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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



208 R. de Almeida and C. de Souza Guimarães

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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