flows upward, crossing a blanket of active biomass, with good
organics biotransformation and settling ability [63]. Biogas produced at the bottom
of the reactor and the influent flow cause natural turbulence, keeping efficient
contact between active biomass (granular sludge) andwastewater (influent). Biomass
concentration in the bioreactor can reach 80 g L−1 [91]. The three-phase separator
allows the physical removal of suspended solids and guarantees high sludge retention
time (SRT), operating the system without the necessity of support media to prevent
biomass washout [89]. Figure 1 shows a schematic diagram of the UASB reactor.

The development of a dense granular sludge bed in the UASB reactors was deci-
sive to the success of this technology. In fact, their high treatment performance is
attributed to the formation of a dense sludge bed in the bottom of the bioreactor
[49]. The granular biomass is an immobilised microbial aggregate with a highly
compact structure and huge specific surface area, positive to adsorb and biotrans-
form the pollutants. In contrast, it usually takes 2–8 months to develop anaerobic
granular sludge, which requires a long bioreactor start-up period, one of UASB tech-
nology’s main bottlenecks [61]. Despite several studies having been performed, the
formation of anaerobic granules is not comprehensively known. Hulshoff Pol et al.
[48] reviewed theories on sludge granulation in UASB reactors. In sum, they found
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Fig. 1 UASB reactor schematic diagram in two-dimensional (a) and three-dimensional (b) shapes.
Drawn by the authors

that inert support particles jointly with operational conditions play a pivotal role in
forming granular sludge.

Design and operational parameters strongly influence biodegradation perfor-
mance and sludge settling ability of UASB reactors. Several factors, including
effluent characteristics, temperature regime, up-flow velocity, organic loading rate
(OLR), and hydraulic retention time (HRT), play a vital role in the UASB biode-
colourisation. For instance, HRTs ranging from 3 to 10 h appeared optimal, resulting
in chemical oxygen demand (COD) removal efficiency in the range of 60 to 85% at
temperatures higher than 20 ºC [45]. OLR is also a key parameter. Industrial wastew-
aters are commonly operated with OLR ranging from 4 to 15 kg COD m3 d−1 [91].
Additionally, the up-flow velocity of the liquid is responsible for maintaining mixing
and guarantees efficient contact between sludge and influent. In full-scale bioreactors
treating high-strength wastewaters, the up-flow velocity is around 2.0 m h−1, while
settling velocities range from 20 to 80 m h−1, ensuring high SRT in the treatment
system [18].

Souza [88] introduced the main design features of UASB reactors, while [25]
described the effects of process parameters on bioreactors’ operational performance.
Readers are guided to these contributions for background information. UASB reac-
tors have several advantages, including (1) low investment and operating costs, (2)
low footprint, (3) high organic matter removal efficiency, (4) the ability to withstand
organic shock loads, and (5) biogas production, which can be recovered as energy
input. On the other hand, some issues need to be addressed, such as long bioreactor
start-up, acidification by accumulating organic acids, inhibition risks due to toxic
substances, insufficient pathogens/nutrients removals, which require effluent post-
treatment, and sludge management. The pros and cons of UASB’s technological
applications are summarised in Table 1.
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Table 1 Pros and cons of UASB’s technological applications. Based on Refs. [18, 25]

Aspect Pros Cons

Operation Low footprint
Easy unit operation
High organic load rates
Low sludge production
Short HRT and high SRT
Low nutrients demand

Corrosion and gas leakage problems
Odour generation
Long start-up
Granulation process control
Undergoes fast acidification
Sludge management

Efficiency High COD removal (>70%)
Ability to withstand organic shock loads

Low pathogens, N, and P removals
Effluent post-treatment is required
Sensibility to toxic substances and heavy
metals

Economic Low capital and operational costs
Simple bioreactor construction
Biogas can be recovered as energy input
to reduce operational costs

Needs maintenance due to the corrosion
and gas leakage
Temperature adjustment/control in cold
regions

Note COD = Chemical Oxygen Demand, HRT = Hydraulic Retention Time. STR = Sludge
Retention Time

2.2 Mechanisms of Dye Compounds Removal in UASB
Reactors

Dye removal under anaerobic conditions is a reduction process in which literature
primarily covers the biochemistry of azo dyes. Azo dyes account for more than half
of dyes producedworldwide [31]. Themainmechanism of their degradation in anaer-
obic conditions comprises azo bond (–N = N–) cleavage via extracellular azoreduc-
tase enzyme, which involves a transfer of four electrons (reducing equivalents). The
decolourisation process occurs through two stages at the –N=N– linkage. Azo dyes
act as electron acceptors. In the first stage, intermediates hydrazo are formed. After-
wards, hydrazo undergoes reductive cleavage leading to the formation of aromatic
amines—uncoloured by-products, as shown in Eq. 1 [86].

R1−−N = N−−R2
2e−+2H+−→ R1−−NH−−NH−−R2

2e−+2H+−→ R1NH2 + R2NH2

(1)

where R1 and R2 are aryls or heteroaryl groups.
However, produced aromatic amines are, in general, anaerobically recalcitrant and

have higher toxicity than dye precursors [39]. Consequently, anaerobically treated
effluent needs further treatment. Many scholars propose to use hybrid anaerobic–
aerobic systems to complete the dye removal effectively [5, 15, 51 56, 69]. Under
low oxygen concentration, some facultative aerobes can consume oxygen and intro-
duce hydroxyl groups into polyaromatic compounds, which facilitates subsequent
biodegradation pathways [40]. Therefore, the aerobic process acts as a polishing step
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completing the mineralisation of intermediates of the anaerobic biotransformation
[74].

In addition, the adsorption of dyes in the sludge granules can be significant for the
decolourisation process inUASB reactors. Haider et al. [46] operated aUASB reactor
in the intermittent regime (OLR of 2 kg COD m−3 d−1, HRT 24 h). They observed
that the non-feeding period of run contributed more for total COD removal than
continuous runs, concluding that physical dye entrapment onto biomass granules was
preponderant. Indeed, kinetic studies show that the dye removalmechanism inUASB
reactors is first abiotic (adsorption) and then biotic (biodegradation) [43]. Therefore,
the adsorptionmechanismby sludgegranulesmakes an important contributionduring
decolourisation processes in UASB reactors.

The anaerobic process is divided into four steps: hydrolysis, acidogenesis, aceto-
genesis, and methanogenesis. In the three former steps named acid fermentation,
organic macromolecules are hydrolysed and metabolised by fermentative bacterias
and converted to carbon dioxide, hydrogen, and acetic acid. In the last step, acetic
acid, carbon dioxide, and hydrogen are converted to carbon dioxide and methane
by methanogenic archaeans [8]. The sequential stages of the anaerobic process are
shown in Fig. 2.

As stated above, anaerobic decolourisation is a reductive process of azo bond
cleavage via extracellular azoreductase enzyme, which involves a transfer of four
electrons (reducing equivalents). The reducing equivalents (i.e., electron donors)
are formed during the conversion of the organic matter through different stages
of anaerobic metabolism. H2, CO2, ethanol, and formate are effective electron
donors. The syntrophic relationship among microorganisms plays a pivotal role in
the anaerobic process, and poor electron transfer inter-species can hamper the treat-
ment performance. It is important to note that biodecolourisation under anaerobic
conditions requires additional organic carbon sources since dye-reducing micro-
bial consortia cannot use dye as the growth substrate [27, 30, 81]. Fermentative
bacteria and hydrogenotrophic methanogens are the main ones responsible for
dye reduction. Methanosarcina archaea, Clostridium, Enterococcus, Pseudomonas,
Bacillus, Aeromonas, Enterococcus, Desulfovibrio, and Desulfomicrobium bacteria
are reported to be effective in the anaerobic biodecolourisation [82, 85, 105].

2.3 Influence Factors of UASB Reactors in Dye Removal

Dye structure and concentration, electron donors and redox mediators, pH, temper-
ature regime, hydraulic retention time (HRT), and organic loading rate (OLR) are
the main influence parameters governing dyes removal in UASB reactors [81, 102]
(Fig. 3). It is consensus that monitoring the anaerobic process to ensure the balance
among these influencing parameters is pivotal for a stable reactor operation. Thus, the
present section describes the main influence parameters during the decolourisation
process in UASB reactors.
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Fig. 2 Different stages of the anaerobic process (based on O’Flaherty et al. [68], Rozzi and Remigi
[76])

2.3.1 Dye Structure and Concentration

Dye compounds are heterogeneous chemicals of high molecular weight, complex
structures, low biodegradability, and high toxicity. Literature is available stating
that high dye concentration leads to poor biodecolourisation efficiencies due to the
inhibition of the dye-reducing anaerobes by dye toxicity or blocking azoreductase
enzymes [83, 106]. Dai et al. [24] showed that a high azo dye concentration (>450mg
L−1) could decrease the granular sludge porosity and strength, reduce its settling
ability, and inhibit methanogenic activity.

Decolourisation of textile effluents was studied in a UASB reactor at 25, 50, 100,
150, and 300 mg dye L−1 [87]. Colour removal decreased for the increase of dye
concentration. Decolourisation was 94% at 150 mg dye L−1 and 89% at 300 mg dye
L−1. Similar findings have been reported by Murali et al. [66].

Furthermore, high dye dosage is usually associated with high salinity, reducing
microbial activity, especially methanogens [100]. Excess salts adversely affect gran-
ulation and UASB stability. Wang et al. [97] demonstrated that anaerobic granules
could tolerate salts concentration up to 10 g L−1. High salinity conditions decreased
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Fig. 3 Main influence factors for dye removal in UASB reactors

biomasses size and hydrophobicity, which hinders biodegradation and sludge settling
ability. Sulfuric acid is commonly added to adjust the pH to overcome the salinity of
textile effluents. On the other hand, Amaral et al. [5] reported that sulphate dosage
higher than 300mg L−1 could also inhibit anaerobic metabolism. In anaerobic condi-
tions, sulphates and dye molecules compete to become the final electron acceptor
of the reducing equivalents. As a result, sulphates obstruct the electron transfer to
dye compounds, reducing the biodecolourisation efficiency [30]. Despite that, this
mechanism is not fully understood, and hence, further studies are required.

Additionally, dye structure variability could also be a significant obstacle to the
overall mineralisation of the molecules by microorganisms. Due to the many func-
tional groups of dye compounds, steric hindrance can hamper enzymatic activity.
Even minor structural differences can affect biodecolourisation [65]. Chinwetkit-
vanich [20] studied the anaerobic removal of four different dyes. Decolourisation
efficiencies of anthraquinone monochlorotriazinyl, anthraquinone vinylsulphonyl,
and bis azo vinylsulphonyl were 66, 64, and 63%, respectively. Moreover, the
author stated that different chemical structures imply different removal mecha-
nisms. For example, anthraquinone dye was mainly removed through adsorption
into sludge flocs, while biodegradation via azo bond cleavage was prominent in azo
dye decolourisation.
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2.3.2 Electron Donors and Redox Mediators

The rate of anaerobically dye removal depends on the dye structure and concen-
tration, electron donors (i.e., organic carbon sources), and redox mediators. Redox
mediators are essential in the anaerobic decolourisation, accelerating the electron
transfer from organic matter to dye compounds; thus, they accelerate the biotrans-
formation kinetic [35]. Riboflavin and sulfonated compounds such as anthraquinone
sulfonate and disulfonated anthraquinone are usually employed as redox media-
tors [16, 29]. Martins et al. [64] investigated the effect of riboflavin and different
carbon sources on removing azo dye named Remazol Golden Yellow. Decolouri-
sation without riboflavin was about 30.7% at 25ºC during 24 h. The addition of
soluble riboflavin (0.0175 mg L−1) led to increased biodecolourisation of more than
50% during 48 h. Similar results were obtained using yeast extract (500 mg L−1) as
a carbon source and anthraquinone-2,6-disulfonate as a redox mediator during the
anaerobic treatment in UASB reactors [9, 28].

2.3.3 pH

The pH is related to establishing a micro-environment that affects the rate of micro-
bial growth and enzymatic activity; therefore, it strongly influences dye removal effi-
ciency [99]. In anaerobic processes, a very acidic or alkaline environment inhibits
the activity of methanogens and the growth of acid-producing bacteria by increasing
non-ionic organic acid, which can reduce biodecolourisation efficiency. Literature
shows that anaerobes can decolourise at a wide range of pH from 5.0 to 10.0 [17,
44]. On the other hand, methanogens grow efficiently in the pH range of 6.0–8.0
and are very sensitive to pH fluctuation [42]. Chen et al. [17] have observed 97%
decolourisation of azo dye Direct Black G at pH 8.0,79% decolourisation at pH 11.0;
and 81% decolourisation at pH 4.0 after 48 h of incubation.

2.3.4 Temperature

Temperature significantly affects the dye-reducing microbial consortia, especially
methanogens, therefore for stable bioreactor operation, maintenance of specific
temperature is pivotal. Generally, an efficient anaerobic process occurs in mesophilic
(35–40 °C) and thermophilic (50–65 °C) regimes. Many studies have reported that
temperature is an important control parameter in anaerobic treatment and strongly
influences the microbial community structure and the effluent treatability [29, 72,
79]. Typically, dye removal is fast at the thermophilic range. However, sky-high
temperatures can reduce microbiota diversity and, as a consequence, decrease the
biodecolourisation efficiency [12]. A study demonstrated that the optimum tempera-
ture range for biodecolourisation ranges from 30 to 55 °C, and exceeding this scope
could harm the syntrophic relationship among anaerobic microorganisms [28].
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2.3.5 Organic Loading Rate

Organic loading rate (OLR) can be defined as the concentration of dye or chemical
oxygen demand (COD) entering the bioreactor in continuous mode per day. Many
researchers have investigated the optimal OLR and predicted its maximum tolerable
value. For example, COD removal efficiency in dyewastewater treatment was 61% at
OLRof 2.40 kgCODm−3 d−1, which decreased to 37%when theOLRwas increased
to 22.5 kg COD m−3 d−1 in an anaerobic reactor [54]. In another biodecolourisation
study, OLR ranging from 1.03 to 6.65 kg CODm−3 d−1 was selected as the optimum
value. This range provided colour removal efficiencies from 92 to 95% (Işık and
Sponza, 2004a). In contrast, Amaral et al. [5] reported that at OLRs of 1.84, 2.42,
and 2.70 kg COD m−3 d−1, decolourizing rates were only 30%, 37%, and 52%,
respectively.

It is important to note that at the start-up stage of the UASB reactor, adding
a massive amount of dye can temporarily inhibit microbial activities because the
anaerobes are not fully acclimatised. Furthermore, highOLR can affect methanogens
metabolism and inhibit methane production due to the acidification of the medium
[60]. For example, [54] obtained methane production efficiencies of 75% at OLR of
2.4 kg COD m−3 d−1 and 38% when OLR was increased to 22.5 kg COD m−3 d−1.
It is helpful to mention that thermophilic conditions and effluent recirculation are
the potential parameters that minimise the adverse effect of high OLR in anaerobic
reactors [77].

2.3.6 Hydraulic Retention Time

Hydraulic retention time (HRT) represents the time that the affluent spend in the
bioreactor and is closely associated with the bioreactor’s robustness and treatment
effectiveness. HRT is linked to microbial growth and dependent on temperature
regime, organic loads, and dye structure. Decreasing the HRT can lead to misde-
veloping granular sludge and/or acidification, whereas a longer than optimal HRT
results in low utilisation of reactor components and biomass washout [25].

In a recent study, the colour removals decrease from 98 to 94% when the HRT
decreased from 12 to 3 h [41]. In contrast, Amaral et al. [4] found that increasing
the HRT parameter did not improve azo dye removal under anaerobic conditions.
Decolourisation efficiency was 67% at an HRT of 16 h and 55% at 96 h. For the
treatment of dye-containing wastewaters in UASB reactor, researchers have reported
successful operation at 5–20 h of HRT [50, 53, 73]. However, it should be mentioned
that differences can be observed depending on several factors, such as operating
procedures and wastewater composition.
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3 Decolourisation Performance of UASB Reactors

3.1 Dye Removal Efficiency

Coloured effluents contain persistent pollutants, which can exhibit mutagenic,
carcinogenic, and toxic effects. Therefore, dye wastewaters need to be adequately
treated before being discharged in watercourses [57]. UASB technology has been
proven to be a promising method to remove dyes from effluents. Considering the
chapter topic, the performance of UASB technology for azo dye removal is the
most general information available. As previously discussed, the removal process
is achieved through adsorption into granular sludges and anaerobic biodegradation
via azo bond cleavage. Accordingly, the authors focused on azo dye biodegradation
studies. Table 2 displays COD/colour removals and operational conditions of UASB
reactors treating coloured wastewaters.

As shown in the table above, several studies have been conducted to evaluate
dye removal in UASB reactors. The treatment efficiency is primarily assessed in
terms of organic matter reduction and decolourisation. For instance, Cui et al. [23]
used a UASB reactor for azo dye Alizarin Yellow R removal. The UASB reactor
was operated under a batch condition, 25 ± 2ºC, OLR of 100 g dye m−3 d−1, and
HRT ranging from 8 to 12 h. Colour and COD removal efficiencies of 96% and 54%
were recorded at a dye concentration of 50 mg L−1 and HRT of 12 h per batch.
The authors also investigated the OLR regime during the UASB treatment. They
ranged the OLR from 100 to 800 g dye m−3 d−1. As discussed earlier, high dye
loading rates can lead to poor decolourisation performance due to the inhibition of
the anaerobic microbiota by dye toxicity. The results showed that the colour removal
efficiency decreased to 63% at OLR of 800 g dye m−3 d−1. However, the inhibition
was reversible, and decolourisation efficiency was recovered to 92% when OLR was
decreased to 600 g dye m−3 d−1.

In a recent study, the effects of the intermittent operation on the biodegradation
of dye compounds were tested using a laboratory UASB reactor [46]. The feeding
period of 12 h and non-feeding period of 12 h provided decolourisation of 71%
and COD removal efficiency of 58% (at HRT of 24 h and OLR of 2 kg COD m−3

d−1). During the non-feeding period, anaerobes resisted dye toxicity and handled
operational changes in temperature, HRT, and OLR. The authors concluded that
the discontinuous operation could be used as a strategy to improve the stability of
decolourisation systems [46].

Firmino et al. [36] evaluated the efficacy of the UASB reactor for Direct Red 28
dye removal. The best system performance was at an HRT of 24 h, where 57.1%
of colour and 60.3% of COD removals efficiency (on average) were registered. Işik
and Sponza [53] studied Direct Red 28 azo dye mineralisation in a UASB reactor
operated at continuousmode. Colour disappeared within a fewminutes after entering
into the UASB reactor due to the adsorption by anaerobic granules. Decolourisation
efficiency remained at 99% during 103 d of operation.
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UASB reactors are efficient for dye removal and exhibit a very high decolouri-
sation efficiency (up to 99%). However, anaerobic treatment may not mineralise
by-products of anaerobic metabolisms, such as polyaromatic amines and recalci-
trant substances. Consequently, post-treatment of the anaerobically treated effluent
is needed to achieve the required regulatory disposal standards. In this sense, anaer-
obic–aerobic combined systems have been proposed to remove aromatic by-products
and recalcitrant COD efficiently. Gadow and Li [41] combined continuous UASB
and aerobic processes to remove azo dye 2-Naphthol Red from industrial textile
wastewater. The system achieved 98.9% and 98.4% of COD and colour removal at
optimum conditions (OLR of 12.97 g COD m−3 d−1; HRT of 6 h).

In previous research, activated sludge and shallow polishing ponds were used as
polishing steps in combined anaerobic–aerobic systems to remove azo dye Yellow
Gold Remazol (50 mg L−1) [11]. Despite the low colour and COD removal effi-
ciencies (around 20%), these aerobic processes produced effluents free of toxicity
to bioluminescent Vibrio fisheri bacteria. In other studies, Ferraz et al. [33], Amaral
et al. [4, 5] investigated submerged aerated biofilters as a polishing step for UASB
effluents in order to remove anaerobic metabolites. The researchers confirmed the
effectiveness of the aerobic process for the oxidation of aromatic amines, obtaining
a COD removal efficiency of more the 50%. Furthermore, Ferraz et al. [33] obtained
treated effluents with non-toxicity to bioorganism Daphnia magna.

In another interesting work, Carvalho et al. [15] proposed a microaerated UASB
reactor to removeDirectBlack 22 azodye. TheUASBreactorwas aerated in the upper
part (0.18±0.05mgO2 L−1) tomineralise amines generated in the anaerobic process.
COD and colour removal ranged from 59 to 78%. Treated effluent of microaerated
reactor was 16-fold less toxic when compared to conventional UASB, confirming
the effectiveness of microaeration method for removal of anaerobic intermediates.
Similar results were reported under aeration condition of 1.0 mL air min−1 treating
azo dye Reactive Red 2 (50 mg L−1) [26].

Based on the reviewed literature, removal efficiencies of COD and colour in
UASB reactors lie within the range of 60–85% and 75–96%, respectively. Typically,
high efficiencies are obtained at operational conditions of 30–40 ºC, TRH of 20–
30 h, and OLR of 2–15 kg COD m−3 d−1. Nevertheless, it must be emphasised that
despite the excellent UASB descolourising efficiency reported in published studies,
its treatment performance is case-specific and depending on wastewater composition
and operational conditions. Furthermore, the available literature is mainly based on
laboratory investigations and, therefore, more research is needed to scale-up and
evaluate UASB techno-economic feasibility in field applications.

3.2 Bio-Energy Production

Anaerobic technology has the potential to degrade dye pollutants while at the same
time providing a huge potential source of clean energy. Dye-containing wastewa-
ters are loaded with organic chemicals, and in UASB reactors, the organic load is
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biotransformed and converted to biogas. Depending on thewastewater characteristic,
biogas composition typically lies within the ranges CH4 = 50–70%, CO2 = 30–50%,
and H2 = 1–5%, along with traces of water vapour, N2, H2S, ammonia, and siloxanes
[7]. Hence, it has a high calorific value and can produce thermal and/or electrical
energy. Biogas also can be processed to produce biomethane—a direct substitute for
natural gas [103].

Katal et al. [56] operated a lab-scale UASB reactor to treat textile effluent and
determined the biogas production yield. At HRT of 50 h, maximum biogas produc-
tivity of 36 L d−1 with a biomethane content of 79% was obtained. In other bench
studies, biomethane rates from 0.36 to 2.7 L d−1 were archived [50–52]. As previ-
ously stated, removal efficiencies of COD and colour in UASB reactors treating dye
effluents lie within the range of 60–85% and 75–96%, respectively. On the other
hand, based on literature references, biomethane production can reach up to 0.30 m3

CH4 per kg of COD removed [41, 105]. Ranges of COD/colour removal and CH4

yield are shown in Fig. 4, which is constructed based on the data compiled in Table
2 and Ref. [41, 105].

From the characterisation of dye-containing effluents, a COD average of
7.3 kg m−3 was found by Santos et al. [30]. This value multiplied by biomethane
yield (0.30 m3 CH4 kg CODremoved) means CH4 productivity of 2.19 m3 per m3 of
wastewater. Assuming a conversion factor of 10 kWh m−3 of CH4 [96], UASB reac-
tors could reach up to 21.90 kWh of bio-energy recovery per m3 of treated effluent.

Fig. 4 Ranges of COD removal (a) and colour removal (b) from literature references cited in the
text, and CH4 yield (c) based on Refs. [41, 105]. The circle and the line within the box indicate the
average and median values, respectively. Red circles show outliers
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Considering that large scale dyers discharge from 70 to 400 m3 d−1 of wastewater
[84], UASB reactors could lead to an annual energy saving of 1,878,472.50 kWh
at the treatment facility as a result of the electric energy production surplus, corre-
sponding to a saving of US$ 184,090.30 year−1. Thus, biogas recovery from UASB
reactors can play a strategic role in promotingwastewater valorisation and decreasing
textile wastewater treatment’s economic burdens.

4 Challenges and Opportunities

Despite the merits of UASB reactors, four issues can be identified as limitations for
their implementation in the treatment of colourised effluents. First, the development
of granular sludge is a time-consuming process, which requires a long bioreactor
start-up period. Furthermore, great efforts are still needed to elucidate granulation
mechanisms and ensure process robustness. Second, as discussed in Sect. 2.3, various
parameters influence the treatment performance, and hence, an imbalance among
them can result in poor decolourising efficiency. Besides, anaerobic microorganisms
are susceptible to inhibitory effects by high salinity, sulphate, and dye dosage, for
example. These issues, if not adequately monitored and controlled, lead to process
deterioration. Third, anaerobic processes may not be able to mineralise by-products
of anaerobic metabolisms such as toxic aromatic amines. Therefore, post-treatment
of the anaerobically treated effluent is required. As previously discussed, aerobic
systems have been coupled to UASB reactors for efficient dye removal. However,
studies assessing the treatment performance in pilot and full-scale are scarce, as well
as biotoxicity assays to evaluate the quality of treated water. Last, the management
of sludge containing dye compounds is a big challenge that must be addressed.
Excess sludge from UASB reactors requires treatment in the form of dewatering,
drying, stabilisation, disinfection, and disposal [22]. The polluted sludge contains
toxic chemicals, and therefore its proper management must be guaranteed. Within a
circular economy context, efforts have beenmade to recover add-value products from
sludges (e.g., dyes, energy, salts, metals, and nutrients) [14]. For example, Yildirir
and Ballice [104] treated textile biological sludges via hydrothermal gasification to
produce fuel gas with a high calorific value.

It is beyond the scope of the present chapter to consider recovered add-value prod-
ucts from dye industrywastes in any detail. Currently, this topic has been investigated
even more, and a comprehensive review of resource recovery of coloured effluents
was recently published by Varjani et al. [92]. Indeed, the development of sustainable
and cost-effective methods for resource recovery and their assessment based on a
life-cycle perspective is a promising field of research [55].

Wastewater treatment plants (WWTPs) generally have a high energy demand
[21]. UASB technology offers opportunities for renewable energy production and
reduction of fossil fuel consumption. In fact, the hierarchy structure for wastewater
management (Fig. 5) should be implemented to ensure efficient treatment, wastew-
ater valorisation, and the transition ofWWTPs to sustainable facilities. In this respect,
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Fig. 5 The hierarchy structure of wastewater management

bio-energy recovery can play a strategic role. It should also be underlined that anaer-
obic treatments are less energy-intensive and produce lower excess sludge when
compared with aerobic processes [3]. Furthermore, among the positive impacts of
biogas recovery via UASB technology stand out the mitigation of greenhouse gas
emissions such asmethane and carbon dioxide, which can foster the carbon neutrality
of WWTPs in the middle and long term [98].

5 Conclusions

The present chapter reviewed the published literature about UASB reactors in dye
removal. UASB technology exhibits high decolourisation rates with COD and colour
removal efficiencieswithin the range of 60–85%and 75–96%, respectively.However,
the available literature is mainly based on laboratory investigations and, therefore,
more research is needed to scale up and evaluate UASB techno-economic feasibility
in field applications. Four major challenges have been identified for UASB reactors
implementation in dye wastewater treatment: (1) long start-up period, (2) inhibitory
effects by high dye dosage, salinity, and sulphate, (3) treated effluent needs post-
treatment due to the ineffectiveness of UASB reactors in mineralise by-products of
anaerobic metabolism, and (4) sludge management. It should be emphasised that
this is not an exhaustive overview of UASB reactors in the decolourisation process
since unravelling all the detailed mechanisms of dye removal, UASB optimisation
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strategies, and research opportunities are hard to achieve in a single chapter. The
following aspects should be addressed in further studies: (1) strategies to reduce
the reactor start-up, (2) mechanisms of sludge granulation, influence factors, and
granulation control, (3) optimising of influence parameters ofUASB reactors treating
real textile wastewater, (4) developing combined systems to boost the treatment
performance, (5) biotoxicity assays of treated effluent, and (6) techno-economic
assessment of biogas recovery during the treatment of real dye-containing effluents.
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municipal/industrialwastewater sludge andFOG to fertilizer: a proposal for economic sustain-
able sludge management. J Environ Manag 183:1009–1025. https://doi.org/10.1016/j.jen
vman.2016.09.063

15. Carvalho JRS, Amaral FM, Florencio L, Kato MT, Delforno TP, Gavazza S (2020) Microaer-
ated UASB reactor treating textile wastewater: the core microbiome and removal of azo
dyeDirect Black 22. Chemosphere 242:125157. https://doi.org/10.1016/j.chemosphere.2019.
125157

16. Cervantes FJ, Garcia-Espinosa A,Moreno-ReynosaMA, Rangel-Mendez JR (2010) Immobi-
lized redox mediators on anion exchange resins and their role on the reductive decolorization
of azo dyes. Environ Sci Technol 44(5):1747–1753. https://doi.org/10.1021/es9027919

17. Chen Y, Feng L, Li H, Wang Y, Chen G, Zhang Q (2018) Biodegradation and detoxification
of Direct Black G textile dye by a newly isolated thermophilic microflora. Biores Technol
250:650–657. https://doi.org/10.1016/j.biortech.2017.11.092

18. de Chernicharo CAL (2007) Biological wastewater treatment series: anaerobic reactors, vol.
4. IWA Publishing, London, UK, p. 184. http://iwaponline.com/ebooks/book-pdf/1100/wio
9781780402116.pdf

19. Chernicharo CAL, Almeida PGS, Lobato LCS, Couto TC, Borges JM, Lacerda YS (2009)
Experiencewith the design and start up of two full-scaleUASBplants in Brazil: enhancements
and drawbacks. Water Sci Technol J Int Assoc Water Pollut Res 60(2):507–515. https://doi.
org/10.2166/wst.2009.383

20. Chinwetkitvanich S (2000) Anaerobic decolorization of reactive dyebath effluents by a two-
stage UASB system with tapioca as a co-substrate. Water Res 34(8):2223–2232. https://doi.
org/10.1016/S0043-1354(99)00403-0

21. ChrispimMC, ScholzM, NolascoMA (2021) Biogas recovery for sustainable cities: a critical
review of enhancement techniques and key local conditions for implementation. Sustain Cities
Soc 72:103033. https://doi.org/10.1016/j.scs.2021.103033
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Current Biological Approaches in Dye
Wastewater Treatment Review
on Sequential Aerobic/Anaerobic Batch
Reactors for Dye Removal

Diwakar Kumar and Sunil Kumar Gupta

Abstract Due to the abrupt increase in the use of a variety of dyes and their produc-
tion, the wastewater generated from this industry became major concerns sources
of wastewater pollution. In recent years, the biodegradation of dyes was extensively
explored. Due to the operational flexibility and the possibilities of excellent process
control sequencing aerobic/anaerobic batch reactors (SBR) are extensively used in
dye wastewater treatment. This chapter reviews the anaerobic/aerobic condition for
the biodegradation of dye wastewater. Furthermore, we summed up the potential
dye removal mechanisms in order to lay the foundation for the biological removal
of dye wastewater. This chapter summarises the review on (1) the various classifi-
cations of dyes, (2) various treatment methods for dye removal, (3) detailed study
of an aerobic/anaerobic sequential batch reactor, (4) anaerobic/aerobic system with
high-rate bioreactor and their types used in the textile industry, and (5) advantages
and disadvantages of aerobic/anaerobic SBR system.

1 Introduction

The dye wastewater production is increasing abruptly in recent years and will be
increasing in upcoming years. Every year, over 100,000 tonnes of dyes are produced,
approximately 10% of estimated dyes are released to the environment, potentially
causing severe harmful effects on human health and aquatic life [1–3]. According to
applications of various synthetic dyes, every year approximately 300,000 tonnes of
several dyes are used for dyeing operations; thus synthetic dyes play an impor-
tant role in polluting the water [4]. During the dyeing process, anthraquinone,
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naphthalene, benzene, and other constituents are used as raw materials and typi-
cally chelate compounds with salts or metals to produce dye wastewater containing
acids, alkalis, hydrocarbons, salts, amine, nitro, halogen, the related intermediates,
and other compounds. Moreover, few dyes are degraded to generate carcinogenic
aromatic amines or dyes containing phenol, pyridine, cyanide, and heavy metals
such as cadmium, mercury, and chromium. The constituents of wastewater are toxic
and complex [5–7]. Various industries use a large volume of synthetic dyes, including
textile dyeing (60%), paper (10%), and plastic matter (10%) [8, 9]. Textile effluents
are typically highly coloured, with high BOD, COD, TDS, TSS, and heavy metals
traces [10–14]. Because of their carcinogenic nature, even small amounts of dye in
water can have negative environmental consequences. To avoid the dye’s negative
effects, the development of cost-effective and eco-friendly dye degradation tech-
nology for wastewater is inevitable. As a result, thorough research has started to
develop innovative techniques for the mitigation of wastewater containing dye. The
biological methods have relatively low operating costs and produce stable results,
whereas the physicochemical methods have few limitations, such as increased oper-
ational costs, interference causing compounds to the wastewater, and the production
of substantial quantities of sludge. As a result, biological methods for treating dye-
containing wastewater have become increasingly popular [15–18]. The biological
degradation of dyes can result in high solubility in water, high molecular weight,
and fused aromatic ring structures that constrain permeability through biological
cellular membranes. Textile dyes are classified as basic, cationic, anthraquinone-
based, azo, diazo, or metal complex dyes based on their chemical configuration.
Dye molecular structures, microorganisms, enzymatic activities, and other factors
that influence dye biodegradation pathways. As a result, the dye biodegradation
requires anaerobic, aerobic, combined anaerobic/aerobic, and microbial treatment.
Conventional sequencing batch reactor (SBR) treatment systems have various steps
of fill, react, settle, decant, and idle with full aeration during the react period to
oxidise the organicmatter and degrade dye. For efficacious colour and COD removal,
the aerobic/anaerobic SBR technology is used in the treatment of dye-containing
wastewater [19–21]. The roadmap of the chapter is described in Fig. 1.

2 Dye Classification

Dyes are classified according to their origin, structure, colour, and application [22–
24].Dyes can be organic or synthetic in origin, and they can be categorised chemically
into acridine, anthraquinone, chromophores, nitroso, and azin dyes. Dispersive dyes,
vat dyes, and azo dyes are examples of dye classification based on application.
Dyes can also be categorised as per the particle charge when dissolved into the
water, i.e., anionic, cationic, and non-ionic dyes [25]. Due to the complexities of
colour nomenclature, it is often advantageous to classify dyes based on application.
Anionic and non-ionic dyes typically contain azo groups or anthraquinone dyes as
chromophoric groups. Azo dyes containing the –N=N– group are themost frequently
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Fig. 1 Roadmap of the book chapter

used dyes in the textile industry, accounting for more than half of the annual global
dye production [26]. Anthraquinone is the fundamental unit of this group of dyes.
Disperse dyes are a type of dye that is used to colour cellulose acetate, nylon, and
hydrophobic fibres. Sulphoricinoleic acid is the most commonly used dispersing
agent in these dyes. Dyes are classified on the basis of their chemical nature and
application, and the chemical structure is shown in Table 1 [25, 27].

3 Literature Review

Literature is reviewed and some selected literature of the past 15 years on the degra-
dation of dyes are shown and listed in Table 2, which shows the colour removal
percentage along with the percentage COD removal of the different dyes by the SBR
system or in combination of SBR with the other system. The SBR system is efficient
in the removal of colour as well as COD removal for different dye concentration.

4 Treatment Techniques

Biological and physicochemical are two significant methodologies for the treat-
ment of dyes. Oxidation, irradiation/ozonation, flocculation, adsorption, coagula-
tion, membrane filtration, precipitation bleaching, and ion-exchange are the tradi-
tional methods for dealing with textile effluents or dye-containing wastewater. These
dye remediation methods have the disadvantages of being inefficient, expensive,
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Table 1 Dye classifications

Based on chemical composition and application Reference

Categories Type of dyes Application

Acidic Xanthene, azo,
anthraquinone
(including nitroso
premetallised),
triphenylmethane and
nitro

Applied to acidic bath from neutral [25]

Basic Anthraquinone, Azo,
xanthene, acridine,
triarylmethane,
cyanine,
azinediphenylmethane,
diazahemicyanine,
hemicyanine, and
oxazine

Applied from acidic bath

Direct Oxazine, stilbene,
phthalocyanine, and
azo

Neutral or alkaline bath comprising a
supplementary electrolyte

Disperse Anthraquinone, azo,
styryl,
benzodifuranone, and
nitro

Applied via pressure/temperature
transporter methods

[27]

Reactive Anthraquinone,
formazan,
phthalocyanine, azo,
oxazine and basic

The reaction takes place between the
reactive site of dye and the functional
group of fibre

Sulphur Structures that are
indefinite

Aromatic substrate vetted with Na2S and
deoxidised on fibre to non-soluble sulphur
products

Vat Anthraquinone and
indigoids

The dye can be made water-soluble by
dipping it in NaHSO3 and then applied to
the fibre

Chemical structure based

Dyes Chemical structure Reference

Azo dyes [25]

Nitro dyes [27]

Indigoid dyes [28]

(continued)
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Table 1 (continued)

Based on chemical composition and application Reference

Categories Type of dyes Application

Nitroso dyes [27]

Anthraquinone
dyes

[28]

Triarylmethane
dyes

[25]

Table 2 Literature on dyes degradation by SBR

Mechanism Dye Dye concentration % Removal Reference

SBR Methylene blue 4–10 mg/l Color = 56% [29]

COD = 93%

Sequencing batch
moving bed biofilm
reactor (SBMBBR)

Mono azo
dye-reactive
orange 16

50–1000 mg/l Color = 100% [30]

COD = 98.54%

(Dye conc.
50 mg/L)

SBR Azo dyes 50–100 mg/l Color = 99.0% [31]

COD = 92.84%

BOD = 90.62%

Anaerobic
sequencing batch
reactor (AnSBR)

Reactive red 159 500 mg/l Color = 97.68% [32]

SBR Remazol brilliant
violet 5R dye

50–200 mg/l Color = 92% [33]

COD = 75%

Moving bed
sequencing batch
biofilm
reactor/anaerobic
sequencing batch
reactor (MBSBBR
/AnSBR)

Azo dye acid red
18

100 mg/l and 500
and 1000 mg/l
(another reactor)

Color = 97% [34]

COD = 83.07%

SBR Remazol yellow
RR, Remazol blue
RR and Remazol
red RR

100 and 1000 mg/l Color = 95% COD
= 70%

[35]
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requiring a lot of energy, and producing a lot of waste. Aside from these traditional
methods, bioremediation has recently received significant attention with compara-
tively inexpensive and reasonably effective potential treatment for textile effluents.
The sub-categorisation of the treatment methods is depicted schematically in Fig. 2.
Fig. 3 depicts a classification based on the aerobic/anaerobic system.

Fig. 2 Schematic diagram of dye treatment techniques. (Source Ihsanullah et al. [27] Journal of
Water Process Engineering)

Fig. 3 Schematic presentation of the integrated anaerobic/aerobic process adopted and modified.
(Source Chan et al. [22] Chemical Engineering Journal)
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Many different physicochemical treatment methods include adsorption [36–
39], coagulation and flocculation [40, 41], ion-exchange [42], oxidation [43],
photodegradation [44–46], and membrane separation [47].

Alongside the textilewastewater treatment, conventionalmethods are used. Biore-
mediation is an economical alternative with the advantages of less production
of harmless products. However, the treatment process is complicated because of
the presence of microorganisms and the complex nature of dyes themselves. The
following sections discuss numerous bioremediation techniques for dye effluents
remediation. Bioremediation is a biological method that converts organic wastes
into non-toxic substances or minimises the concentration to a reasonable standard
[21]. In current years, there has been a strong emphasis on compacted high-rate
bioreactors for wastewater treatment for biomass production and to meet standards.
As a result, incorporated bioreactors that integrate anaerobic and aerobic operations
in a single reactor come into consideration. The integration of anaerobic and aerobic
decomposition in a single reactor significantly improves degradation efficiency [20].
Such a type of aerobic/anaerobic system is classified as shown in Fig. 3. In these
systems one of the treatment systems is anaerobic/aerobic SBR. The extensive study
about anaerobic/aerobic sequencing batch reactor will be discussed in segment 4.

4.1 Anaerobic/aerobic SBR

The conventional SBR treatment process uses the five stages, i.e., fill, react, settle,
decant, and idle cyclically with full aeration in the react stage to oxidise organic
compounds as shown in Fig. 5. SBR systemswere lately beingmodified bymodifying
the react stages to provide the anaerobic (Fig. 4) and aerobic processes in a specific
number and sequence for nutrient (C, N, and P) elimination. Anaerobic/aerobic SBR
technologies are now aggressively marketed for the treatment of textile industry
wastewater for effective COD and colour removal [19, 48]. The concentration of
microbes can be effortlessly increased by interchanging anaerobic/aerobic processes
via aeration in the anaerobic/aerobic SBR system. The concentration of oxygen,
mixing, and time duration can all be adjusted to meet the needs of the specific
treatment plant. In an anaerobic/aerobic SBR, pure nitrogen gas is injected when
the anaerobic process is active, and the air is supplied when the aerobic process is
active, as shown in Fig. 5. COD removal was achieved at a higher rate of 90% at
a cycle of 17.5/2.5 h with anaerobic/aerobic compared to 87% at a cycle of 14/6 h
by anaerobic/aerobic [49] in textile wastewater treatment. It revealed that the time
duration in the anaerobic phase must be extended sufficient to achieve better COD
and colour removal [50]. Mohan and Babu [51] discovered that the degradation rate
of dyes in anaerobic conditions was greater than that in aerobic and anaerobic condi-
tions, leading them to believe that anaerobic conditions provided the advantages of
both aerobic and anaerobic dye degradation. The SBR diagram is depicted in Fig. 6.
Melgoza and Cruz [52] investigated the dye degradation using anaerobic/aerobic
process and discovered that disperse blue 79 (DB79) dye was transformed into
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Fig. 4 Process involved in the anaerobic sequential batch reactor adopted and modified. (Source
S.K. Khanal, Anaerobic Biotechnology for Bioenergy Production, Wiley-Blackwell, Ames, IA,
USA, 2008)

Fig. 5 Process involved in the sequential batch reactor (SBR). ( Source S. Copelli et al. (2015)
Reference Module in Chemistry, Molecular Sciences and Chemical Engineering)

aromatic amines in the anaerobic process, allowing microbes to decolourise dye.
The azo dye degradation was aided by a sequential anaerobic/aerobic system [51].

4.2 Anaerobic/aerobic System with High-Rate Bioreactor

The sequence and combination of treatment options are crucial to effective industrial
and municipal wastewater management. Reactors for the bioconversion of substrates
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Fig. 6 Flow diagram of the sequential batch reactor (SBR) adopted and modified. (Source Shaw
et al. 2002) Water Research)

into desirable outcomes can be designed based upon the organism’s growth necessi-
ties. Textile industrywastewater, starch industrywastewater, slaughterhousewastew-
ater, wastewater, and primary municipal wastewater have all been treated using
combined aerobic and anaerobic bioreactors. High COD removal can be achieved
in anaerobic/aerobic process with high-rate bioreactors while using less HRT (from
hours to days). As a result, anaerobic/aerobic treatment is a viablemethod for treating
industrial wastewater.

4.2.1 Upflow Anaerobic Sludge Bed (UASB) and Continuous Stirred
Tank Reactor (CSTR) System

Biofilm bioreactors are bioreactors that use microorganisms primarily attached on
the surface and adhered inside the reactor and might be used for wastewater treat-
ment. Biofilm organisms absorb and degrade toxic substances of the wastewater.
Examples include UASB, fluidised bed, airlift, membrane, and packed bed reac-
tors. Suspended growth bioreactors use the metabolism of microbes to use substrates
and decompose them into residues under anaerobic, aerobic, or sequential anaer-
obic/aerobic conditions. Batch reactors, plug flow reactors, CSTRs etc. are a few
examples.

UASB technology was developed to treat wastewater with the help of anaerobic
digesters. The UASB bioreactor is equipped with a three-phase separator system that
assists the reactor in separating water, gas, and sludge mixtures in the presence of
high turbulence. Figure 7a depicts a schematic diagram of the UASB reactor, which
comprises an upflow of the influent against a closely packed sludge bed with high
bacterial metabolism. The most frequently used process in aerobic treatment is the
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Fig. 7 A schematic diagram adopted and modified. a UASB and b CSTR. Source Modified from
van Haandel & Lettinga (1994) and Wang (1994)

activated sludge process, which is aerated and stirred flocculated suspension of a
diverse population of bacteria that make contact with wastewater [53]. The activated
sludge process can be CSTR, as shown in Fig. 7b, or SBR. The UASB reactor wastes
the total sludge produced in the anaerobic/aerobic system. Many researchers have
ascertained the effectiveness of the aerobic CSTR/UASB reactor for dealing with
an extensive range of industrial effluents with BOD/COD ratios ranging from 0.17
to 0.74 [54]. The aerobic CSTR/UASB systems can remove 83–98% of COD with
influent COD varying from 500 to 20,000 mg/l as HRT varied from 11.54 h to 6 days
[55–58].

4.2.2 Aerobic Fluidised Bed (AFB) and UASB System

The biomass in the AFB system is fastened to small suspended particles such as sand,
high-density plastic beads, anthracite, etc. due to upward flow. Biomass advancement
and nutrient uptake enhance because of the greater surface area of granules and a
greater degree of mixing. The AFB system eliminates the limitations of the substrate
diffusion that are typically implicit in the fixed bed system (Fig. 8). The AFB reactor
has several advantages, including highOLR, high concentration of biomass, clogging
of bed restricted, less HRT, large surface area for mass transfer, and lowmass transfer
resistance [59–61]. It was discovered that by operating the three-phase AFB even at
a low average HRT of 30 min, 82% of COD removal was achieved having a COD
load of 180 mg/l of synthetic wastewater [62]. When the UASB and AFB reactors
are combined, 75% of COD removal can be achieved at 14 h of HRT for treating the
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Fig. 8 Schematic
representation of AFB
system adopted and
modified. (Source Biological
wastewater treatment in
warm climate regions,
p. 717, ISBN
9,781,843,390,022)

synthetic textile wastewater having COD of 2700 mg/l [63]. According to findings,
when the UASB-AFB is combined, they produced 45% less sludge volume than any
other aerobic system.

4.2.3 Packed Bed Bioreactor and Activated Sludge Bioreactor

The PBR is frequently used in biochemical processing and comprises a cylindrical
vessel packedwith catalyst materials or adsorbents such as granular activated carbon,
zeolite pellet, etc. The packed bed is acclimated to develop and improve the interface
between the two phases involved in this process. To achieve a high surface area,
the catalyst must be highly porous. Because of the high surface area of the catalyst,
reactants easily diffuse into the pore spaces and are adsorbed at the active site. At the
end of the process, the desorption leads to the products that get reverted back into the
bulk. To minimise channelling, the bed height-to-diameter ratio should be around
0.5 and the column-to-particle diameter ratio should be 10–20. Figure 9a depicts a
schematic diagram of a packed bed bioreactor. The PBR reactor is being used to
decompose the mixtures of dye [64]. The PBR is generally preferred due to the less
maintenance and cost, but the limitation of this reactor is that the deactivation of
catalyst took place when the active sites get clogged.

The proportion of microbes, amount of oxygen, and substrate in an activated
sludge bioreactor are all the same because this type of reactor has a homogeneous
tank in which the feed is distributed across the reactor. The activated sludge process
involves (i) a microbial suspension is added to the wastewater that is fed into the
aeration tank, (ii) separating solids and liquids, (iii) processing of waste discharge,
and (iv) the remaining biomass are recirculated in the aeration tank. Figure 9b depicts
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Fig. 9 Schematic representation of a packed bed bioreactor and b activated sludge bioreactor.
SourceWorking principle of typical bioreactors (Sustainable Design and Industrial Applications in
Mitigation of GHG Emissions 2020, pp. 145–173)

a schematic representation of an activated sludge bioreactor. The performance of
anaerobic/aerobic systems with high-rate bioreactors for textile industry effluent is
summarised in Table 3.

Table 3 Anaerobic/aerobic systems with high-rate bioreactors

No Systems Wastewater HRT (hr/day) COD
(Influent)
(mg/l)

COD
removal
(%)

References

1 UASB +
AFB

Textile
wastewater
(synthetic)

20 h 2700 80 [63]

2 UASB +
CSTR

Wool acid
dying
wastewater

3.3 days 499–2000 83–97 [65]

3 UASB +
AFB

textile
wastewater
(synthetic)

2.7–32.7 h 2000–3000 [66]

4 UASB +
CSTR

Simulated
textile
wastewater

19.17 h–1.22 day 4214 91–97 [67]

5 UASB +
CSTR

Textile
wastewater
(Cotton mill)

5.75 days 604–1038 40–85 [55]

6 Packed bed
Reactor +
AS

Textile
industry
wastewater

22–82 h 800–1200 50–85 [68]
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Table 4 Advantages/disadvantages (anaerobic/aerobic SBR)

Anaerobic/aerobic SBR Advantages Disadvantages Reference

There is no need for a
clarifier though it has a
single tank configuration

There is complex
anaerobic/aerobic microbial
consortium control

[22]

There are low capital and
energy requirements

Special care must be taken
to govern anaerobic and
aerobic residence time

Flexible operation A quality standard of
superiority is necessary

5 Advantages/Disadvantages (Anaerobic/Aerobic SBR)

Every system has its own set of advantages and disadvantages. Table 4 lists some of
the advantages and disadvantages of anaerobic/aerobic SBR system. The combined
anaerobic/aerobic and anaerobic/aerobic SBRbioreactors need less amount of energy
than either type of combined bioreactors, as there was a need for less aeration in the
treatment process.

6 Conclusions

The presented chapter reviewed various types of dyes used and their classifications.
Anaerobic/aerobic SBR system demonstrated as the most viable technology for the
removal of organic matter from dye owing to its highest efficiency, i.e., colour and
COD removal up to 95 and 90%, respectively. Flexibility in operation and low
capital cost make the process the most techno-economical than others. However,
more research is needed on the regulation of anaerobic/aerobicmicrobial community,
biomass production, and the ability to recover from organic shock loads.
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Aerobic/Anaerobic Membrane
Bioreactor in Textile Wastewater

Jiayuan Ji, Yemei Li, and Jialing Ni

Abstract Textile wastewater is typical industrial wastewater that can lead to serious
environmental problems if discharged without treatment. Thus, it is meaningful for
developing the treatment processes for textile wastewater. At present, many common
biological methods are available for the textile wastewater treatment, including acti-
vated sludge, granular sludge, membrane bioreactors (MBR), the up-flow anaerobic
sludge blanket, sequential batch reactors, and so on. This chapter focuses on the use
ofMBRs for treating textile wastewater.We reviewed key parameters that had effects
on the treatment performance, the enhanced strategies for MBRs treatment and the
application of MBRs in pilot-scale and full-scale. With the optimal key parameters,
pollutant removal performance could obtain high level with the removal efficien-
cies of more than 90% for organic matters, dye, and total nitrogen, and 100% for
suspended solid. Moreover, some typical membrane cleaning methods were intro-
duced to address the membrane fouling. For achieving a sustainable flux operation,
anti-fouling strategies for operationalMBRswere explained. Besides, studies related
to the microbial community in the biological treatment of textile wastewater were
described, and the status of the analysis of microorganisms in the treatment of textile
wastewater with MBRs was discussed.
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Abbreviations

A2O Anaerobic anoxic oxic
ABR Anoxic baffled reactor
AeMBR Aerobic membrane bioreactor
AnMBR Anaerobic membrane bioreactor
ASR Assimilatory sulfate reduction
BOD Biochemical oxygen demand
CFV Cross-flow velocity
COD Chemical oxygen demand
DSR Dissimilatory sulfate reduction
EPS Extracellular polymeric substance
GO Graphene oxides
GPC Gel permeation chromatography
HRT Hydraulic retention time
HUs Hazen units
MBR Membrane bioreactor
MF Microfiltration
NF Nanofiltration
PACl Poly-aluminum chloride
PES Polyethersulfone resin
PP Polypropylene
PSU Polysulfone
PTFE Polytetrafluoroethylene
PVDF Polyvinylidene difluoride
RO Reverse osmosis
SEM Scanning electron microscopy
SMP Soluble microbial product
SRT Sludge retention time
TDS Total dissolved solids
TKN Total kjeldahl nitrogen
TN Total nitrogen
TP Total phosphorus
TSS Total suspended solids
UASB Up-flow anaerobic sludge blanket
UF Ultrafiltration
VFAs Volatile fatty acids
WO3 Tungsten oxide
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1 Introduction

Textile wastewater is a typical source of industrial wastewater. The rapid growth of
the global population and the development of light industry hasmeant that the amount
of textile wastewater produced is constantly increasing [4]. The textile industry
discharges a large number of hazardous chemicals during production. According
to a recent report, approximately 25% of the chemicals produced globally are used
in the textile industry, and 20% of the total global water pollution results from the
processing of textiles [20]. Textile wastewater that is directly discharged into natural
bodies of water is known to cause serious pollution and harm the ecological environ-
ment [28]. Research and development that is based on textile wastewater treatment
is therefore particularly meaningful. At present, many common biological methods
are available for treating textile wastewater, including activated sludge [60], gran-
ular sludge [70], membrane bioreactors (MBR) [42], the up-flow anaerobic sludge
blanket (UASB) [14], and sequential batch reactors [61]. This chapter introduces the
general situation surrounding the use of MBRs in the treatment of textile wastewater.

MBR is a comprehensive wastewater treatment process that combines biological
wastewater treatment with membrane separation technology [79]. The technique
retains all the benefits from the biological treatment process while also providing
effective solid–liquid separation, meaning that the sedimentation tank required for
traditional biological treatment can be omitted duringMBR treatment [12]. The three
basic types of MBRs (Fig. 1) are side-stream, submerged, and external submerged
[65, 93], 99]. Generally, side-stream MBRs provide more direct hydrodynamic
control in terms of fouling and have the advantages of easier membrane replacement,
but this is at the expense of the need for frequent membrane cleaning and high energy
consumption [52]. Compared to the side-streamconfiguration, themembranemodule
in submergedMBRs is placed directly into the bioreactor. The distinct advantages of
submerged MBRs include lower energy consumption, milder operating conditions,
and easier control of fouling because of the lower tangential velocity [58]. Develop-
ment of the external submerged configuration has further improved the maintenance
of the submerged MBR. However, this system uses more energy because a recycling
pump is required between the membrane unit and the main reactor of the MBR [62].

Fig. 1 Three typical configurations ofMBR: a side-stream,b submerged, and c external submerged
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Fig. 2 Types of membranes and substances that can be filtered according to the membrane pore
size

The membrane module that is used in MBRs was initially in the form of a flat
sheet and is alreadywidely applied around theworld. The hollowfibermembrane that
was subsequently developed has become increasingly mainstream in recent years.
Distinguished by pore size, the membranes that are used for filtration are divided into
microfiltration (MF, 0.1–5µm), ultrafiltration (UF, 0.01–0.1µm), nanofiltration (NF,
1–10 nm), and reverse osmosis (RO, 0.1–1 nm or less), which are used for removing
ingredients of different sizes from wastewater [111]. The types of membranes and
substances that can be filtered according to the membrane pore size are shown in
Fig. 2.

At present, polypropylene (PP), polyethersulfone resin (PES), polysulfone (PSU)
polyvinylidene difluoride (PVDF), polytetrafluoroethylene (PTFE), and ceramic
membranes are widely used in biological wastewater treatment [3, 53, 54]. These
materials have different characteristics; for example, a glass transition temperature of
225 °C has been reported for PESmembranes [1], PSUmembranes are pH stable and
oxidation resistant, PVDF membranes exhibit thermal stability along with solvent
and chemical resistance [54], PTFE exhibits high heat and chemical resistance and
is characterized by soft mechanical properties, high fracture toughness, and a low
friction coefficient [25], and ceramic membranes have chemical stability and a good
anti-fouling ability [54]. In addition, low cost dynamic membranes have also been
reported for the treatment of textile industry wastewater [83, 112], providing another
option for MBRs. However, all these membranes have the common critical problem
of membrane fouling.

Membrane fouling is currently the predominant limiting factor in the MBR
treatment of textile wastewater (and other types of wastewater) [64]. Research
into membrane fouling is an important topic, and the actual biological treatment
process and the development of the material comprising the membrane are also
meaningful. Low-cost operation is one of the objectives pursued via factors such
as selecting the appropriate membrane pore size, the mode of operation, the online
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Fig. 3 The outline diagram of this chapter

backwashing cleaningmethod (that is used to clear foulants and pollutants), and treat-
ment processes. Biogas such as methane, which is produced in anaerobic treatment
processes, can be used to produce energy [46], therefore, the anaerobic wastewater
treatment process that has been developed in recent years may bring greater appli-
cation prospects and social value than the original aerobic wastewater treatment
processes.

In this chapter, the performance and application ofMBRs, themembranefiltration,
and the microbial community was reviewed based on the previous research related to
textile wastewater and MBRs. The outline of this chapter is shown in Fig. 3. In terms
of performance and application, key parameters that effecting treatment performance,
enhanced MBRs treatment processes, and application of MBRs in pilot-scale and
full-scale was described in detail. Then, typical membrane cleaning methods were
introduced to address the membrane fouling. For achieving a sustainable flux, anti-
fouling strategies for the operation of MBR were explained. Besides, studies related
to the microbial community in the biological treatment of textile wastewater were
described. The status of microorganism analysis in MBR treating textile wastewater
was also discussed.

2 Key Parameters Affecting Treatment Performance

2.1 Effects of Operating Conditions

MBRs can operate under both aerobic and anaerobic conditions, while aerobicMBRs
(AeMBRs) considered more proportion in the application of textile wastewater treat-
ment. Jegatheesan et al. [42] suggested that the AeMBR can treat textile wastewater
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with chemical oxygen demand (COD) concentrations of 500–6000 mg/L, biochem-
ical oxygen demand (BOD) levels of 90–1375 mg/L, and color at 70–2700 Pt–Co
units with a general COD removal efficiency of over 80% and a color removal effi-
ciency of >70%. Only one study was conducted into the use of MBRs under anaer-
obic conditions (AnMBR) before 2013 [109]. Themain feature of both AeMBRs and
AnMBRs is the difference in the sludge retention time and the hydraulic retention
time, resulting in an improved biological performance.AnMBRs have the advantages
of biogas production and lower energy consumption, and they do not require an aera-
tion process [109]. The biogas that is produced by AnMBRs is generally recirculated
under submerged conditions to mitigate membrane fouling, replacing the aeration in
AeMBRs. To compare the performance of AeMBRs with AnMBRs, Yurtsever et al.
[115] operated a lab-scale experiment investigating the two types of MBR by using
both to treat synthetic azo dye wastewater under similar conditions. They found that
bothMBRs had high COD removal capacities, although the decolorization capacities
differed. This phenomenon is due to the different redox potentials of the systems.
The removal of dye benefited from the low redox potential in the AnMBR as the
oxidation–reduction reaction was almost complete when using this system. On the
contrary, the AeMBR used oxygen rather than azo dye as the electron acceptor and
only removed 30–50% of the color. However, from the perspective of membrane
performance, the filterability of the AeMBR was 4–8 times higher than that of the
AnMBR. Furthermore, the cake layer formed in the AeMBR had no influence on
COD removal, while 20% of the supernatant COD was rejected by the gel or cake
layer formed in the AnMBR [113].

A previous study has reported that MBRs can achieve stable and excellent perfor-
mance in textile wastewater treatment under various influent conditions with the
assistance of a membrane [110]. Several operating parameters have been discussed.
Hydraulic retention time (HRT), which directly affects the volume of a reactor, is one
of the most important aspects in engineering applications. Li et al. [56] operated an
MBR with nanofiltration recirculation to treat real textile wastewater under different
HRTs and found that the system performance was not significantly affected when the
HRT was changed from 24 to 10 h. Similar results were obtained by Feng et al., who
conducted a Fenton oxidation-MBR hybrid process for the treatment of wastewater
in an integrated dyeing wastewater treatment plant under different HRTs (10, 18,
and 25 h) [24]. Tian et al. [98] operated an anoxic/oxic-hybrid MBR system to treat
dry-spun acrylic fiber wastewater under HRTs of 24–48 h and found that the removal
of typical pollutants was not significantly improved at HRTs above 32 h because the
organic loading was below 0.1 kg-COD/kg-MLSS/d while the biomass concentra-
tion was high. The retention of biomass is the most important feature of MBRs as it
increases the biomass concentration and prolongs the sludge retention time (SRT).
Khouni et al. [50] reported the effect of the dye mass loading rate on the performance
of AeMBRs for textile wastewater treatment and found that the system achieved an
80–90% removal efficiency for soluble organic matter under a dye mass loading
rate of 320 mg/g-MLVSS/d. The dye mass load requires more consideration when
using AnMBRs because of the biogas generation. Spagni et al. [92] used reactive
orange16 as a model to investigate the effect of azo dye loading on the performance
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of an AnMBR and found that the decolorization of the submerged AnMBR was
only slightly affected, although the permeate still contained 30–40 mg/L of residual
reactive orange16 with azo dye concentrations of up to 3.2 g/L. However, the perfor-
mance of the anaerobic digestion was inhibited, especially with the accumulation of
volatile fatty acids (VFAs), which resulted in lowmethane production. The influence
of SRT on organic matter and color removal also appears to differ under anaerobic
and aerobic conditions. Yurtsever et al. [113] reported that the decolorization effi-
ciency of AnMBRs was independent of the SRT, while the removal of both COD and
sulfate were reduced by decreasing the SRT. However, little effect was observed in
the removal of COD as a result of changing the SRT in AeMBRs, and the color was
observed to increase. A similar result was also reported by Yigit et al. [110], who
suggested that a slightly better effluent quality was achieved under an SRT of 25 d
than under an infinite SRT for a pilot-scale AeMBR that was developed for use in the
treatment of wastewater from the denim textile industry. Brik et al. [13] suggested
that low sludge ages were recommended to obtain color removal via adsorption by
biomass.

2.2 MBR Enhanced by Combined Process for Textile
Wastewater Treatment

A combined process is a process in which two or more treatment steps are conducted
sequentially to achieve high effluent quality or cost- and time-saving processes [85].
Although MBRs are regarded as promising in terms of biological wastewater treat-
ment, the application of this method is limited by the low biodegradability of textile
wastewater and the aimof reusing the treatedwater. Theprocess,when combinedwith
MBR, can be divided into three types: pretreatment, which increases the biodegrad-
ability of the feed; enhancement during theMBR process; and post-treatment, which
improves the quality of the permeate.

Photochemical technology is generally used as a pretreatment in textile wastew-
ater treatment. Sathya et al. [87] conducted photocatalysiswith tungsten oxide (WO3)
and WO3/1% graphene oxide (GO) as a powdered photocatalyst with the function
of dye adsorption as a pretreatment for MBR to achieve a COD removal of 78%.
They reported that photocatalysis also improved the biodegradability of the textile
wastewater with a BOD/COD ratio of 0.2–0.4, while the effluent from the MBR
had a BOD/COD ratio of 0.5. On the other hand, the advantages of using nano-
materials have also been applied in membrane modification to improve membrane
performance. Cheng et al. [17] used aGO/polysulfone compositemembrane together
with photosynthetic bacteria for textile wastewater treatment. Although the wastew-
ater was synthetic, the reactor showed better performance in terms of color,
ammonia–nitrogen, and COD removal than conventional MBR systems did.

Advanced oxidation is thought to be a feasible process for the decomposition
of pollutants. Electron beam radiation, as a special advanced oxidation process,
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has been reported as an efficient pretreatment to enhance the biodegradability of
textile wastewater. Sun et al. [95] used an MBR-coupled electron beam radiation to
obtain good stability for COD removal and system maintenance in textile effluent
that contained polyvinyl alcohol, which cannot be treated by a single MBR. Fenton
oxidation can also generate highly reactive hydroxyl radicals that remove color and
improve the biodegradability of dyeing wastewater [24]. Internal micro-electrolysis
can also be used in the oxidization of organic contaminants and includes the addi-
tional function of releasing iron ions. Qin et al. [78] reported the development of an
AeMBR for treating anthraquinone dye wastewater with internal micro-electrolysis
as pretreatment and found that the release of iron ions from galvanic corrosion
appeared to be a double-edged sword in the MBR system. On one hand, the iron
ions resulted in the formation of bio-ferric flocs that enhanced denitrification and
decolorization via adsorption and biodegradation. However, this was accompanied
by severe inorganic membrane fouling.

In addition to enhancing biodegradability, the addition of coagulant has also been
used as a strategy to improve the total phosphorus (TP) removal in MBR treat-
ment. One example that included the intermittent addition of poly-aluminum chloride
(PACl) to MBR influent was reported by Yan et al. [108]. The addition improved the
TP removal efficiency from 28.61± 10.94% to 97.63± 1.59%, which was due to the
stable precipitation of AlPO4 by the supplied Al3+and the P in the wastewater. The
addition of saturated granular activated carbon to create an anaerobic zone in aerobic
MBRs has also been reported as an effective strategy to improve decolorization [32].
The adsorption performance of the powder-activated carbon in the MBR depended
on whether the dye had been biosorbed [33].

Furthermore, because the membrane units used in MBRs for textile wastewater
treatment are normally inserted MF or UF membranes through which dye molecules
with lowmolecular weights can pass, the addition of permeate treatment is necessary
to obtain better usage of the effluent [34]. NF has been reported as having a promising
capacity to further improve the quality of effluent produced by MBR systems, espe-
cially in the removal of conductivity and biologically refractory colors [29]. Mean-
while, RO has been reported to completely removemineral salts, hydrolyzed reactive
dyes, chemical auxiliaries, ions, and larger species after MBR and could be another
means of realizing the reuse of wastewater from the dyeing processes to produce
water that reaches the specifications required for drinking [21]. The energy demanded
for membrane fouling mitigation and the economic cost of system maintenance also
need further investigation. The combination of a UV-unit and active carbon filter was
investigated as a post-treatment for the MBR process. Rondon et al. [80] reported
that this process can completely remove all dye after more than 90% of the dye, the
COD, and total nitrogen has been removed by an MBR.



Aerobic/Anaerobic Membrane Bioreactor in Textile Wastewater 253

2.3 Pilot- and Full-Scale Applications

With the increasing attention on the development of new membrane biotechnology,
the advantage of using MBRs has been proven on a large scale. Table 1 presents
the application of MBR-related processes for textile wastewater treatment on both
pilot- and full-scales. Until now, the large-scale application of MBRs has mainly
been conducted under aerobic conditions, and its development is based on the funda-
mentals of conventional biological aerobic, anaerobic, and anoxic processes. Some
applications of MBRs have involved either feeding directly with wastewater or
adding influent after pH adjustment [27, 55]. However, the function of the conven-
tional biological processes cannot be ignored. Generally, the anaerobic process can
partially convert refractory organics to intermediates that are more readily degrad-
able, while the anoxic-aerobic process achieves biological nitrogen removal via pre-
denitrification and aerobic nitrification [94]. The addition of MBRs can allow suffi-
cient time for slow-growing bacteria to multiply, especially those that specialize
in degrading refractory compounds. Sun et al. [94] reported a combined process
that takes advantage of the traditional anaerobic anoxic oxic (A2O) system and an
MBR that efficiently removed organic matter and nitrogen in an auxiliary textile
wastewater treatment. Hydrolysis/acidification and denitrification occurred in the
anaerobic and anoxic tanks, respectively. An aerobic tank that acted as an MBR
realized the nitrification and degradation of the remaining organic matter. Jager et al.
[21] studied a dual-stage MBR and subsequent RO system that also consisted of an
anaerobic tank in which the azo bonds of the reactive dyes were cleaved, an anoxic
tank for denitrification, and an aerobic tank for nitrification and mineralization of
the aromatic amines. Yan et al. [108] used an anoxic baffled reactor (ABR) as a
hydrolysis process to enhance the biodegradability of organic matter in wastewater.
The enhanced strategy was also adapted to work with conventional processes. Tian
et al. [98] reported a hybrid anoxic/oxic-MBR system that contained five plug-flow
compartments in an oxic tank to improve the selectivity of microorganisms and
sludge diversity and obtain stable hydraulic conditions. Polypropylene fiber media
were hung in this region to provide a carrier for the biofilm.

Other pretreatment processes have also been worthy of notice, although few
reports have been produced in this area. Sathya et al. [86] reported a pilot-scale
ozonized MBR using UV-enhanced ozonation as a pretreatment for the treatment of
dark dye textile wastewater and found ozonation to be a clean technology with no
sludge generation and a positive influence on the system performance. Another study
conducted by the same research group used a photochemically integratedMBR [87];
this study was discussed in the previous section.

In terms of the integrity of the entire processing flow, large-scale applications
require more attention do than small-scale applications. Especially from the perspec-
tive of the economy, the reuse ofMBRpermeate is a highlighted point in the treatment
procedure, and the target of reuse determines the degree towhich the permeate quality
is improved [110]. Li et al. [56] reported that the reuse of an NF permeate from an
MBR that was reduced as cooling water for the UF unit reduced water consumption,
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resulting in a net income of 1.24 M USD/y. In most biological processes, partially
recycling the permeate is a common strategy to enhance the pollutant removal effi-
ciency. This type of recirculation has also been reported in the post-treatment of
MBR via concentrate recirculation, which can also achieve a higher water recovery.
However, recycling may increase the membrane fouling risk as a result of refeeding
refractory compounds. A previous study reported that although the whole system
maintained a stable permeate quality with the additional NF process in the MBR
system, the recycling of concentrate caused refractory compounds to accumulate,
including protein-like substances and humic acid substances, which did not obvi-
ously inhibit the sludge activity but contributed to membrane fouling in the NF unit
[55].

3 Membrane Fouling, Membrane Cleaning,
and Operational Strategies

3.1 Membrane Filtration and Fouling

The membrane separation technology used in biological wastewater treatment can
achieve high-efficiency sludge-water separation via filtration [101]. Whether the
wastewater treatment process uses an AeMBR or AnMBR, the membrane generally
plays a significant role in separating the solid and liquid,meaning that a sedimentation
tank is not required [18, 105]. Studies have also reported the direct use of membranes
to remove pollutants from textile wastewater via membrane filtration. For example,
sand filtration and UF have been applied as pre-treatments followed by NF and RO
for the reuse of textile wastewater [63]. The efficient removal of persistent organic
pollutants from textile wastewater by UF, NF, and RO has also been reported [71].
Therefore, membrane filtration can provide an additional guarantee in biological
wastewater treatment with regard to overall treatment.

As the filtering during wastewater treatment progresses, pollutants and various
microbial metabolites can block the surface and pores of a membrane in a process
generally known as membrane fouling [7, 31]. In principle, membrane fouling
occurs via continuous accumulation [105], and the filtration resistance increases
as membrane fouling progress [69, 91]. When a certain level of membrane fouling
occurs, filtration becomes very difficult owing to the high resistance, and the wastew-
ater processing cannot be completed [6, 31]. In this situation, the membranes need
to be replaced or cleaned (maintenance). Membrane fouling is generally caused by
adsorption, cake layer, gel layer, and pore plugging [66]. These types of fouling lead
to the resistance that hinders the membrane filtration process (Fig. 4).

The foulants that occur during the treatment of textile wastewater by MBRs are
mainly due to the presence of soluble microbial products (SMP) and extracellular
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Fig. 4 Types of membrane fouling and the resulting resistances (Ra, resistance to adsorption; Rc,
resistance of cake layer; Rg, resistance of gel layer; Rm, resistance of membrane; and Rp, resistance
of pore plugging)

polymeric substances (EPS) in the cake layer, which have been observed during anal-
ysis as carbohydrate and protein compounds [116]. Organic matter of high molec-
ular weight was observed in a previous study using gel permeation chromatography
(GPC) measurements of foulant samples on the surfaces of membranes [74]. Soluble
organic compounds with high molecular weights can be derived from cell debris, as
well as SMP and EPS [114]. Accompanied by membrane fouling, more pollutants
were retained in the reactor. Thus, organic matter with a molecular weight lower than
15 kDa remained in the cake layer even during the MF process, which was further
performed as UF due to the presence of the cake layer [116].

3.2 Conventional Membrane Cleaning Methods

Membrane cleaning is generally carried out either physically or chemically [52],
103]. Physical cleaning includes the use of sponges or other soft materials to wipe
and clean the surface of a membrane [51]. Backwashing with clean water under
pressure is also often used [47]. High-temperature incineration is an efficient and
inexpensive physical cleaning method for use with ceramic membranes. A previous
study investigated the regeneration of ceramic membranes by calcining at 400 °C for
30 min used in a dye separation process [84]. Chemical cleaning generally involves
the immersion ofmembranes in different chemicals according to thematerial compo-
sition of the foulants [104]. Sodium hypochlorite and citric acid solutions can be used
to remove organic and inorganic foulants, respectively, to mitigate against membrane
fouling [67, 107]. Sulfuric acidwith a pHof 2 has also reported as a chemical cleaning
solution for anaerobic and aerobicmembrane bioreactors that treat textile wastewater
[113]. Noel Dow et al. reported the implementation of a 1.5-wt% NaOH solution at
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55 °C for membrane cleaning [23]. Depending on the fouling situation, the soaking
time could range fromseveral hours to several days. In the biologicalwastewater treat-
ment process, various products such as EPSs and SMPs, whichmay cause membrane
fouling, are produced as a result of biochemical reactions. The removal of EPS and
SMPoften requires chemical cleaning [39]. Therefore, a combination of physical and
chemical cleaning is usually applied to clean membranes and recover the membrane
filtration performance to a maximum level [103]. According to the cleaning method
adopted, foulants have been reported as removable (removable by physical cleaning),
irremovable (removable by chemical cleaning), and irreversible (foulants that cannot
be removed through any systematic cleaning) [66].

3.3 Operation Strategy for Anti-Fouling

Because replacingmembranes is expensive, increasing the service life of amembrane
is a very important issue [9]. Reasonable operation methods or appropriate device
improvements can not only reduce the filtration resistance (Fig. 5), increase the
membrane life, and lower the cost, but can also ensure the smooth progress of the
wastewater treatment process [6].

One of themost commonways to reducemembranefiltration resistance is to install
a diffuser at the bottom of the membrane module [88]. The shear force provided by
gas flowing alongside the filtration can to some extent keep contaminants away from
the surface of a membrane [37]. The aeration that is associated with aerobic treat-
ment provides a decent shear force at the surface of the membrane [26]. However,
the circulation of biogas is required in the anaerobic process, following a benefit
that mechanical stirring can be dispensed [57]. Another commonly used operation
strategy is intermittent filtration during the treatment process [44]. As mentioned
above, membrane fouling is an accumulation process that occurs continually during
filtration; therefore, the resistance may suddenly result in the filtration process being
unable to proceed normally after fouling and reach a critical level. The use of inter-
mittent filtration can alleviate this problem to some extent as compared to continuous

Fig. 5 Membrane fouling and anti-fouling operation strategies
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filtration [5, 15]. The specific operation mode (time period of filtration and relax-
ation) needs to be determined according to the actual conditions, which are mainly
related to the filtration flux, sludge concentration, and membrane performance [106].
An advanced treatment of dyeing wastewater using an AeMBR employed a filtration
process using an intermittent filtration cycle of 8 min filtration and 2 min relaxation
[24]. An operation mode of a 5 min filtration followed by 1 min relaxation was also
reported for dealing with both synthetic and real textile wastewaters [115, 116].

Specific strategies have also been implemented for the treatment of textilewastew-
ater. For example, hybrid electrocoagulation was combined with the NF process for
treating real textilewastewaterwith efficient dye/salt fractionation and lowmembrane
fouling [97]. Another study found that backwashing with a saturated CO2 solution
was more effective than general backwashing methods in which Milli-Q water and
chemicals are used [2]. Changing the character of the mixed liquid in the reactor is
also an effective approach. One of the common and low-cost methods is the use of
flocculants to coagulate suspended solids into larger particles. PACl and aluminum
sulfate have been used as coagulants to decrease membrane fouling in a process
based on hollow fiber membranes and coagulation during the treatment of textile
wastewater [3]. COD removal of up to 66% was obtained, and the use of coagulant
led to a significant decrease in TMP during filtration with three kinds of membranes
(PP, PES, and PVDF).

Regular backwashing using Milli-Q can remove the accumulated foulants to
a certain extent. Another operation strategy uses a method called on-site chemi-
cally enhanced backwashing [38]. In previous research, backwashing by chemicals
was found to be efficient and to further extend the membrane life to ensure the
progress of the wastewater treatment process [73]. Especially for the anaerobic treat-
ment process, opening an airtight reactor for maintenance is costly, and there is a
time cost in restarting the operation [77]. Because of the relationship between the
type of membrane and the structure of membrane fouling, a low-pressure back-
wash should be used when chemical cleaning is the mainstay [59], and higher pres-
sure should be used when physical cleaning is the mainstay [43]. For applications,
different plans (chemical agents, cleaning time, and cleaning frequency) are there-
fore required according to the type of foulant and wastewater treatment process used
[42]. Because themain pollutants in textile wastewater contain both organic and inor-
ganic substances, sodium hypochlorite and citric acid are generally used for online
backwashing [40, 116]. In one study, a biomimetic dynamic membrane was devel-
oped and applied to dye removal [16]. After backwash cleaning, a thin layer of dye
remained on the membrane. According to the results, the backwashing process could
effectively remove the inactive bionic layer but was unable to regenerate the pollutant
removal ability of the membrane [16]. However, because different from traditional
membranes, the familiar dynamic membrane uses the trapped pollutants to self-form
a new bio-membrane layer with smaller pore sizes to further block the pollutants,
online backwashing is not applicable, which limits the practical application of the
dynamic membrane [96].
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4 Microbial Community in the MBR Treating Textile
Wastewater

4.1 Research Status of the Microorganisms Related
to the Removal of Dyes with Biological Treatment
Methods

Textile wastewater has always been a major problem in the field of biodegradation
because of its complex ingredients and toxicity. As a key element, the microorgan-
isms involved have received increasing attention in many studies. Because textile
wastewater contains organic matter that is difficult to degrade, it is often treated
via the simultaneous combination of aerobic and anaerobic methods. This method
involves the degradation and decolorization of hardly degradable dyes under anaer-
obic conditions followed by treatment of the obtained low-COD wastewater under
aerobic conditions. Regardless ofwhether a treatment process is aerobic or anaerobic,
some specific microorganisms are required to treat a particular dye. For example,
most microorganisms in these systems are able to break down the azo bonds (-N =
N-) that are found in most dyes [35], while some microorganisms can decompose
anthraquinone dyes (such as Reactive Blue 19, Reactive Blue 4, and Disperse Blue
2BLN) [102]. To be able to clearly ascertain the mechanism of various microorgan-
isms in the treatment of dyes, many studies have focused on the degradation effects
that single culture strains have on dyes. Table 2 lists the known isolated bacteria
that can degrade azo bond dyes. In addition, previous studies have summarized the
effects of using mixed cultures, fungi, yeast, and algae to remove dyes [35, 100].

Regrettably, although studies usingMBRs for textile wastewater treatment are not
uncommon, very few articles have provided an in-depth elaboration of the microor-
ganisms involved. The reason may be that the composition and structure of the
microbial community in the sludge are more connected to the types of substrates
and the reaction conditions (aerobic, anaerobic, temperature, etc.). Hence, based on
previous experience, the microbial diversity and dominant microorganisms will not
change much if only the reactor type is changed. However, it is necessary to inves-
tigate the microorganisms involved in the removal of dyes by MBRs. Similar to the
case of dye removal by the UASB reactor [14] the growth and structure of various
microorganisms in the granular sludge differ, and the mechanism of the dye decom-
position process can be explored. Because of the existence of the membrane, the
microbial composition in the reactor and the membrane surface will inevitably differ
after long-term stable operation of the MBR. The different structures of the specific
dye-removing microorganisms and other microorganisms in the cake layer on the
membrane surface have important scientific value for understanding the transfer of
substances onto themembrane surface and the analysis of the textilewastewater treat-
ment mechanism. This is also useful for understanding and improving the treatment
performance, and further research in this field is expected in the future.



Aerobic/Anaerobic Membrane Bioreactor in Textile Wastewater 263

Table 2 Isolated bacteria
species that can degrade azo
bonds dyes

Dye name Taxa References

Reactive orange 16 Nocardiopsis sp. [19]

Pseudomonas aeruginosa
SVM16

[68]

Reactive orange 13 Alcaligenes faecalis
PMS-1

[89]

Reactive red 21 Pseudomonas aeruginosa
SVM16

[69]

Reactive red 2 Pseudomonas sp. SUK1 [48]

Reactive red 184 Halomonas sp. strain A55 [30]

Reactive red 120 Bacillus cohnii RAPT1 [76]

Reactive yellow Pseudomonas mendocina [81]

Reactive yellow 2 Serratia sp. RN34 [72]

Reactive blue 160 Pseudomonas sp. BDN4 [8]

Reactive Blue 13 Proteus mirabilis LAG [75]

Reactive Blue 19 Enterobacter sp. F NCIM
5545

[36]

Reactive Black 5 Psychrobacter
alimentarius KS23

[82]

Pseudomonas entomophila
BS1

[49]

Direct Blue 14 Bacillus fermus [41]

Methylene Blue Alcaligenes faecalis [10]

Methyl Red Aeromonas jandaei strain
SCS5

[90]

4.2 Current Status of Research on Microorganisms in MBRs

As mentioned in the previous article, there are relatively few studies in this area, but
there are some meaningful related studies. In addition to simply using MBRs for
biological treatment, the addition of activated carbon, flocculants, and other reagents
is often used to assist in the removal and decolorization of dyes during pretreatment.
Therefore, the diversity and functions of microorganisms that are associated with the
biological treatment of pre-treated textile wastewater with high salt concentrations
need to be clearly identified. Zhou et al. reported the reduction of assimilated and
dissimilated sulfates and the diversity of biological bacteria in the biofilm-membrane
bioreactor during the treatment of textile wastewater [117]. The authors usedmetage-
nomic sequencing to distinguish assimilatory and dissimilatory sulfate reduction
(ASR and DSR) in an MBR and revealed that there is a two-stage sulfur reduction
process, explaining the pathways of ASR and DSR in the process. In another study,
Sun et al. treated textile wastewater containing polyvinyl alcohol with electron beam
radiation and the MBR coupling method to obtain a COD removal rate of 31 ± 7%
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during the stable period [95]. Filamentous bacteria were observed by scanning elec-
tron microscopy (SEM) and were dominant in the activated sludge. The radiolysis
intermediates of polyvinyl alcohol and other organic pollutants in textile wastewater
are beneficial to the growth of diatoms, leading to the production of O2 and providing
a suitable environment for aerobic microorganisms that are further conducive to the
removal of pollutants from textile wastewater.

SEM was also applied to observe the microbial morphology of the membrane
surface in textile wastewater by Sathya et al., who reported that the pores of
the contaminated membrane surface were occupied by microorganisms and other
substances [86]. The study used 16S sequencing to explore and compare the
difference between themicrobial diversity in theMBR and on themembrane surface.

Research on the microorganisms that are used to treat textile wastewater in MBRs
has gradually changed from exploring the impact of simple reaction conditions (such
as SRT) to exploring the microbial diversity [113] to qualitative separation [102]
and the application of functional bacteria to remove specific pollutants (such as
malachite green) [45]. Various advanced exploration and analysis methods, such as
16S analysis, metagenomic analysis, bacterial isolation and culture, and microscopic
observation, have been applied to investigate the microbial diversity, structure, and
metabolism in the incremental treatment of textile wastewater. Such methods are
helpful in deepening the understanding of how microbial metabolism affects dyes
and other organic or inorganic substances in the MBR and in further improving the
treatment method and efficiency. It is worth noting that there are still significant
deficiencies in the related research in terms of quantity and content. More systematic
and in-depth research is still required in order to expand the knowledge in this field,
which will be the responsibility of future researchers.

5 Conclusions

MBRs in both aerobic and anaerobic processes are efficient for the removal of dye,
COD, nitrogen, phosphorus, and other specific contaminants produced by the textile
industry.During long-termoperation,multiple approaches to the anti-fouling strategy
have been found useful for extending the life of a membrane to achieve low-cost and
sustainable filtration. In addition, although microbial community analysis related to
the treatment of textilewastewater are abundant, studies related to theMBR treatment
of textile wastewater are still very insufficient and incomplete. More diverse research
on systematic microbial analysis that is based on the microorganisms and pollutants
in the process of textile wastewater treatment via MBRs is therefore required.
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Constructed Wetlands in Dye Removal

Chandra Wahyu Purnomo and Fitri Ramdani

Abstract Wastewater from textile industry contains many harmful substances in the
form of organic and inorganic moieties. The characteristic of dye molecule itself is
difficult to be degraded by conventional wastewater treatments. It is common that
the color is persistent in the treated effluent even after sequential chemical, physical,
and biological processes. Vegetations as living organism offer several advantages by
their ability in sequestering the pollution into internal tissue and decomposing the
complex aromatic dyemolecule into less toxicmetabolites by enzymaticmechanism.
The main application of phytoremediation is by constructing artificial wetland. In
a wetland system, not only vegetation is important but also other components such
as bed media, wastewater flow pattern and also wetland configuration. Even though
this natural process tends to be slow, constructed wetland (CW) can be adjusted and
enhanced to be able to optimally treat challenging dye wastewater. Furthermore,
CW is considered to be a robust system that can withstand with various parameter
fluctuations of wastewater. In this chapter, CW will be comprehensively discussed
from phytoremediation principles to wetland application to treat various dye using
different configurations and vegetation types.
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1 Introduction

Recently, more than 10,000 dyes products are used in the coloring and printing
industry worldwide which many of them are toxic and carcinogenic [1]. About ten
to fifteen percent of the dyes used in the textile dyeing process are lost and released
into effluent stream [2]. Dyes can be included into recalcitrant pollutants which
transformed or get dispersed and persist in the receiving environments. They are
synthesized to resist deterioration by sunlight exposure, oxidizing agents, surfactants
(soaps) and cannot be easily degraded by common wastewater treatment processes
[3]. Most of the dye molecules have complex aromatic structures which makes them
highly resistant to degradation [4]. One of the most used dyes is Azo dye that charac-
terized by strong—N=N—with structural stability against biological and chemical
degradation.

Dyes concentration in the textile industry wastewater is in the range from 10
to 200 mg/L [5]. The common characteristic of textile wastewater is high BOD
and COD, high level of Total Dissolved Solids (TDSs) and Total Suspended Solids
(TSSs), highly acidic or alkaline and intense in color. Textilewastewater also contains
some dangerous heavy metals. Some dyes can contain copper or other metals as
integrated part of its chromophore molecular structure for stronger attachment to the
fabric [6].

Currently, phytoremediation is heavily explored as an alternative of textile
wastewater treatment. Lower cost and a much greener approach of this technology
open awide possibility to be implemented in various remediation of various contami-
nations. Compare to a single chemical or physical agents, plants have a combination
mechanism of absorption, accumulation, and enzymatic machinery for degrading
complex molecular structures in different plant’s part [4]. It is expected that the
three removal mechanisms of the plant can be utilized to degrade recalcitrant dye
molecules effectively. In this chapter, a short description of phytoremediation is
provided in the first section, followed by the mechanism and factors affecting the
constructed wetland system, and then the application of wetland to treat various dye
wastewater.

2 Phytoremediation

Knowing the quantity and properties of textile wastewater above, it is necessary to
adopt an environmentally friendly and sustainable treatment method. Phytoremedia-
tion, a pollutant removal method using plants, is among the low cost and sustainable
approaches for waste treatment [7, 8]. Phytoremediation is a low energy process
that powered by natural solar energy. Plants possess biodegradation ability by enzy-
matic mechanism and uptake processes that can break down organic pollutants or
accumulate the toxic substances inside the plant tissue [4].
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Detoxification and decolorization of dye molecules using vegetation may provide
ecofriendly and cost-effective approach. The advantage of this process is solar driven
nature, aesthetic side, durability, and flexibility of implementation on site. Direct
application of thismethod at the polluted sitesmakes itmore interesting and relatively
cost-effective strategy over other conventional treatment methods [9–11].

Up until now, various plants have been applied to remediate dyes from textile
wastewater. Each plants species have specific pollutants removal potential and stress
tolerance to particular contaminants [12]. Rane et al. [13] and Kabra et al. [4] has
listed many macrophyte plants that being used for phytoremediation of various
dyes which are Phragmites australis, Typha angustifolia, Thymus vulgaris, Blumea
malcolmii, Rosmarinus officinalis, Portulaca grandifora, Typhonium fagelliforme,
Ipomoea hederifolia, Aster amellus, Glandularia pulchella, Petunia grandifora,
Zinnia angustifolia and Tagetes patula, B. juncea, and Sesuvium portulacastrum.
Table 1. shows the performance of selected plant species for phytodegradation of
certain dyes.

From Table 1, it is shown that the treatment time is vary largely from 6 h to
30 d with low to medium dye initial concentration (20–70 mg/L). This removal
performance implies that the phytodegradation of dye molecules is relatively slow
processes. It requires a series of stages for dye molecule to be metabolized from dye
uptake by the root system, then enzyme degradation inside the plant membrane and
metabolites released back to the solution [4]. The vegetation selection for a specific
dye removal also appears to be an important issue.

Plant enzymes have capacity to metabolize several toxic organic compounds to
produce nontoxic simpler molecules. At least nine different enzymes have been iden-
tified taking a role in dye metabolism which are lignin peroxidase (LiP), laccase,
dichlorophenolindophenol (DCIP) reductase, tyrosinase, azo reductase, veratryl
alcohol oxidase (VAO), riboflavin reductase, catalase, and superoxide dismutase
(SOD) [13]. Plants’ oxidoreductases are themain biodegrading enzymeswhich break
the complex dyes molecules by asymmetric and oxidative cleavage [21].

One of the real scale applications of phytoremediation to treat real industrial
wastewater is using constructed wetland system (CW). In CW, vegetation plays an
important role in the remediation of various pollutants. Indeed, several other factors
are also important such as bedmedia, wastewater load and flow pattern and additional
treatment such as aeration, electric discharge, and wastewater re-circulation.

3 Artificial Wetland System (Constructed Wetlands)

Constructed Wetlands are an artificial ecosystem to be used for sewage treatment
mimicking of thewater purification process that occurs in swamps (naturalwetlands).
Aquatic plants (hydrophyte) that grow in the area plays an important role in the
process of recovery of the water quality. Wetlands are defined as a treatment system
by areas that are saturated by water and support the life of aquatic plants. Various
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Table 1 Plant species application for phytoremediation of dyes

Plant species Dye (conc.) Decolorization
(contact time)

References

Sunflower
(Helianthus annuus
L.)

Evans Blue, Bismark
Browny, and Orange
G (100 mg/L)

62.64% (4 d) Huicheng et al. [14]

Narrow-leaved cattail
(Typha angustifolia
L.)

Reactive Red 141
(20 mg/L)

60% (14 d) Nilratnisakorn et al.
[15]

duckweed (L. minor) C.I Acid Blue 92
(20 mg/L)

75% (6 d) Khataee et al. [16]

Tagetes patula L Reactive Blue 160
(20 mg/L)

90% (4 d) Patil and Jadhav[10]

Aster amellus L Remazol Red (RR);
a mixture
of dyes (MD) and
a textile effluent (TE)
(20 mg/L)

RR 96% (60 h);
MD 47% and TE 62%
(60 h)

Khandare et al. [17]

Alternanthera
philoxeroides Griseb

Remazol Red (RR)
(70 mg/L)

100% (72 h) Rane et al. [13]

Glandularia
pulchella (Sweet)
Tronc

Scarlet RR 97% (72 h) Rane et al. [13]

Glandularia
pulchella (Sweet)
Tronc

Scarlet RR (SRR),
Rubine GFL (RGFL),
Brilliant Blue R
(BBR), Navy Blue 2R
(NB2R) and Red
HE3B (RHE3B)
(50 mg/L)

RGFL and SRR 100%
(72 h)
BBR 85%; RHE3B
55%; NB2R 60%
(96 h)

Kabra et al. [4]

Duckweed (Lemna
minor)

methylene blue (MB)
(50 mg/L)

80,56% (24 h) Imron et al. [18]

Petunia grandiflora Mix of Brilliant Blue
G, Direct Blue GLL,
Rubin GFL, Scarlet
RR, and Brown3 REL
(50 mg/L)

76% (36 h) Watharkar and Jadhav
[11]

Gaillardia
grandiflora

As above 62% (36 h) Watharkar and Jadhav
[11]

Portulaca grandiflora
Hook

Navy Blue HE2R
(NBHE2R) (20 mg/L)

98% (40 h) Khandare et al. [17]

Pennywort
(Hydrocotyle
vulgaris)

Acid Blue 92 (AB92)
(20 mg/L)

30% (6 h) Vafaei et al. [19]

T. patula, A. amellus,
P. grandiflora and G.
grandiflora

Textile
wastewater/effluent
treatment plant

59, 50, 46 and 73%,
respectively (30 d)

Chandanshive et al.
[20]
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processes may incur in the wetland which are sedimentation, filtration, gas transfer,
adsorption, chemical, and biological processing.

Differ from natural swamps, artificial wetland system can be adjusted to meet
several design parameters such as discharge rate, organic load, depth of media,
type of plant for ensuring the effluent quality of the system. Furthermore, based
on both technical and cost-effectiveness approaches, the system was preferred for
the following reasons:

• The construction of wetlands systems is often cheaper than other alternative waste
treatment systems.

• Low operational and maintenance costs and periodic operating time, no need to
be continuous.

• Thiswetlands systemhas a high tolerance for fluctuations inwastewater discharge.
• Able to treat wastewater with different types of pollutants and concentrations.
• Allows for the implementation of reuse and recycling of water.

In general, there are two main types of constructed wetland, namely, the Surface
Flow Constructed Wetland (SFCW) and the Sub-Surface Flow Constructed Wetland
system or SSFCW. The major difference between the two systems is the surface
water level. SFCW has water level above the ground level so that there is always free
water flow on the surface, while SSFCW the water table is under the ground level.
In most cases, SSFCW is preferred than SFCW, since SSFCW with no water above
the ground can suppress odor and also mosquito breeding.

According to [22], wastewater treatment with the SSF system is recommended
for several reasons: potential in processing many type of wastewater from domestic,
agricultural, and some industrial wastes including heavy metals, high processing
efficiency, and ease of planning, operation, and maintenance without high skills
workers requirement.

3.1 Wastewater Purification Mechanism

According to Rana andMaiti [23] themechanism for absorbing pollutants in artificial
wetlands is generally through abiotic (physical and chemical) or biotic (microbial
and plant) processes and a combination of the two processes. Abiotic mechanism is
through settling and sedimentation, adsorption and absorption, oxidation and reduc-
tion, photodegradation/oxidation, and volatilization.Meanwhile, the biotic processes
carried out by microbes and plants in wetlands include the following:

• Phytoextraction, the process of uptake of pollutants by roots system of the plant
from soil or water and accumulation of the substance into plant biomass.

• Rhizofiltration, the process of absorbing, precipitating, and concentrating toxic
substances from water or soil by plant roots system.
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• Phytostabilization, the immobilization of pollutants in the substrate to contain
the harmful substance on site preventing from being transported to the air or
groundwater.

• Phytodegradation, the process of pollutant uptake, metabolization, and degrada-
tion to produce non-toxic metabolites with the help of enzymes generated by
plants and its rhizospheric microorganisms.

• Phytovolatilization, the release of harmful substances into the air via plant surfaces
(leaves) after taking up the pollutants.

3.2 Factors Affecting CW Performance

There are four main factors that affect the performance of the system [24], as
described below.

1. Media

Themain roles of the bedmedia in constructedwetlands are a place to grow for plants,
media for the breeding of microorganisms, help the sedimentation process, assisting
the absorption (adsorption) of odors from the gases of biodegradation, as well as a
place for chemical transformation processes to occur, and storage of nutrients needed
by plants.

The media commonly used in processing CW consist of soil, sand, and gravel.
Variations in the use of media were also developed to support microbial-plant syner-
getic systems such as peats, biochar, husks, bagasse, zeolites, and others [25–27].
The combination of usingmedia can also improve the performance of the constructed
wetland. The adsorption capacity using a combination of porous media is higher than
using only one medium. The level of permeability and hydraulic conductivity of the
media greatly affects the residence time of wastewater, where sufficient contact time
will provide an opportunity for better wastewater biodegradation, as well as oxygen
released by plant roots.

2. Vegetations

Plants are the most important component that functions as a recycler of pollutants in
wastewater to become biomass which has an economic impact and supplies oxygen
to the bottom of the water or into the substrate with anaerobic conditions.

Broadly speaking, aquatic plants are divided into three groups emergent (rooted
at the bottom while leaves and part of the stem sticking out of the water surface),
submerged (floating below the water surface or drowning in the water column), and
floating (free floating or rooted in the water). Aquatic plants rooted at the bottom can
act as stabilizers for the bottom of the waters. Aquatic plants can also act as traps
for organic matter in eutrophic waters. Certain aquatic plants have luxury uptake
properties, which are active or able to absorb certain substances or nutrients in excess
of their needs.
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The emergent type of water plants is known as the most productive of all plants
in the world. According to [22], when compared to other types of aquatic plants,
the sticking type with tall, straight leaves requires less land, so that it can reduce
land use and is more economical and ecologically efficient, which means that the
sticking type of water plant is good when used. as a nutrient absorber. Aquatic
plants which have hyper-tolerant properties against heavy metals are the key to the
characteristics indicating their hyper-accumulator properties. Plants can be called
hyper-accumulators if they have the following characteristics:

1. Plants have a rate of absorption of certain elements from their environment more
than other types of plants.

2. Plants can tolerate a high level of an element in the root and canopy tissue.
3. Plants have a high translocation rate of heavy metals from root to canopy so

that their accumulation in the canopy is higher than that of the roots.

The types of plants that are often used for subsurface artificial wetlands are water
plants or plants that can survive in stagnant water (submerged plants or amphibious
plants). Plants as phytoremediators in the constructed wetland processing system are
the most important components capable of transforming nutrients through physical,
chemical, andmicrobiological (biological) processes. Plants transfer oxygen through
the roots and rhizome system to the bottom of the media and provide an underwater
medium for microorganism’s attachment. Plants are very influential on flow velocity,
increase detention time and facilitate the deposition of suspended particles. The
characteristics of plants used in the phytoremediation process should be able to grow
rapidly, have high biomass, withstand to pollutants, and have a large nutrient uptake
capacity.

3. Microorganisms

The microorganisms that are expected to grow and develop in wetland media
are aerobic heterotrophic types, because processing takes place faster than anaer-
obic microorganisms. The activity of microorganisms in the constructed wetland
processing system affects the performance of chemical and biological processes.
In this system, microorganisms transform large amounts of organic and inorganic
materials into innocuous or easily biodegradable materials. In addition, microorgan-
isms also act as a medium for reducing and oxidizing (redox) reaction in changing
the substrate content and affecting the wetland’s ability, as well as a medium for
recycling pollutants into nutrients.

4. Temperature

The temperature/temperature ofwastewaterwill affect the activity ofmicroorganisms
and plants, so that it will affect the performance of wastewater treatment that enters
the CW cell that will be used. Temperature will be able to influence the reaction,
where every 10 °C temperature increase will increase the reaction 2–3 times faster.
In addition, temperature is also a limiting factor for microorganism life. Although
the limit of microorganism mortality is in a fairly wide temperature area (0–90 °C),
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the optimal life for each species has a certain range. Based on this, there are 3 (three)
groups of microorganisms, namely,

• Psychrophilic Microorganisms (Optimal growth at 15 °C).
• Mesophyll microorganisms (optimal growth at 25–37 °C).
• Thermophile microorganisms (optimal growth at a temperature of 55–60 °C).

Considering climate conditions in tropical regions in which most textile industry
located generally have a relatively small range of daily temperature differences
(amplitude). In this region temperature is no longer a limiting factor, so thatmicrobial
life can be optimal throughout the year. Thus, phytoremediation in tropical countries
using wetland is a promising method.

4 Constructed Wetland for Dye Wastewater Treatment

Actually, CW is not a new method in waste removal. Indeed, the application of CW
to treat dye wastewater is a growing area. Several types of CW have been used to
treat dye wastewater from the conventional horizontal flow CW to a combination
of horizontal and vertical flow. The summary of CW usages for dye wastewater
treatment is presented in Table 2. Types of CW that used for the dye wastewater
treatment will be further discussed.

4.1 Free Water Surface Constructed Wetland (FWSCW)

Free water surface constructed wetland wastewater flows over the surface (Fig. 1).
Since this type of CW has growth media in the bottom and water surface on the top,
many options of plants can be used which are emergent plants (cattail, P. australis),
submerged plants as well as floating plants (water hyacinth, lotus). However, as
mentioned before this FWS type of CW is prone to odor emission and insect breeding
that hinder the vast application especially closer to residential area. This type of CW
is hardly reported to be used for dye wastewater. [28] reported the development
of a real scale facility of FWS wetland in Gadoon Industrial Estate, Pakistan. The
Gadoon FWSCWoccupiesmore than 6000m2 of land area. The ponds are segregated
by horizontal baffles that direct the wastewater flow into 11 separated ponds with
meander pattern. The first pond is used for sedimentation pond in which 455 m3 dye
wastewater entering every day. The second pond is the deepest pond and acting as
anaerobic degradation pond, while the third shallow pond is used for aerobic pond.
There is no vegetation in the first three ponds. In ponds 4 and 8, Typha latifolia is
dominant species while the rest are fully covered by E. crassipes. This unique pond
configuration are able to retain heavy metals and COD up to 87% from high strength
dye wastewater from more than 100 industries’ effluents.
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Fig. 1 Free water surface constructed wetland [23]

4.2 Horizontal Flow Constructed Wetland (HFCW)

The horizontal flow of CW is a simple treatment method with an ease of construction
and operation. Most of this CW can be operated naturally utilizing gravity flow
of wastewater through the bed media. The wastewater flows through in the media
of the constructed wetland. The wastewater undergoes aerobic degradation at the
rhizosphere (root zone) and the organicmatter is digested anaerobically at lower zone.
In this CW type only emergent plant can be cultivated such as Cattail and Phragmites
australis. In general, HFCW requires larger land area than vertical flow (VF) CW
since it has a low removal efficiency of pollutant, the detail will be discussed in the
next section. Thus, to achieve high removal rate a vast area of CW with horizontal
flow is needed.

A pilot-scale study of HFCW using real textile wastewater effluent has been
reported by Hussain et al. [29]. Besides treatment using HFCW vegetated with L.
fusca., they also did bacteria inoculation to improve the performance. HFSW alone
showed potential to treat the textile wastewater (80% for COD, 76% for BOD, 29%
for TSS, and 76% for color), while bacterial incorporation further improved the
pollutant removal, i.e., 86% for COD, 78% for BOD, 35% for TDS, and 90% for
color.

4.3 Vertical Flow Constructed Wetland (VFCW)

Vertical flow constructed wetland controls wastewater flows vertically through the
bed. Mostly the flow in VFCW is downward but it also can be upward. The removal
efficiency of most pollution using VFCW is relatively larger than HFCW due to
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larger aerobic regime inside themedia, therefore, achieved higher nitrification, BOD,
COD, and other pollutant removals. VFCW requires less land area than HFCW but
maintenance cost might be larger due to higher clogging potential.

Davies et al. [30] demonstrated a significant removal of acid orange 7 (AO7) dye
concentration by 70% using VFCW planted by Phragmites australis. A pilot scale
VFCWhas been reported by Bedah and Faisal [31] which is suitable to reduce Congo
red dye concentration by more than 90% within 5 days. Meanwhile, Up flow CW
planted with Phragmites australis and Manchurian wild rice was chosen by Ong
et al. [32] to treat Acid Orange 7 dye wastewater. By applying 3 days of retention
time in a 70 cm length of tube with diameter of 18 cm, the dye concentration can be
reduced up to 95%. To maintain upward flow of wastewater, a pump is supplied to
the system.

4.4 Hybrid Constructed Wetland

Hybrid constructed wetland comprises multistage treatment by a combination of
VFCW and HFCW using the separate pond. This treatment combination is pursued
to optimize the removal efficiency of the both systems. For treating dye wastewater,
usually VFCW is used in the first stage then followed by HFCW. This configuration
is optimum for decolorizing the wastewater by 90% or above [33].

Another type of flow combination in CW system can be done within a pond
by adding vertical baffles (Fig. 2). Tee et al. [27] modify HFCW by baffles which
separated the pond into 5 segments with a sequential up flow and down flow pattern.
By this modification high color removal more than 90% of Acid Orange 7 can be
achieved by a retention time of 5 days (Table 2).

Fig.2 HFCW with baffle (Baffled Subsurface Flow CW) [27]
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Table 2 Various CW configuration for dye wastewater treatment

Type of CW Type of dye
(strength)

plant Pollutants
(%removal)

References

FWS with
baffles

Mixture dye
(COD
2842 mg/L)

Cattail
(Typha latifolia);
Water hyacinth (E.
crassipes)

COD (53%)
Sulfate (88%)
Sulfide (63%)

Nawab et al.
[28]

HFCW Textile
wastewater
(COD 483 mg/L)

Leptochloa fusca COD 80%
BOD 76%
TSS 29%
Color 76%

Hussain et al.
[29]

HFCW Textile dye waste
(COD 167 mg/L)

Prescaria barbata COD 43.11%
Color 78.74%

Saba et al. [25]

HFCW with
re-circulation

Amaranth azo
dye (25 mg/L)

Typha domingensis Color 92%
COD 56%
NO3 92%
NH4 + 97%

Haddaji et al.
[34]

HFCW with
baffles

Acid Orange 7
(300 mg/L)

Cattails (Typha
latifolia)

100% (5 day) Tee et al. [27]

VFCW Acid Orange 7 P. australis Discoloration
(71%)

Davies et al.
[30]

VFCW Acid Blue 113
(AB113) and
Basic Red 46
(BR46))

Phragmites
australis

Color 94%
COD 82%,

Hussein and
Scholz [35]

VFCW Congo red dye
(10 mg/L)

Phragmites
australis Typha
domingensis

dye 99.34
COD 86.0%

Bedah and
Faisal [31]

Up flow
constructed
wetlands
(UFCW)

Acid Orange 7
(50 mg/L)

Manchurian wild
rice
Phragmites
australis

AO7 95%
COD 78–82%
NH4-N 41–48%

Ong et al. [32]

VF + HFCW
(hybrid)

dye-rich textile
wastewater

P. australis COD (84%)
BOD5 (66%)
TOC (89%)
Ntotal (52%)
Norganic (87%)
SO4 2 − (88%)
TSS (93%)
color (90%)

Bulc and
Ojstršek [33]

VF + HFCW
(hybrid)

Textile
wastewater

VF section
P. australis, D.
Sanderina,
Asplenium
Platyneuron
HF section
P. australis D.
Sanderina

BOD 79.2
COD 62.5,
NH4-N 66.4,
Turbidity 67.6
BOD 76.1
COD 69.7
NH4-N 42.1
Turbidity 68.1

Saeed and Sun
[26]
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5 Conclusion

CW method offers many advantages in dye wastewater treatment in terms of low
cost and one-pot complete removal mechanism (biological, chemical, and physical).
However, the real application should be carefully designed to meet any expected
treatment performances since this natural biodegradation requires quite long reten-
tion time. The large option of flow pattern, type of vegetation, bed media, and addi-
tional treatment (aeration, bacterial incorporation) should be properly selected to
achieve a high dye removal using CW system for a specific textile industrial effluent.
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