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RESUMO 

OLIVEIRA, J.M.S. Tratamento anaeróbio em múltiplas etapas para a descoloração de co-

rante azo na presença de sulfato. 2022. Tese (Doutorado em Engenharia Hidráulica e Sane-

amento – Escola de Engenharia de São Carlos, Universidade de São Paulo, São Carlos, 2022. 

A descoloração redutiva é amplamente utilizada para a remoção de cor de águas residu-

árias que contém corantes têxteis azo. Embora eficiente, esse processo possui algumas limita-

ções relacionadas à interferência de íons sulfato, que podem competir por equivalentes reduto-

res. Neste estudo, propôs-se a utilização do tratamento anaeróbio em dois estágios para resolver 

os problemas relacionados a essa competição. Os resultados demonstraram que os elétrons fo-

ram preferencialmente utilizados para a redução do azo no reator anaeróbio de 1ª etapa (R1), 

onde a sulfetogênese e metanogênese foram inibidos pelas condições operacionais aplicadas, 

i.e. elevada carga orgânica volumétrica e baixo pH. Observou-se que a descoloração redutiva é 

um processo cometabólico e associado a rotas metabólicas produtoras de hidrogênio na fase 

acidogênica. O reator de 2ª etapa (R2) atingiu eficiências completas de remoção de matéria 

orgânica e de sulfato, além de atuar no polimento do efluente para melhoria da remoção de cor. 

Constatou-se que as bactérias acidogênicas em R1 são sensíveis e selecionadas na presença do 

corante, enquanto as comunidades microbianas em R2 são expostas a menores níveis do corante 

e por isso se mostram mais robustas. Para melhor elucidar o mecanismo de redução do azo, 

uma cepa de Lactococcus lactis, enriquecida durante a operação, foi isolada e estudada utili-

zando-se análise de proteômica. O mecanismo envolveu biossorção por glicoconjugados, par-

ticularmente exopolissacarídeos e ramnolipídeos, uma vez que proteínas relacionadas ao meta-

bolismo de lipopolissacarídeos foram estatisticamente mais abundantes em células expostas ao 

corante azo. Os elétrons foram transferidos pela matriz do biofilme por hopping, num meca-

nismo que envolveu uma oxidorredutase da família de desidrogenase/redutases de cadeia curta 

e o mediador redox riboflavina. Os resultados sugerem que enzimas promíscuas estão envolvi-

das na degradação cometabólica de corantes azo por culturas microbianas sintróficas. Ainda, a 

configuração proposta se mostrou efetiva na remoção de cor, matéria orgânica e sulfato de eflu-

entes contendo azo-corantes, e sua aplicação industrial mostra-se viável devido à performance 

estável e capacidade de receber cargas maiores de corante azo comparado aos processos de 

estágio único.  

Palavras-chave: Digestão anaeróbia. Sistema de duas fases. Biorremediação. Sequenciamento 

de amplicons. Proteômica. Espectrometria de massas.  



 

 

 

 



 

 

ABSTRACT 

OLIVEIRA, J. M. S. Multiple stage anaerobic treatment for reductive decolorization of 

azo dye in the presence of sulfate. Tese (Doutorado em Engenharia Hidráulica e Saneamento 

– Escola de Engenharia de São Carlos, Universidade de São Paulo, São Carlos, 2022. 

Reductive decolorization is widely used for removal of color from azo dye textile 

wastewater. Although efficient, this process has some drawbacks regarding the interference 

caused by sulfate ions, which may cause a competition mechanism for reducing equivalents. 

We propose the use of multiple stage anaerobic treatment to eliminate issues related to this 

competition. Results showed that electrons were driven to preferentially reduce the azo dye in 

the 1st-stage reactor (R1), where methanogenesis and sulfidogenesis were inhibited by the op-

erating conditions applied, i.e. low pH and high organic loading rate. Reductive decolorization 

was found to be co-metabolic and mainly associated with hydrogen-producing pathways. The 

2nd-stage reactor (R2) achieved nearly complete organic matter and sulfate removals, and also 

kept the overall decolorization efficiencies around 90% even when R1 presented decreased per-

formance. Acidogens from R1 were observed to be sensitive and undergo selection upon expo-

sure to azo dyes, whereas microbial communities in R2 are exposed to lower levels of dye and 

therefore appear less sensitive. To further elucidate the azo reduction mechanism, a Lactococ-

cus lactis strain that was enriched throughout the operation was isolated from R1 and investi-

gated using proteomics analysis. The mechanism involved biosorption by glycoconjugates, par-

ticularly exopolysaccharides and rhamnolipids, as proteins from the LPS O-antigen metabolism 

were statistically more abundant in cells challenged with the target compound. Electrons were 

transferred through the biofilm matrix by hopping, in a mechanism that involved a SDR family 

oxidoreductase and riboflavin carriers. The results show that enzymes with broad substrate 

specificity are involved in the co-metabolic degradation of azo dyes by syntrophic microbial 

communities. The proposed configuration was proven effective in the removal of color, organic 

matter, and sulfate from azo dye textile wastewaters and showed feasibility for industrial appli-

cation due to its stable performance and higher azo dye load capacity when compared to single-

stage systems. 

Keywords: Anaerobic digestion. Two-phase system. Bioremediation. Amplicon sequencing. 

Proteomics. Mass spectrometry.  
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CHAPTER 1 

 

Chapter 1 
Introduction 

 

A normal sized textile industry consumes an average of 1600 m3 of water per day 

(Bhatia et al., 2017). Textile wet processing operations comprise steps such as desizing, scour-

ing, bleaching, mercerizing and dyeing, each of which produces wastewater with distinct char-

acteristics (Santos et al., 2007). The final outcome is an effluent rich in organic matter, salts, 

acids, bases, alkalis, and recalcitrant compounds such as surfactants and synthetic dyes 

(Khandare and Govindwar, 2015; Santos et al., 2007). Synthetic dyes are used to give color to 

the fabrics, but they present poor rates of fixation. As a result, about 20% of the dyes used are 

assumed to be discarded in the effluent (Azbar et al., 2004). This dissertation will address the 

bioremediation of dyes belonging to the class azo, which represents approximately 60% of the 

dyes used in the textile sector (Catanho et al., 2006). 

It is not only bad that textile wastewaters are often rich in organic matter. Carbohydrates 

such as starch used in steps that precede the dyeing baths can be used as source of reducing 

equivalents to cleave azo bonds (which are double N=N bonds). This transfer of electrons oc-

curs under low redox potential conditions and is therefore named reductive decolorization. This 

reaction results in color removal due to the conversion of the dye molecules into colorless aro-

matic amines. Aromatic amines are toxic products from the partial degradation of azo dyes and 

are not expected to be degraded under anaerobic conditions, as biodegradation of these com-

pounds depend on the incorporation of oxygen atoms into the aromatic rings by oxygenase  

enzymes.  

Until this point, there is nothing novel in this dissertation. The mechanism of reductive 

decolorization was proposed decades ago, and research in developed countries moved on to 

focus on newer contaminants of emerging concern. However, many gaps remained unsolved as 

textile industries migrated to developing countries. The problem was solved for the so-called 

first-world countries, but countries such as Brazil, India, China and many others still face chal-

lenges regarding proper handling of textile wastes. 

The development of appropriate methods for the monitoring of azo dyes in wastewaters 

are among the gaps in this field. Methods based on color are unspecific and therefore unable to 

distinguish dyes from other colorful substances. The Chapter 3 of this dissertation is an attempt 
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of using high selective techniques (e.g. liquid chromatography – tandem mass spectrometry 

analysis) to determine the model azo dye Direct Black 22 (DB22) in biological reactor effluents. 

Although challenges such as matrix interference were expected, we ended up facing higher 

challenges such as the instability of DB22 in aqueous solution. 

Other unresolved challenge is the competition observed between azo reduction and 

other electron-demanding processes. There are several reports indicating that effluents dis-

charged by textile industries located in the Agreste Pernambucano – Brazil are rich in sulfate, 

which can outcompete azo dyes depending on the dye’s redox potential. Multiple stage anaer-

obic treatment was proposed as a strategy for solving this issue and is covered in the Chapter 

4. The mechanism of DB22 biodegradation and microbial communities involved are addressed 

in the Chapter 5.   

The new advances in the OMICS technologies have brought the opportunity of studying 

enzymes involved in the biodegradation of azo dyes. A bacterium culture with high relative 

abundance in the two-stage anaerobic digestion system and capable of decolorizing DB22 was 

isolated, and proteins differentially expressed in the presence of the azo dye were investigated. 

These findings are described in the Chapter 6 of this thesis. 

 

HYPOTHESES OF THIS DISSERTATION 

i. The azo dye DB22 can be monitored in the effluent from biological reactors using solid-

phase extraction and liquid chromatography – tandem mass spectrometry analysis; 

ii. Multiple stage anaerobic treatment is an effective way of minimizing the impacts of 

sulfidogenesis and methanogenesis on the decolorization and biotransformation of azo 

dyes; 

iii. The anaerobic digestion of azo dyes by syntrophic microbial communities is a co-met-

abolic process that involves distinct microbial communities and metabolic pathways; 

iv.  Enzymes with broad substrate specificity are involved in reductive decolorization of 

azo dyes.   
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Chapter 2 
Literature review 

 

1. Production of wastewater in the textile and clothing industry 

The textile and clothing sector drives the local economy and creates jobs. However, 

large amounts of wastewater are produced during textile wet processing operations (Bhatia et 

al., 2017). The National Environmental Act (Política Nacional do Meio Ambiente - PNMA) has 

as guiding principles, among others, the protection of ecosystems and the control of potentially 

or effectively polluting activities (Brasil, 1981). Therefore, effluents from the textile industry 

must be appropriately managed and treated prior to disposal into water bodies.  

Table 2. 1 contains a description of the main physical-chemical characteristics of the 

textile effluents based on recent studies conducted in Brazil and over the world. Usually, these 

wastewaters have pH values ranging from neutral to basic, high chemical oxygen demand 

(COD) values and varying degrees of salinity and total dissolved solids (TDS). Chloride, so-

dium and sulfate ions are usually present as a result of salts addition (e.g., NaCl or  Na2SO4) to 

improve dye adhesion to the fibers (EPA, 1997). According to the United States Environmental 

Protection Agency (1995), salts are added to propitiate the exhaustion of binding sites in anionic 

dyes, e.g. direct and reactive dyes. The weight of salts added during dyeing baths is estimated 

to be around 80% of the weight of the fabrics. Moreover, textile industries located in the Agreste 

Pernambucano are reported to consume large amounts of sodium metabisulfite (Na2S2O5) used 

as a bleach to brighten fabrics and remove stains, generating an effluent containing high con-

centrations of sulfate (Amaral et al., 2017, 2014). 

2. Brazil’s legislation and dyes of anthropic origin 

The CONAMA (Conselho Nacional de Meio Ambiente) Resolution n. 430/2011 for 

wastewater discharge does not stipulate a maximum permissible dye concentration in dis-

charged wastewater, but the discharge of dye-containing effluents shall not change the quality 

of the receiving water body. The CONAMA Resolution n. 357/2005 stablishes limits of true 

color that depends on the quality of the water bodies. Dyes of anthropic origin should be virtu-

ally absent in Class 1 water bodies; and the presence of these compounds are tolerated in Classes 
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2 and 3 rivers, provided that the dyes can be removed in processes involving coagulation, sed-

imentation and filtration. 

Table 2. 1. Physical-chemical characteristics of textile wastewaters produced during wet 

processing operations of some textile industries in Brazil and over the world.    

Reference 
Predominant 

azo dye 
pH 

COD (mg 

L-1) 

Salinity 

 (%.) 

TDS (mg 

L-1) 

Cl-  

(mg L-1) 

Na+   

(mg L-1)  

SO4
2-(mg 

L-1) 

Amaral et al. 

(2014) 
Direct Black 22  ~1000 4.4    269-464 

Amaral et al. 

(2017) 

Mixture of up to 

28 dyes 

7.5 ± 

0.7 
692 ± 459 3.2    334 ± 40 

Amorim et al. 

(2013) 
Direct Black 22  730 (394-

1062) 
  10430   

Ferraz et al. 

(2011) 
Direct Black 22 

6.9 

(6.1-

8.3) 

728 2.6 3600 
949 (880-

10430) 

1500 

(800-

15300) 

21 (17-24) 

Kurade et al. 

(2017) 
Not specified 

9.3 3500  240    

10.1 5610  360    

Mirbolooki et 

al. (2017) 
Not specified 7.5 140.8  1470    

Santos et al. 

(2005) 
Reactive dyes 

10.2-

11.6 
747-32600     990-12100 

Şen e Demirer 

(2003) 

Remazol, Ever-

zol and Levafix 

9.1 1029   609.8  2.36 

9.9 1157   594.8  1.94 

8.9 1063   557.33  4.23 

8.9 1018   569.8  6.43 

Phugare et al. 

(2011) 
Not specified 8.1 9860  8756 1254 89 1123 

Telke et al. 

(2010) 

Reactive, dis-

perse and direct 

dyes 

8.2 1000  8770    

Wang et al. 

(2008) 
Not specified 

6.9 

(5.9-

7.9) 

1200 (430-

2500) 
  

133 (102-

750) 
 

107 (86-

210) 

Yang et al. 

(2009) 

Reactive and 

disperse dyes  

6.0-

7.0 
750-1175      

Zaroual et al. 

(2006) 
Not specified 10.6 485   27069 5965 2161 

 

3. Azo dyes and biodegradation products 

Dyes are classified into major classes according to their chemical structures (Christie, 

2015; Forgacs et al., 2004). Within the scope of wastewater treatment, classifying dyes is im-

portant because the design of biological treatment processes is based on the metabolism of the 

microorganisms involved, which includes the microorganisms’ ability to produce enzymes ca-

pable of cleaving the targeted compound. Namely, dye’s biodegradation depends on the 
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presence of bonds that can be attacked by functional groups in the active site of enzymes; or on 

the presence of organic functional groups in the dye molecule that can bind to these active sites 

so that the reaction occurs (Lima et al., 2001). 

Dyes which contain the azo chromophore, i.e. that presents one or more -N=N- groups, 

are classified as azo dyes and are particularly relevant because they are extensively used world-

wide (Kunz et al., 2002). This class of dyes is environmentally relevant due to its difficult treat-

ability in conventional wastewater treatment plants and high toxicity (Forgacs et al., 2004; 

Pinheiro et al., 2004; Shaul et al., 1991). 

The environmental relevance of azo dyes extends to its treatment process, as incomplete 

degradation leads to the formation of carcinogenic aromatic amines which are recalcitrant to 

anaerobic digestion (Pandey et al., 2007). In this context, some authors have focused on the 

study of biological processes in which the produced metabolites are less toxic or are further 

mineralized (Sen et al., 2016; Tan et al., 2013). 

4. Direct Black 22 and reduction products 

Direct Black 22 (DB22) was chosen because it has been extensively used in the Brazil-

ian textile industry (Amorim et al., 2013). DB22 biodegradation in effluents from denim fabric 

manufacturing industries located in Caruaru – PE (Brazil) was studied by several authors, which 

observed color removal efficiencies of up to 67% by anaerobic granular sludge (Amaral et al., 

2017, 2014; Júnior, 2010). Moreover, these studies reported the formation of aromatic products 

recalcitrant to the anaerobic digestion (AD), which were not properly identified. Qualitative 

assessment of aromatic amines resulting from the DB22 biotransformation was assessed by UV 

spectrophotometry (Pinheiro et al., 2004). Gavazza et al. (2015) speculated that DB22 biodeg-

radation may lead to the formation of compounds such as aniline, naphthalene-1-sulfonic acid 

and sulfanilic acid. 

5. Analysis of sulfonated azo dyes by liquid chromatography – electrospray ionization 

tandem mass spectrometry 

   Most studies on biodegradation of azo dyes use color to monitor the removal of these 

compounds. Nevertheless, spectrophotometric methods are susceptible to interference caused 

by metabolites produced in biological reactors. These interferences are even more significative 

in processes carried by mixed microbial consortia, which is the case of anaerobic digestion. 

Figure 2. 1 shows that the number of studies in the Google Scholar platform mentioning the 
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term azo in association with words such as spectrophotometry, ADMI, color removal, maximum 

/wavelength or absorbance is much higher than that in which the term azo is associated with 

direct quantification techniques, i.e. chromatography, HPLC, LC, LC-MS, MS/MS. When the 

search is restricted to studies on the biodegradation of azo compounds, the number of studies 

decreases further to 85 results. 

Figure 2. 1. Number of studies in the Google Scholar platform related to azo compounds and 

quantification (direct or indirect) of these compounds. A) mentions to the term azo associated 

with spectrophotometry or chromatography quantification techniques. B) mentions to the term 

azo and biodegradation associated with spectrophotometry or chromatography quantification 

techniques.  

 

 

The main disadvantage associated with quantification of azo compounds using chroma-

tographic techniques lies in the difficulty of developing methods for the multitude of azo dyes 

that can be found in dye-related wastes, and which possess distinct physical and chemical 
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Table 2. 2. Detection and quantification of azo dyes in complex matrices, extraction methods 

and validation parameters.   

Reference Azo dye Matrix 
Extraction 

method 

Quantification 

/Detection 
Quality of the analytical method 

Fuh and 

Chia 

(2002) 

Tartrazine, 

Amaranth, 

New Coccine, 

Sunset Yellow 

FCF, Allura 

Red AC, Pon-

ceau R, Pon-

ceau 3R, Or-

ange I, Orange 

II and Metanil 

Yellow 

Soda, fruit 

jam and 

salted fruit 

stuff  

Liquid-Liquid 

LC-UV (LC-

MS used only 

for confirma-

tion) 

Linearity: 0.05-10.0 mg L-1 (R2 

= 0.999) 

DL: 0.01 mg L-1 

Edlund et 

al. (1989) 

Acid Yellow 

23, Red 14 and 

Yellow 49 

Domestic 

sewage 

SPE (octade-

cylsilane) 

LC-UV-

MS/MS 

Linearity: 0.5-5 mg.L-1 (analyti-

cal curve parameters not pre-

sented)  

DL: 0.05 - 0.15 mg.L-1 

RSD: 5.4 - 12% 

Rehorek 

and Plum 

(2007) 

Reactive Black 

5, Reactive Or-

ange 16, Reac-

tive Orange 

107 

Biological re-

actor effluent 
-- 

LC-MS/MS 

and LC-DAD 

Linearity: 0.1-300 µmol L-1 (R2 

> 0.99) 

DL:  0.001-0.59 µmol L-1  

Ding et al. 

(2009) 

Direct Black 

38, Direct Blue 

6, Direct Red 

28, Acid Red 

26 and Dis-

perse Yellow 3 

Cotton, 

acrylic and 

polyester fab-

rics 

Liquid-Liquid LC-MS/MS 

Linearity: γ > 0.995 (linearity 

interval not shown) 

DL: 0.005-0.25 mg.kg-1 

Franca et 

al. (2019) 

Acid Red 14 

and metabolites 

Biological re-

actor effluent 

SPE (Oasis 

HLB gener-

ics) 

LC-MS/MS Qualitative method 

Li et al. 

(2013) 

Sudan (I–IV), 

Para Red and 

Chrysoidin 

Chili prod-

ucts 
Liquid-Liquid LC-MS/MS 

Linearity: 0.002-0.1 mg L-1 

(R>0.991) 

Matrix effect: -17.1 to 6.6% 

DL: 0.3-0.6 µg kg-1  

QL: 0.75-3 µg kg-1  

Copaciu et 

al. (2013) 

Nylosan Red 

N-2RBL 

Domestic 

sewage 

SPE (Strata 

WAX/NH2) 
LC-MS/MS 

Linearity: 0.001-0.1 mg L-1 

(R=0.9985) 

Recovery: 89.7 - 98.3% 

DL: 0.285 ng mL-1 

QL: 0.864 ng mL-1 

Abbreviations. Methods: SPE = solid phase extraction; LC-UV = liquid chromatography with ultraviolet detec-

tion; LC-DAD = liquid chromatography with diode array detection; LC-MS: liquid chromatography coupled to 

mass spectrometry analysis; LC-MS/MS: liquid chromatography coupled to tandem mass spectrometry analysis. 

Others: DL = detection limit; QL = quantification limit; RSD = relative standard deviation. 
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characteristics (Voyksner et al., 1993). Extraction of these compounds from complex matrices 

to minimize matrix effect is another bottleneck. However, methods based on solid-phase ex-

traction (SPE) may offer good results in terms of elimination of interferents from these matrices 

(Table 2. 2). Regarding detection, mass spectrometers interfaced with electrospray ionization 

(ESI-MS) have been successfully implemented for identification of sulfonated azo dyes in par-

ticular cases, and ionization in negative mode (ESI-) is often preferred due to the presence of 

sulfonic acid groups in these compounds (Ding et al., 2009; Holčapek et al., 2001, 1999; 

Reemtsma, 2003). 

6.  Biological treatment of effluents from the textile industry 

Physical-chemical treatment of textile wastewater has been the choice of many indus-

tries. However, processes involving chemical coagulation produce large amounts of contami-

nated sludge, which needs further handling (Gavazza et al., 2015; Singh et al., 2015; Solanki et 

al., 2013). Moreover, some technologies involved in the physical-chemical treatment of these 

wastes (e.g. membranes and filtering media) involve high costs (Santos et al., 2007; Sharma et 

al., 2016). Biological degradation of azo dyes has been proposed as a cost-effective and envi-

ronmentally sustainable alternative to those conventional techniques and has the potential to 

reduce or even eliminate the biotoxicity of these effluents (Amaral et al., 2014; Menezes et al., 

2019; Oliveira et al., 2020). 

The main known mechanisms of decolorization of azo dyes are: i) reductive decolori-

zation, in which azo bonds are reduced under anaerobic or anoxic conditions; and ii) processes 

involving lignin-modifying enzymes or enzymes from the oxidoreductase enzyme system (in-

cluding azoreductases), which can be carried in environments with varying redox potential con-

ditions (i.e. anaerobic, anoxic or aerobic). This review is going to cover particularly reductive 

decolorization due to the aims of this work and applicability to continuous bioreactor systems 

using mixed microbial culture technology.  

6.1. Reductive decolorization of azo dyes 

In the reductive decolorization process, azo dyes are directly reduced by biological en-

zymes, or indirectly, in the presence of redox mediators (RM). Reductive decolorization only 

occurs in anaerobiosis, in which the azo dye is the final electron acceptor. In aerobic conditions, 

oxygen is the final electron acceptor (Santos, 2001; Singh et al., 2015; Van Der Zee et al., 

2003).  
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Figure 2. 2-A shows the mechanism of reductive decolorization of azo dyes by reducing 

equivalents. Reducing equivalents are produced during the metabolization of a co-substrate, 

which is an easily biodegradable compound, and are used by bacterial enzymes which catalyze 

the reductive cleavage of the azo bond (Imran et al., 2016). The main class of enzymes suppos-

edly involved is azoreductase, but many other enzymes from the oxidoreductase enzyme sys-

tem were reported to have a substantial contribution in color removal under anaerobic or anoxic 

conditions (Jadhav et al., 2010; Pandey et al., 2007; Phugare et al., 2011; Telke et al., 2010).  

The use of RMs in enhancing the enzymatic reduction of azo dyes was addressed in 

several studies (Dos Santos et al., 2003; Santos et al., 2007, 2004). These compounds act as 

electron carriers by channeling electrons from reducing equivalents produced inside the micro-

bial cells to the azo compounds, as shown in Figure 2. 2-B (Imran et al., 2016; Rau and Stolz, 

2003). In spite of the good results obtained with batch experiments, the use of RMs showed 

little impact on the decolorization of azo dyes in continuous bioreactor systems (Braúna et al., 

2009; Dos Santos et al., 2003). However, good performance was obtained by applying RMs 

and thermophilic anaerobic treatment (Dos Santos et al., 2005).  

Figure 2. 2. Mechanism of azo dye decolorization in anaerobic systems. A) direct enzymatic 

electron transfer; and B) indirect electron transfer by redox mediators. Ered/Eox are, respectively, 

the reduced and oxidized forms of an enzyme, and Mred/Mox are the reduced and oxidized forms 

of a low molecular weight electron carrier (mediator). 

 

Source: adapted from Van Der Zee et al. (2003). 
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6.2. Sulfidogenesis interference on reductive decolorization 

Azo dyes can also be reduced chemically in bioreactors operating under sulfidogenic 

conditions. In this mechanism, hydrogen sulfide (H2S) produced by sulfate-reducing bacteria 

(SRB) abiotically transfer electrons to the azo compound. H2S is then oxidized to elementary 

sulfur (S0), whereas the azo dye is reduced leading to the formation of aromatic amines (Pandey 

et al., 2007; Van Der Zee et al., 2003). However, the abiotic mechanism was found to have a 

less relevant contribution to reductive decolorization of azo dyes compared to the mechanism 

mediated by biological enzymes (Van Der Zee et al., 2003). 

On the other hand, the contribution of biogenic sulfide can be counterbalanced by the 

interference of the sulfidogenic pathway on reductive decolorization. Amaral et al. (2014) ob-

served that high concentrations of sulfate ions (>300 mg L-1 SO4
2-) led to significant inhibition 

of color removal in a system operated with real textile effluent. In another study, the increase 

in the hydraulic retention time (HRT) resulted in better sulfate removal efficiencies, but decol-

orization efficiency was not improved (Amaral et al., 2017). It was hypothesized that reducing 

equivalents are preferentially used to reduce sulfate rather than azo dyes, in a competition mech-

anism similar to that observed between SRB and methanogens (Bijmans et al., 2011). 

6.3. Azo dyes and reduction products interference on methanogenesis 

The role of methanogens on the reductive decolorization process is still not a consensus 

in the literature. A few authors have stated that methanogenic archaea contribute in reductive 

decolorization (Pandey et al., 2007; Plumb et al., 2001; Santos et al., 2006). Other studies have 

shown that methanogens and azo reducers may compete for electron donors, and high concen-

tration of azo dyes can inhibit methane production (Cervantes et al., 2005; Dai et al., 2018, 

2016). Moreover, it was previously observed that azo dyes are more toxic to methanogenic 

archaea than their respective aromatic byproducts (Donlon et al., 1997).  

7. Azo dye biodegradation in continuous systems: reactor configuration, biomass and 

support material 

Several reactor configurations were previously proposed for the treatment of azo dye 

wastewaters. Table 2. 3 shows a summary of the main continuous reactor systems used in stud-

ies involving the complete or partial biodegradation of azo dyes. In the reductive decolorization 

process, the cleavage of the azo chromophore occurs as a result of electron transfer to the dye 
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molecule in the absence of molecular oxygen. Therefore, anaerobic process units are usually 

designed as the first stage in these bioreactor systems. 

The upflow anaerobic sludge blanket reactor (UASB) and the expanded granular sludge 

bed reactor (EGSB) are common choices among bioreactors in studies involving the reductive 

decolorization of azo dyes. However, the performance of these systems relies on a good gran-

ulation of the biomass (Fuess, 2017). In anaerobic treatment processes with phase separation, 

i.e., acidogenic and methanogenic stages occurring in distinct units, acidogenesis is expected to 

predominate in the 1st-stage reactor. The characteristics of the acidogenic biomass differ from 

those of the anaerobic granular sludge conventionally used in UASB and EGSB systems, alt-

hough stable performance has been achieved in acidogenic UASB reactors before (Braga et al., 

2016; Ribeiro et al., 2022). Among the innovative reactor configurations, anaerobic fixed-bed 

reactors with structured or randomic biomass immobilization are often preferred for the treat-

ment of high-strength wastewaters (de Aquino et al., 2017). The main examples of technologies 

using these media arrangements are the anaerobic packed-bed reactor (APBR) and the anaero-

bic structured-bed reactor (AnSTBR), respectively.   

In previous studies, an acidogenic APBR reactor was applied for the treatment of an 

effluent rich in sulfate (Fuess et al., 2017, 2016). In spite of the good performance initially 

obtained, the system struggled with excessive growth of biomass and required periodic dis-

charge of the excessive sludge. The study further mentions several APBR systems which col-

lapsed over a period of 50 – 60 days of operation. In a complex system as the one proposed in 

this work, the collapse of the preliminary unit would threaten the integrity of the whole system.  

The AnSTBR reactor built with polyurethane (PU) foam has been widely used in studies 

conducted in the Biological Processes Laboratory – LPB (São Carlos School of Engineering, 

University of São Paulo). According to Mockaitis et al. (2014), the AnSTBR has advantages 

over the APBR regarding the excessive accumulation of solids and continuous growth of bio-

mass, which lead to clogging and channeling effects. Microbial colonization in the PU foam 

matrix was found to occur in the form of both micro-granules entrapped in the porous medium, 

thin multi-cellular layers attached to the inner surface and individual cells (Varesche et al., 

1997). In the context of the biodegradation of azo dyes, the AnSTBR configuration was recently 

evaluated for the treatment of DB22 and sulfate removal using single-stage AD (Florêncio et 

al., 2021). DB22 decolorization and sulfate removal efficiencies achieved were 66.4 and 77.3%, 

respectively. The authors attributed the relatively low efficiencies to the competition between 

azo dyes and sulfate for reducing equivalents. 
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Table 2. 3. Main continuous reactor systems applied to the biodegradation of azo dyes in real 

or synthetic textile effluents. 

Reference 
Reactor configura-

tion / effluent type 
HRT (h) 

OLR  

(g-COD L-1 d-1) 
Average color removal 

Amaral et al. 

(2014) 

UASB-SAB/ 

real effluent 

UASB: P1: 12 

             P2: 12 

             P3: 8 

SAB:    P1: 9 

             P2: 9 

             P3: 6 

UASB: P1: 1.84 

             P2: 2.42 

             P3: 2.7 

SAB:   P1: 1.74 

            P2: 1.66 

            P3: 4.5 

UASB: P1: 30% 

             P2: 37% 

             P3: 52% 

SAB:   P1: 92% 

            P2: 62% 

            P3: 52% 

Amaral et al. 

(2017) 

UASB-SAB/ 

real effluent 

UASB: P1: 16 

             P2: 96 

SAB:    P1: 12 

             P2: 72 

UASB: P1: 1.77 

             P2: 1.41 

SAB:   P1: 1.33 

            P2: 0.73 

UASB: P1: 67% 

             P2: 55%  

Braúna et al 

(2009) 

EGSB/ 

synthetic effluent 
10 2.5 

R1a: P1: 89% 

       P2: 92% 

       P3: 87% 

R2: P1: 83% 

       P2: 91% 

       P3: 88% 

P.S.: similar performance in 

both the reactors 

Ferraz-Junior et 

al. (2011) 

UASB-SAB/ 

real effluent 

UASB: P1: 24 

             P2: 16.6 

             P3: 12.3 

SAB:    P1: 18 

             P2: 12.5 

             P3: 9.2 

UASB: P1: 1.3 

             P2: 1.2 

             P3: 3.2 

SAB:   P1: 1.0 

            P2: 0.9 

            P3: 2.6 

UASB: P1: 64% 

             P2: 40 (55%)b 

             P3: 10 (50%)b 

Firmino et al. 

(2010) 

UASB (single and 

two-stage/ 

synthetic and real ef-

fluent  

SS:  P1-6: 24 

        P7: 12 

AS:  P1-6: 4  

        P7: 6  

MS: P1-6: 20 

        P7: 10 

 

Synthetic effluent 

SS: 93.4-98.1%  

AS:  49-93.2%  

AS+M: 92.6-98.5%  

Textile effluent 

SS: 57.1% 

AS: 44.8% 

AS+M: 50.1% 

Gavazza et al. 

(2015) 

UASB/ 

synthetic effluent 
16 1,7 

R1c: 80% 

R2: 80% 

P.S.: significant decrease 

after exhaustion of the ad-

sorption sites 

Santos et al. 

(2003) 

EGSB/ 

synthetic effluent 
10 2,5-5 

R1a: 54-98% 

R2: 46-93% 

P.S.: similar performance in 

both the reactors 

Santos et al. 

(2005) 

EGSB/ 

real effluent 
2,5-10 5 

R1: 13-86% (30ºC) 

R2a: 47-88% (30ºC) 

R3: 69-91% (55ºC) 

R4a: 79-95% (55ºC) 

Notes: a reactor supplemented with redox mediator AQDS; b measurements in between parenthesis indicate color 

removal efficiencies after acclimation to the new conditions; c reactor coupled with electrode systems.  

Abbreviations: EGSB = expanded granular sludge bed reactor; SAB: submerged aerated biofilter; UASB = up-

flow anaerobic sludge blanket reactor; HRT = hydraulic retention time; OLR = organic loading rate; SS = single 

stage; AS = acidogenic stage; MS = methanogenic stage; AS+M: acidogenic and methanogenic stages combined. 

The competition between sulfate and azo dyes for reducing equivalents was previously 

reported in a study conducted by Amaral et al. (2014) in a UASB reactor fed with real textile 

wastewater. In the system proposed in this study, i.e. two stage AD system, it is expected that 
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azo reduction will occur predominantly in the 1st-stage reactor, where electrons produced during 

the organic matter conversion will be transferred to the azo compound in reactions mediated by 

oxidoreductase enzymes (Imran et al., 2016). In this way, competing reactions such as sulfate 

reduction and conversion of carbon dioxide to methane will be avoided, as they are expected to 

occur in the 2nd-stage of the AD system. 

8. Concluding remarks 

Reductive decolorization of azo dyes is a feasible alternative to the physical-chemical 

treatment processes from both the economic and environmental perspectives. The proposed 

strategy aims at enhancing the decolorization performance by using multiple stage anaerobic 

treatment. In the 1st-stage reactor, electron-competing processes such as methanogenesis and 

sulfidogenesis would be of lesser importance due to the environmental conditions typical of the 

fermentative metabolism, e.g. low pH and high applied organic loading rates. 
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fonated azo dyes in biological reactor effluents using LC-ESI-MS/MS. 

Chapter 3 
 

Broken into pieces: the challenges of determining sulfonated 
azo dyes in biological reactor effluents using LC-ESI-MS/MS 

 

Abstract: Most studies on biodegradation of textile azo dyes use color as parameter for meas-

uring the efficiency of degradation. Although widely employed, spectrophotometric methods 

are susceptible to the interference of metabolites or degradation products from the biological 

treatment. We propose a method for determination of a model sulfonated azo dye (Direct Black 

22, DB22) in wastewater using solid-phase extraction (SPE) and liquid chromatography – elec-

trospray ionization tandem mass spectrometry (LC-ESI-MS/MS). MS analysis in negative elec-

trospray ionization mode showed DB22 as the most abundant precursor ion, corresponding to 

[M–3Na+H]2-, which yields two radical anions of m/z 370.1 and m/z 645 after MS/MS frag-

mentation by collision-induced dissociation (CID). Calibration curve presented adequate line-

arity and precision in the range of 120–1500 ng mL-1, and recovery and detection limit were 

appropriate to the typically employed working concentrations. Nevertheless, we observed that 

standard heating of DB22 under alkaline conditions to simulate the production of wastewater 

during dye-baths resulted in loss of MS/MS signal, without affecting color. Further analysis 

showed that DB22 undergoes hydrolysis and does not remain unaltered in solution. Alternative 

methods of hydrolysis evaluated resulted in no MS/MS signal as well. SPE-LC-ESI-MS/MS 

analysis evidenced the structural change of DB22 in aqueous solution while the dyeing-capacity 

was preserved. This technique has also the potential of being tailored to consider the detection 

of the hydrolyzed fragments of azo dyes in wastewater for appropriate quantification, but it was 

not the scope of the current step of this research. Color remains as a more reliable parameter 

for monitoring azo compounds which are unstable in aqueous solution, while a more robust and 

holistic method needs to be developed for the speciation of the DB22 products of thermal hy-

drolysis. 
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1. Introduction 

Most studies on biodegradation of azo dyes use color to monitor the removal of these 

compounds. Nevertheless, spectrophotometric methods are susceptible to interference caused 

by metabolites produced in biological reactors. These interferences are even more significant 

in processes carried by mixed microbial consortia, which is the case of anaerobic digestion. 

Beyond that, color analysis is non-specific, and therefore this analysis is not appropriate for 

determining the concentration of azo dyes in wastewaters which contain multiple colorants. In 

this context, chromatography with tandem mass spectrometry is more suitable for quantification 

of azo compounds in complex matrices due to its high selectivity (Chiaradia et al., 2008). 

The main disadvantage associated with quantification of azo compounds using chroma-

tographic techniques lies in the difficulty of developing methods for the multitude of azo dyes 

that can be found in dye-related wastes, and which possess distinct physical and chemical char-

acteristics (Voyksner et al., 1993). Extraction of these compounds from complex matrices to 

minimize matrix effect is another bottleneck. However, methods based on solid-phase extrac-

tion (SPE) may offer good results in terms of elimination of interferences from these matrices 

(Franca et al., 2019). Regarding detection, mass spectrometers interfaced with electrospray ion-

ization (ESI-MS) have been successfully implemented for identification of sulfonated azo dyes 

in particular cases, and ionization in negative mode (ESI-) is often preferred due to the presence 

of sulfonic acid groups in these compounds (Ding et al., 2009; Holčapek et al., 2001, 1999; 

Reemtsma, 2003). 

In this study, we developed a method for the determination of the sulfonated azo dye 

Direct Black 22 (DB22) in effluents from biological reactors using SPE and liquid chromatog-

raphy – electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS).  Determination 

of DB22 using LC-ESI-MS/MS is particularly challenging because the commercial dye used 

by the textile industries has low purities (≤ 50%), and DB22 standards with higher purities are 

not available in the market. Despite the good results initially obtained, as revealed by analytical 

performance parameters, we demonstrate that the heating of a dye solution commonly per-

formed by textile industries to increase solubility in water may severely interfere in the quanti-

fication of these compounds. 
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2. Materials and Methods 

2.1. Chemicals and synthetic textile wastewater 

DB22 (CAS 6473-13-8) was acquired from the dye supplier Aupicor Quimica© 

(Pomerode – SC, Brazil) and had a molecular weight of 1083.97 g mol−1 and a 42% purity. 

DB22 is a tetra-azo dye with maximum absorbance wavelength of 481 nm and charge of -3 at 

pH 5-9 (http://chemicalize.com). Dye hydrolysis was conducted by increasing pH to 11 and 

heating at 85 ºC for 1 hour (Santos et al., 2004). Synthetic textile wastewater contained: glucose 

(1.50 g-COD.L-1), KH2PO4 (0.25 g.L-1), NaCl (0.5 g.L-1), Na2SO4 (0.5 g.L-1), yeast extract (0.2 

g.L-1), NaHCO3 (0.15 g.g-COD-1) and 1 mL L-1 of trace elements solution (Appendix A).  

2.2. Liquid chromatography – electrospray ionization tandem mass spectrometry 

(LC-ESI-MS/MS) 

 DB22 precursor ions were identified using the high resolution micrOTOF QII mass 

spectrometer (Bruker Daltonics, Bremen, Germany), a hybrid quadrupole time-of-flight mass 

spectrometer, coupled with an electrospray source operating in negative mode. A standard so-

lution of DB22 at 50 mg L-1 (acetonitrile:H2O 1:1) was directly introduced in the mass spec-

trometer at a flow rate of   3 µL.min-1. The source parameters were as follows: spray voltage, -

4 kV; temperature, 180 ºC; drying N2 flow, 4 mL min-1; nebulizer N2, 1 bar. 

 For DB22 quantification, we used a hybrid triple quadrupole-linear ion trap mass spec-

trometer QTRAP 5500 (AB SCIEX, Foster, CA) with a turbo ion spray source coupled to the 

LC system described above. Source-dependent parameters were optimized by flow injection 

analysis. The QTRAP was operated in negative ionization mode with selected reaction moni-

toring (SRM). All data was collected and processed in Analyst 1.6.1 software. Source parame-

ters were optimized by direct introducing DB22 at 1 mg L-1 (acetonitrile:AcNH4 50 mmol L-1  

1:1) in the QTRAP system at a flow rate of  10 µL min-1. System was set to ESI- and optimized 

parameters were as follows: spray voltage, -4.5 kV; source temperature, 350 ºC; N2 curtain gas, 

20 psi; nebulizer and heater N2, 50 psi. 

The analytical column was a Poroshell 120 EC-18 50.0 mm x 3.0 mm; 2.7 µm (Agilent, 

Melbourne, Australia), maintained at 30 ºC and at a flow of 0.3 mL min-1. Solvents were A = 

AcNH4 5 mM and B = acetonitrile:methanol (9:1), and the gradient program was: linear gradi-

ent from 5% B to 70% B, 1-21 min; then increased to 90% B within 2 min and kept at 90% B 

for 1 min; return to initial condition within 1 min. Injection volume was 10 µL.  

http://chemicalize.com/
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2.3.  Solid-phase extraction (SPE) 

SPE extraction was conducted in 6 mL Chromabond® cartridges packed with 

endcapped octadecyl silica (500 mg). Conditioning was accomplished by passing 6 mL of ace-

tonitrile followed by 6 mL of H2O through the column. Subsequently, 10 mL of sample was 

loaded onto the cartridge. Washing step involved the addition of 1 mL of H2O followed by 

vacuum for 30 s. The elution step was done with 2 mL of acetonitrile and sample extracts were 

diluted with H2O to a 10 mL final volume. 

2.4. Analytical performance parameters 

Recovery was calculated following the protocols of Matuszewski et al. (2003). Briefly, 

two calibration curves were constructed in the effluent of an acidogenic bioreactor (pH 5.0) fed 

with dye-free synthetic textile wastewater. The effluent was composed mainly of volatile or-

ganic acids and solvents, whose total concentration  in terms of chemical oxygen demand 

(COD) was 1264.8 mg L-1 COD.  DB22 standards (120-1500 ng mL-1) were spiked either after 

(Curve A) or before (Curve B) SPE extraction. True recovery was calculated by using the ratio 

between slopes of the respective calibration curves (B/A x 100).  

Linearity, precision, and accuracy were evaluated following the protocols of ANVISA 

RDC 166/2017. A signal-to-noise ratio of 10 was considered for the calculation of the limit of 

detection. 

3. Results  

3.1. ESI-MS spectra 

High resolution full-MS scan (50 – 3000 Da) results obtained in the micrOTOF QII 

mass spectrometry showed that DB22 forms molecular ions with the general expression [M–

xNa+yH]x-y, in which the maximum values of x-y are equal to or lower than the number of 

sulfonic acid groups in the molecule (Figure 3. 1). This fragmentation pattern in negative ioni-

zation mode was observed in other studies on identification of azo dyes using ESI-MS (Ding et 

al., 2009; Holčapek et al., 2001, 1999). The charges of the molecular ions were determined 

from the mass difference of the isotopic ions, i.e. three-charged ions have isotopes wi  th Δm/z 

= 0.33 (Figure 3. 2). 
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Figure 3. 1. High-resolution ESI-/MS spectrum of Direct Black 22 obtained in fullMS-scan 

mode in the range 50 – 3000 Da using a hybrid quadrupole time-of-flight mass spectrometer 

(micrOTOF QII). 

 

3.2. ESI-MS/MS spectra 

Focusing on the quantitative purpose, DB22 ESI-MS/MS spectra was also evaluated in 

the QTRAP 5500 system by collision-induced dissociation of the precursor ion of m/z 507.6. 

Results revealed the acquisition of fragment ions at m/z 370.1, m/z 645.0 and m/z 356.0. It is 

worth noting that these fragments result from the cleavage of an azo bond from the precursor  

ion, yielding radical anions with two unpaired electrons (Figure 3. 3). This fragmentation pat-

tern, i.e. in which cleavage occurs in the N=N double bond, was also observed by Franca et al. 

(2019) for a similar compound. Nevertheless, most studies within this scope have proposed a 

distinct MS/MS fragmentation pattern for sulfonated azo dyes  (Ding et al., 2009; Reemtsma, 

2003; Richardson et al., 1992; Sullivan et al., 1998). According to them, azo compounds un-

dergo a hydrazo-azo tautomerization and split at the C-N bond on either side of the azo bonds; 

or even at the N-N single bond of the resulting hydrazo form. No other studies on the determi-

nation or identification of DB22 using LC-ESI-MS were found in the current literature.  
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Figure 3. 2. Isotopic profile of the most abundant precursor ions of Direct Black 22: A) isotopes 

of [M-3Na+H]2-, with  Δm/z = 0.50; and B) isotopes of [M-3Na]3-, with Δm/z = 0.33. High 

resolution ESI-/MS spectra were obtained using a hybrid quadrupole time-of-flight mass 

spectrometer (micrOTOF QII). 

Figure 3. 3. Scheme of the proposed fragmentation pattern of DB22.
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3.3. LC-MS Analysis 

Detection parameters used in the LC-ESI-MS/MS analysis of DB22 are shown in the 

Table 3. 1. Ion pairs m/z 507.6 → m/z 370.1 were selected for quantification of DB22 due to 

the greater formation of product ions of m/z 370.1, whereas product ion m/z 645 was used as 

confirmation ion. The LC-ESI-MS/MS chromatogram of the sample matrix spiked with 1200 

ng mL-1 of DB22, subjected to SPE extraction, is shown in the Figure 3. 4. 

Table 3. 1. Optimized parameters used for the analysis of DB22 by offline SPE LC- MS/MS 

in ESI- ionization mode in quadrupole ion trap mass spectromer. 

RT  

(min) 

Q1 Q3 
DP 

(eV) 

EP 

(eV) 

CE 

(eV) 

CXP 

(eV) 
Precursor  

ion 
m/z 

Product 

ion 
m/z 

12.61 [M-3Na+H]2- 507.6 

C16H12N5O4S-(2•) 370.1 -130 -10 -28 -15 

C28H21N8O7S2
-(2•) 645 -130 -10 -22 -27 

C16H12N4O4S-• 356 -130 -10 -34 -15 

 

Figure 3. 4. LC-ESI-MS/MS chromatogram of DB22 extracted from the effluent of a biological 

reactor using SPE.  

 

 

3.4. Analytical method evaluation 

Linearity of the SPE LC-ESI-MS/MS method was evaluated according to Brazilian 

Health Surveillance Agency (ANVISA) RDC 166/2017. Eight different concentrations of 

DB22 (120-1500 ng mL-1) were spiked in the biological reactor effluent and triplicate samples 

were processed using offline SPE. The calibration curve is shown in Figure 3. 5.    
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Figure 3. 5. Calibration curve constructed with DB22 standards extracted from the matrix by 

offline SPE (A) and residual plot for the weighted (1/X) linear regression model (B).  

  

 

The weighted (1/X) linear regression model fitted better to the values of peak area. The 

correlation coefficient obtained for samples spiked with DB22 before SPE (Curve B) was R = 

0.9947 for the working concentrations ranging from 120 to 1500 ng mL-1 (Table 3. 2). LoD 

found was 12 ng mL-1. The concentrations of 30 and 60 ng mL-1 were also evaluated but were 

discarded due to the low accuracy values (% bias) of these determination points. 

Table 3. 2. Parameters of the calibration curve constructed by spiking DB22 standards to the 

study matrix either after (Curve A) or before (Curve B) offline SPE extraction.   

  
LoD 

(ng mL-1) 

Linear range  

(ng mL-1) 
Slope Intercept 

Correlation co-

efficient 
Calibration 

Samples 

spiked after ex-

traction 

(Curve A) 

N/A 120-600 912 41200 0.9714 1/X 

Samples 

spiked before 

extraction 

(Curve B) 

12 120-1500 360 21600 0.9947 1/X 

 

Regression was considered statistically significant in the goodness of fit test far beyond 

the 5% level (p < 0.0001). Calculated F-value (Fcalc = 710.7) is far greater than the F-distribution 

(Fcrit = 4.30), showing that the regression is highly predictive (Box and Wetz, 1973). The ration 

between the lack of fit mean square and the pure error mean square was 2.4 – lower than the 
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Fcrit of 2.74 –, indicating that the model fitted well to the data. The residual plot shown in Figure 

3. 5-B further supports that there is no evidence of lack of fit, as points are randomly distributed.  

Table 3. 3. ANOVA for the fit of a weighted (1/X) linear regression model to chromatographic 

area of DB22 peaks for samples spiked before offline SPE extraction at 5% significance level. 

 Sum of squares DFa Mean square F-value p-value 

Regression 227316940555.6 1 227316940555.6 710.7 < .00001 

Residues 7037100000.0 22 319868181.8 
  

Lack of fit 3357213333.3 6 559535555.6 2.4 0.075762 

Pure error 3679886666.7 16 229992916.7 
  

Total 234354040555.6 23       

 a DF: degrees of freedom 

 

The precision (CV) of the method was determined by triplicate analysis at all levels 

used in the construction of the calibration curve. The range of CV values was 0.5-15% for the 

set of samples spiked before extraction. Accuracy values ranged from -7.2 to 9.3%, falling 

within the acceptable limits, i.e. from 80 to 120% of the nominal concentration.  

Table 3. 4. Precision, measured as a percentage relative standard deviation (CV), and accuracy 

assessments of the analythical method developed for determining DB22 in biological reactor 

effluents.  

Expected concentration Mean Standard deviation CV (%) Accuracy (% bias) 

120 111.4 7.8 7.0 -7.2 

180 170.8 25.3 14.8 -5.1 

300 319.4 17.6 5.5 6.5 

450 467.0 55.3 11.8 3.8 

600 655.7 24.6 3.8 9.3 

900 841.8 42.4 5.0 -6.5 

1200 1217.9 87.7 7.2 1.5 

1500 1466.1 7.8 0.5 -2.3 

 

Recovery of the proposed offline SPE protocol was obtained from the ration between 

the slopes of the calibration curves constructed with samples spiked before (Curve B) and after 

(Curve A) extraction (Figure 3. 6). A 39.5% recovery was obtained for concentrations ranging 

from 100 to 600 ng mL-1 DB22. Recovery at higher concentrations (above 600 ng mL-1) could 

not be estimated because the response is not linear for peak areas higher than 6.0 x 105. 
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Although partial, recovery did not affect the precision and linearity of the analytical method. It 

should be emphasized that azo dyes are usually found in textile effluents at concentrations much 

higher than those used in the construction of the calibration curve in this study (120 – 1500 ng 

mL-1). According to Amorim et al. (2013), textile wastewater containing mainly DB22 presents 

a color index corresponding to approximately 65 mg L-1 DB22. Therefore, optimization of this 

method to improve the SPE method aiming at higher recoveries is not necessary. 

 

Figure 3. 6. Comparinson between calibration curves constructed with samples spiked either 

after (Curve A) or before (Curve B) offline SPE processing to estimate the true recovery.  

  

3.5. Determination of DB22 in biological reactor effluents 

The anaerobic structured-bed reactor was fed with synthetic textile wastewater contain-

ing DB22 (32.5 mg L-1). During the feeding preparation, DB22 in solution was heated at 85 ºC 

for 1 h to increase solubility in water, as this is a common step in the textile wet processing 

chain and dye-baths are performed at high temperatures (Santos et al., 2007). However, no 

DB22 signal was observed in either the feed or effluent of the bioreactor. A series of trouble-

shooting procedures performed to diagnose the problem revealed that heating of DB22 was the 

cause of the loss in LC-MS/MS signal (Figure 3. 7).  

Alternative solubilization of DB22 at lower temperatures or with sonication gave no 

LC-MS/MS signal as well. ESI-/MS spectrum of the modified DB22 obtained in Full-Scan 

mode revealed a high abundance of single-charged fragments with m/z 308.1 and m/z 371.0, 

which correspond to smaller fragments of DB22 (Appendix A).  
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Previous research has showed that azo dyes containing naphthyl groups are expected to 

undergo tautomerization, as resulting hydrazone tautomers are more stable over the azo forms 

(Özen et al., 2007). However, double bonds of the N-N=C hydrazone groups are susceptible to 

hydrolytic cleavage (Itoh et al., 2008), and hydrolysis of hydrazone compounds under either 

acidic or basic conditions has been reported in several studies (Buss and Ponka, 2003; Kalia 

and Raines, 2008; Richardson et al., 1989). The mechanism of Schiff bases hydrolysis (includ-

ing hydrazones) was postulated by Bruylants and Feytmants-de Medicis (2010) and involves a 

pre-ionization equilibrium followed by nucleophilic attack on the protonated Schiff base. More-

over, the rate of hydrolysis increases with pH as a consequence of the ionization of hydroxyl 

groups, further supporting that DB22 undergoes transformation under alkaline conditions. The 

proposed mechanism of DB22 hydrolysis is shown in  Figure 3. 8. 

Figure 3. 7. Troubleshooting procedures to diagnose failures in LC-MS/MS detection of Direct 

Black 22 (DB22) in wastewater. A) steps performed in the contruction of the calibration curve; 

B) steps involved in the bioreactor feeding preparation, including several methods of DB22 

solubilization assessed; and C) further actions taken to test whether SPE was the cause of failure 

in the DB22 detection. 
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4.  Discussion 

Reactive dyes are known to react with either cellulose or water at high temperatures and 

under alkaline conditions (Weber and Stickney, 1993). For this reason, studies on degradation 

of reactive azo dyes are often conducted after hydrolysis of these compounds to simulate their 

actual states in wastewater. Hydrolysis is usually conducted at pH 10-12, temperatures ranging 

from room- to boiling-temperature (usual range is 70-85 ºC) and for the period of 1-3 h (de 

Souza et al., 2010; Dos Santos et al., 2003; Gottlieb et al., 2003; Rehorek et al., 2004; Weber 

and Stickney, 1993; Zhang et al., 2007).  

Figure 3. 8. Proposed mechanism of hydrolysis of the azo dye Direct Black 22 (DB22) at high 

temperature and alkaline conditions, yielding smaller fragments with m/z 308.08 and m/z 

371.04.  
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However, reactivity is not a proven attribute among direct dyes. Many studies conducted 

with this class of dyes do not use any type of thermal or alkaline treatment prior to experiments 

(Malik and Saha, 2003; Rehorek et al., 2004; Shi et al., 2007). Our observations with DB22 

seems to be controversial, as this dye was found to be relatively insoluble in water unless it 

undergoes thermal treatment. Heating of the dye solution at 85 ºC and pH 11 was also performed 

in other studies using DB22 to increase its solubility in water (Amorim et al., 2013; Carvalho 

et al., 2020; Florêncio et al., 2021; Gavazza et al., 2015; Menezes et al., 2019; Oliveira et al., 

2020). 

A previous evidence of hydrolysis among direct dyes was observed by Byberg et al. 

(2013).  According to their findings, several dyes belonging to this class were transformed after 

heating at 80 ºC for 90 min, and modified direct dyes were more recalcitrant to photocatalytic 

degradation. Although the authors used the term hydrolysis to refer to the transformation in the 

azo dyes, chemical structure of the modified compounds was not assessed. In the case of DB22, 

we observed that the dye was partially fragmented upon solubilization at temperatures ranging 

from 40–85 ºC or sonication and under pH 11 or natural pH (pH 10.4 in solution). We proposed 

a mechanism of DB22 hydrolysis in which the compound is subjected to an azo-hydrazone 

tautomerism followed by hydrolytic cleavage of the resulting C=N double bonds. Hydrolysis 

was less significative in freshly prepared solutions of DB22 in acetonitrile:H2O 1:1.  

DB22 hydrolysis raises a question on whether MS based techniques are more appropri-

ate than conventional color analysis for monitoring the azo dye biodegradation in biological 

reactors, in spite of the limitations of the later regarding the selectivity. Dye impurities, which 

result mainly from incomplete reactions during the dye synthesis, may have similar properties 

as the dye’s itself and cannot be targeted by the LC-ESI-MS method as well. However, this 

analysis can be tailored to consider the detection of representative hydrolyzed fragments of azo 

dyes in wastewater, of whom the removal is an indicative of the overall removal efficiency of 

azo dye fragments in the system.  

5. Conclusions 

The extraction method and sample preparation, although without thorough optimization, 

met the needs of the analysis, particularly because working concentrations are high. Recovery 

was partial but did not affect the performance of the analytical parameters (particularly preci-

sion and linearity). However, no LC-ESI-MS/MS signal was observed after solubilization of 

DB22 using standard procedures to simulate the steps involved in the textile wet processing 
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chain. Further analysis showed that DB22 is unstable and undergoes hydrolysis at high temper-

atures and under alkaline conditions. These results show that the LC-ESI-MS/MS analysis 

should be tailored to consider the detection of the hydrolysed fragments of azo dyes in 

wastewater for appropriate detection. Color remains as a reliable method for the monitoring of 

direct azo dyes which are unstable in solution, but azo dye concentrations cannot be determined 

based on the reflection properties of these dyes solely. 
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Chapter 4 
 

Two-stage anaerobic digestion system for biotransfor-
mation of an azo dye in the presence of sulfate: minimizing 

competition for reducing equivalents 
 

Abstract. Anaerobic treatment of azo dyes is particularly challenging in the case of 

wastewaters containing sulfate. We studied the use of multiple stage anaerobic system to 

minimize the impacts of sulfidogenesis and methanogenesis on the decolorization and 

biotransformation of an azo dye. The system was composed of a 1st-stage anaerobic struc-

tured-bed reactor (R1), designed for removal of color, followed by a 2nd-stage upflow 

anaerobic sludge blanket reactor (R2) intended for organic matter and sulfate removals. 

Results showed that near complete decolorization was achieved in R1 when a dye loading 

rate of 222 ± 9 mg L-1 d-1 was applied. Sulfidogenic activity in this reactor was negligible 

due to the low pH and did not impair reductive decolorization. After increasing dye load, 

decolorization efficiency in R1 decreased, but gradually recovered in the following 

weeks. R2 kept decolorization around 90% even when R1 presented decreased efficien-

cies, keeping up with overall performance. Residual organic matter in the system’s final 

effluent consisted of aromatic amines and other dye fragments recalcitrant to anaerobic 

digestion (AD), whose concentrations further increased after treatment in R2. The aver-

age volumetric methane production rate achieved in R2 was 472 ± 111 mL L-1 d-1.  The 

two-stage AD system provided enhanced removals of color, organic matter and sulfate 

by eliminating issues related to the competition for reducing equivalents. 

  

https://doi.org/10.1016/j.jwpe.2022.102819
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1. Introduction 

Bioremediation  has proven to be a cost-effective and environmentally sustainable 

solution for the treatment of wastewaters containing azo dyes (Menezes et al., 2019; 

Oliveira et al., 2020). Reductive decolorization is a common choice among the biological 

processes due to advantages such as reduced sludge generation, potential for biogas pro-

duction and applicability in continuous systems using mixed microbial consortium. Nev-

ertheless, textile wastewaters are usually rich in sulfate, which were found to negatively 

affect color removal in anaerobic systems in the case of specific azo dyes (Amaral et al., 

2017, 2014). 

Sulfate reduction is not desired in biodigesters treating azo dye due to the con-

sumption of electrons that are not associated with reductive decolorization (Santos et al., 

2007), in a mechanism similar to the competition that occurs between sulfate reducing 

bacteria and methanogens (Bijmans et al., 2011). Dai et al. (2018) observed that meth-

anogens may also compete with azo reducers for the electrons released from the organic 

matter oxidation. AD in multiple stages seems appropriate for solving this issue by 

providing environments with singular characteristics. 

In a two-stage AD system, sulfidogenesis and methanogenesis can be partially 

inhibited by either the low pH or the high organic loading rate (OLR) in the 1st-stage 

reactor (Ripley et al., 1986; Sharma et al., 2014; Wang and Yin, 2017), while stimulated 

in the following unit. Then, electrons from the co-substrate could be preferentially used 

to reduce azo compounds. A few studies have used two-stage anaerobic systems for re-

moval of azo dyes before (Firmino et al., 2010; Talarposhti et al., 2001), but these exper-

iments were not carried under sulfidogenic conditions. To the best of our knowledge, the 

use of multiple stages aiming at minimizing the impacts of both sulfidogenesis and meth-

anogenesis on reductive decolorization was not investigated before.  

The use of a preliminary unit specially designed for decolorization and conversion 

of carbohydrates has additional advantages. Shorter hydraulic retention times (HRTs) and 

higher azo dye loads can be applied in these reactors, reducing capital and operating costs. 

Moreover, this system’s configuration can ease our understanding on the role of distinct 

groups of microorganisms on anaerobic treatment of azo dye wastewaters. For instance, 

there is evidence that acidogens play  a major role in decolorizing processes (Cervantes 

et al., 2005; Firmino et al., 2010), while the involvement of methanogenic archaea is 
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rather controversial. A few authors have stated that methanogenic archaea contribute in 

reductive decolorization (Pandey et al., 2007; Plumb et al., 2001; Santos et al., 2006). 

Other studies have shown that methanogens and azo reducers may compete for electron 

donors, and high concentration of azo dyes can inhibit methane production (Cervantes et 

al., 2005; Dai et al., 2018, 2016). 

In this study, we assessed the use of a two-stage AD system for enhanced bio-

transformation of a model azo dye, Direct Black 22 (DB22), in the presence of sulfate 

ions. DB22 is extensively used in the Brazilian textile industry (Amaral et al., 2014) and 

was proven to be toxic to several bioindicators (Carvalho et al., 2020; Oliveira et al., 

2020). Although the ability of azo dyes to be outcompeted depends on the dye’s redox 

potential (Dubin and Wright, 1975), DB22 was showed to be affected in an experiment 

using single-stage anaerobic treatment (Amaral et al., 2014). The 1st-stage consisted of an 

anaerobic structured-bed reactor (AnSTBR), a configuration that was previously studied 

for simultaneous removal of azo dyes and sulfate (Florêncio et al., 2021); and the 2nd-

stage was an  upflow anaerobic sludge blanket reactor (UASB). The system was operated 

under electron-limiting conditions, as showed by mass balance analysis. We further mon-

itored biogas production, organic matter conversion, and the concentration of total aro-

matic amines (TAA) in the system, providing a comprehensive view of the proposed sys-

tem.   

2. Material and Methods 

2.1. Chemicals and synthetic textile wastewater  

DB22 (CAS 6473-13-8) was acquired from the dye supplier Aupicor Quimica© 

(Pomerode, SC) and had a molecular weight of 1083.97 g mol−1 and a 42% purity. Phys-

ical-chemical properties of the dye are shown in Appendix B. Dye hydrolysis was con-

ducted by increasing pH to 11 and heating at 80 ºC for 1 hour (Santos et al., 2004). Syn-

thetic textile wastewater was based on the composition of real textile effluent (Amorim 

et al., 2013) and contained: DB22 (0-65 mg L-1), glucose (1.60 g COD L-1), KH2PO4 (0.25 

g L-1), NaCl (0.50 g L-1), Na2SO4 (0-0.50 g L-1), yeast extract (0.20 g L-1), NaHCO3 (0.15 

g g-1 COD) and 1 mL L-1 trace elements solution (composition is shown in the Appendix 

B section). The pH of the feed was kept at 7.0 ± 0.1. 
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2.2. Two-stage system setup and operational strategies 

The two-stage AD system was composed of an AnSTBR, R1, designed for re-

moval of color, followed by an UASB, R2, intended for organic matter and sulfate re-

movals. R1 was built with a cylindrical shape (internal diameter = 64 mm and height = 

650 mm), a conical bottom (height = 80 mm) and a headspace 150 mm tall. Total working 

volume was 2.45 L. The fixed-bed was constructed with seven polyurethane foam rods 

(10x10x650 mm) strategically placed along a vertical axis made with galvanized wire. 

R2 had a cylindrical shape (internal diameter = 52 mm and height = 400 mm) and a gas-

solid-liquid triphasic separator (height = 151 mm), with a total working volume of 1.35 

L. Details for both the reactors design are shown in the Appendix B section. 

R1 and R2 were operated in series and in continuous flow mode for a period of 

328 days at mesophilic temperature (30 ºC). Applied OLRs, expressed as chemical oxy-

gen demand (COD), were 11.7 and 2.0 g L-1 d-1, respectively, in reactors R1 and R2. 

Corresponding HRT values were 3.5 and 16 h. R1 was fed with the synthetic textile 

wastewater described in Section 2.1. R2 was fed with the effluent from R1 after the addi-

tion of NaHCO3 (0.70 g L-1) to keep pH at around 6.0. Bioreactors were inoculated with 

anaerobic sludge from a full scale UASB reactor (Pereira – SP, Brazil) processing 

wastewater from a poultry slaughterhouse. For R1, the sludge was previously heat-treated 

at 100 ºC for 1 h for inactivation of methanogenic archaea (Wang and Yin, 2017). Strat-

egies used in the operation of the AD system are shown in Table 4. 1.  

Table 4. 1. Strategies used in the operation of the two-phase AD system. 

Operational phase Operation days Description 

PI 1-87 Start-up and stabilization 

PII 88-182 32.5 mg L-1 DB22 

PIII 183-263 
32.5 mg L-1 DB22 + 338 mg L-1 

SO4
2- 

PIV 264-328 65 mg L-1 DB22 + 338 mg L-1 SO4
2- 
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2.3. Physical-chemical analysis 

COD, sulfate (SO4
2-), sulfide (S2-), pH and volatile suspended solids (VSS) were 

measured according to the protocols of the APHA Standard Methods (2005). For SO4
2- 

and S2- analysis, liquid samples were collected using a syringe to avoid exposure to the 

atmosphere and preserved in flasks containing hydrochloric acid (1 M) and zinc acetate 

(1 M), respectively. Sulfide interference on COD test was eliminated by adding zinc sul-

fate in excess to the samples. Soluble carbohydrates (CH) and lactic acid concentrations 

were determined according to DuBois et al. (1956) and Taylor (1996), respectively. Color 

removal was evaluated using the spectra record method (Wu et al., 1998; APHA, 2005), 

after diluting samples with phosphate buffer (10.86 g L-1 NaH2PO4 e 5.98 g L-1 Na2HPO4) 

(Firmino et al., 2010). DB22 biodegradation was qualitatively assessed using the UV-VIS 

spectrophotometric method (Pinheiro et al., 2004). TAA were determined colorimetri-

cally (Jayapal et al., 2018), and results were expressed in terms of concentration of sul-

fanilic acid.   

2.4. Gas phase monitoring  

Biogas composition in R1 (H2, CH4 and CO2) was measured  using a Shimadzu 

GC-2010 with thermal conductivity detector (TCD), a Carboxen®-1010 PLOT column 

(0.53 mm x 30 m x 30 µm) and using argon as carrier gas (Perna et al., 2013). In R2, 

biogas composition (H2S, CH4 and CO2) was analyzed using a Shimadzu GC-2014 

equipped with TCD, a HP-PLOT/Q column (0.53 mm x 30 m x 40 µm) and using H2 as 

carrier gas (Lebrero et al., 2016). Biogas flow rate (BFR) was continuously measured 

using a system composed of a glass column (U-tube) filled with NaCl 3.4 mol L-1 (pH 

2.0) and an Arduino® microcontroller (Gyalai-Korpos et al., 2014). 

2.5. Performance evaluation 

Response variables used to assess the performance of the two-phase AD system 

included decolorization (in %), COD and SO4
2- removals (in %), conversion of total CH 

(CECH, in %), volumetric hydrogen production rate (VHPR, in mL H2 L
-1 d-1), volumetric 

methane production rate (VMPR, in mL CH4 L
-1 d-1) and molar methane flow (MMF, in 

mmol CH4 d
-1). Equations for calculating these variables are shown below: 
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𝐷𝑒𝑐𝑜𝑙𝑜𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =  
∫ 𝐴𝑓𝑒𝑒𝑑 ∙ dλ − ∫ 𝐴𝑒𝑓𝑓𝑙 ∙ dλ

700 𝑛𝑚

400 𝑛𝑚

700 𝑛𝑚

400 𝑛𝑚

∫ 𝐴𝑓𝑒𝑒𝑑 ∙ dλ
700 𝑛𝑚

400 𝑛𝑚

 ∙  100                          (Eq. 1) 

 

in which 𝐴𝑓𝑒𝑒𝑑 is the absorbance of the feed; 𝐴𝑒𝑓𝑓𝑙 is the absorbance of the effluent; and 

dλ is an infinitesimal wavelength interval. 

 

VHPR =
BFR ∙ %H2 ∙  𝑃𝑙𝑜𝑐𝑎𝑙 ∙  𝑇𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑉𝑅  ∙  𝑇𝑙𝑜𝑐𝑎𝑙  ∙  𝑃𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑  
                                                                         (Eq. 2) 

 

VMPR =
BFR ∙ %CH4 ∙ 𝑃𝑙𝑜𝑐𝑎𝑙 ∙  𝑇𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑉𝑅  ∙  𝑇𝑙𝑜𝑐𝑎𝑙  ∙  𝑃𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
                                                                       (Eq. 3) 

 

in which BFR is the biogas flow rate; %𝐻2 and %𝐶𝐻4 are, respectively, the hydrogen 

and methane contents in the biogas; 𝑃𝑙𝑜𝑐𝑎𝑙 and 𝑃𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 are, respectively, the local and 

standard atmospheric pressure (atm); 𝑇𝑙𝑜𝑐𝑎𝑙 and 𝑇𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 are, respectively, the tempera-

ture measured in the gasometer and the standard temperature (K); and 𝑉𝑅 is the working 

volume of the reactor (L). 

 

𝑀𝑀𝐹 =  
BFR ∙ %CH4 ∙ 𝑃𝑙𝑜𝑐𝑎𝑙

𝑇𝑙𝑜𝑐𝑎𝑙 R
                                                                                           (Eq. 4) 

 

in which 𝑅 is the universal gas law constant (0.082 atm L mol-1 K-1). 

 The mass balance for R2 was calculated using the Eq. (5).  

 

𝑀𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 (%)  =  
(𝐶𝑂𝐷𝐶𝐻4,𝑏+ 𝐶𝑂𝐷𝐶𝐻4,𝑑 + 𝐶𝑂𝐷𝑉𝑆𝑆+ 𝐶𝑂𝐷𝑠𝑢𝑙𝑓 + 𝐶𝑂𝐷𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙)

𝐶𝑂𝐷𝑎𝑝𝑝𝑙𝑖𝑒𝑑
 ∙ 100   (Eq. 5)  

 

in which CODCH4,b and 𝐶𝑂𝐷𝐶𝐻4,𝑑 (in mg d-1) are the COD corresponding to both the 

fraction of methane in the biogas and the fraction of methane dissolved in the liquid phase, 

respectively; CODVSS (in mg d-1) is the COD removed for cell synthesis; 𝐶𝑂𝐷𝑠𝑢𝑙𝑓 (in mg 

d-1) is the COD requirement for sulfate reduction; 𝐶𝑂𝐷𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 (in mg d-1) is the remaining 

COD in the effluent from R2; and 𝐶𝑂𝐷𝑎𝑝𝑝𝑙𝑖𝑒𝑑 (in mg d-1) is the total COD applied to R2. 

Parameters were calculated using the Eq. (4), (6), (7) and (8), as well as the following 

COD conversion factors: (i) 4.00 g COD g-1 CH4, given by the oxidation reaction (1); (ii) 
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1.42 g COD g-1 VSS, given by reaction (2); and (iii) 1.5 g SO4
2- g-1 COD (Deng et al., 

2016). 

 

𝐶𝐻4  +  2𝑂2  →  𝐶𝑂2  +  2𝐻2𝑂                                                                              (𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 1) 

 

𝐶5𝐻7𝑂2𝑁 +  5𝑂2  →  5𝐶𝑂2  +  2𝐻2𝑂 +  𝑁𝐻3                                                 (𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 2) 

 

𝑋𝐶𝐻4  =  𝑀𝐶𝐻4  ∙  𝑃𝐶𝐻4  ∙  𝐾𝐻                                                                                            (Eq. 6)      

  

in which 𝑋𝐶𝐻4 is the dissolved methane concentration (g L-1); PCH4 is the methane partial 

pressure in the biogas (atm); and 𝐾𝐻 is the Henry’s law constant for methane in water at 

25 ºC (1.34 ∙ 10-3 mol L-1 atm-1) (Godoi et al., 2015).  

 

𝐶𝑂𝐷𝑎𝑝𝑝𝑙𝑖𝑒𝑑  = 𝐶𝑂𝐷𝑓𝑒𝑒𝑑 ∙  Q                                                                                               (𝐸𝑞. 7)  

  

𝐶𝑂𝐷𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙  = 𝐶𝑂𝐷𝑒𝑓𝑓𝑙  ∙  Q                                                                                             (𝐸𝑞. 8)  

  

in which 𝐶𝑂𝐷𝑓𝑒𝑒𝑑 is the total COD concentration in the feed (mg L-1), 𝐶𝑂𝐷𝑒𝑓𝑓𝑙 is the 

soluble COD concentration in the effluent (mg L-1)  and Q is the flow rate in the bioreactor 

(L d-1). 

A more detailed step-by-step calculation is provided in the published dataset 

(Oliveira, 2022). 

2.6. Statistical analysis 

Statistical analysis was performed to compare TAA values in the effluents from 

R1 and R2 within the same operational phase. Data normality was previously assessed 

using the Shapiro-Wilk test. Since some of the data subsets presented skewed distribution, 

the non-parametric Kruskal-Wallis test was used to test for differences between TAA 

values at a significance level of p≤0.05. Calculations were performed using the PAST 4 

software (Hammer et al., 2001).   
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3. Results and Discussion 

3.1. First-stage reactor: organic matter conversion and biogas production  

An average OLR of 11.70 ± 0.93 g L-1 d-1 was applied to R1 during the 328 days 

of continuous operation (Figure 4. 1-A). The average OLR in the effluent was 9.80 ± 0.77 

g L-1 d-1, which represented an average COD removal efficiency of 16.1 ± 5.0%. Similar 

performances were observed in other studies involving the use of acidogenic systems for 

the treatment of industrial effluents (Oktem et al., 2006; Saddoud et al., 2007; Talarposhti 

et al., 2001). Organic matter removal in acidogenic systems is related to cell synthesis 

and therefore are typically low. COD removal was stable through all operation and was 

not affected by either the addition of DB22 (PII) or sulfate (PIII). 

CECH was around 99% during most of the operation (Figure 4. 2-B). Nevertheless, 

we observed a drop in CECH to nearly 70% after the addition of 32.5 mg L-1 DB22 in PII 

(residual concentration of CH in the effluent was around 500 mg L-1). This was likely 

caused by a toxic effect of the azo compound to the microorganisms involved in the aci-

dogenesis process. CECH above 90% was reestablished in R1 in the 14th day after transi-

tion to PII, suggesting that microorganisms became acclimated to the dye and to interme-

diates of the reductive decolorization. 

There was a correlation between the BFR and the VHPR in the beginning of R1 

operation (Figure 4. 2). In the 7th day, biohydrogen (bioH2) content reached 45.9%. Max-

imum BFR and VHPR values were, respectively, 3376 mL d-1 and 633 mL L-1 d-1. This 

was followed by a drop in bioH2 production, which was nearly zero during the rest of the 

operation. Since then, VHPR was not correlated with BFR and carbon dioxide was the 

main biogas component. 

Instability in bioH2 production is one of the main challenges encountered by those 

studying energy recovery from wastewater. Some of the largest problems reported are 

shifts in the structure of the microbial community – which causes changes in the end 

products of the microbial metabolism –, and the presence of both hydrogen-consuming 

microorganisms and organisms that compete for the organic substrate, e.g. lactic acid 

bacteria (Castelló et al., 2019). However, we did not observe an increase in methane pro-

duction concurrently with the drop in the hydrogenogenic activity; and lactic acid con-

centration was below 32.4 mg L-1 during all system’s operation. Therefore, the decrease 

in VHPR was possibly a result of the increase in activity of homoacetogens and/or 
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propionic fermenters (Castelló et al., 2019; Madigan et al., 2014). In fixed-bed continuous 

bioreactors, this can be seen as a consequence of the drop in the specific organic loading 

rate (Del Pilar Anzola-Rojas et al., 2015). Because hydrogen is a good  electron donor for 

dye reduction (Li et al., 2014), it is important that it remains in the system and is not 

released as a biogas component, as it was observed in this experiment. 

Figure 4. 1. Load and conversion of organic matter in the first-stage reactor (R1) as a 

function of time. A) Influent and effluent organic loading rate (OLR) and removal of 

chemical oxygen demand (COD); and B) carbohydrates (CH) conversion efficiency. 
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Figure 4. 2. Biogas flow rate (BFR) and volumetric hydrogen production rate (VHPR) as 

a function of time in the first-stage reactor (R1). Parameters were calculated at standard 

temperature and pressure (273.15 K and 1 atm).  

 

3.2. Second-stage reactor: organic matter conversion and biogas production 

R2 was fed with the effluent from R1 after the addition of NaHCO3 (0.70 g L-1) 

for alkalinity correction. The average OLR applied to R2 was 1.96 ± 0.15 g L-1 d-1. In 

phase PI, R2 presented a COD removal efficiency close to 100% (residual COD < 10 mg-

O2 L
-1), as shown in Figure 4. 3. COD remaining in the system’s effluent increased to 

28.0 ± 5.3 mg-O2 L
-1 after the addition of DB22 (32.5 mg L-1) in phase PII, meaning that 

this residual organic matter consists of recalcitrant byproducts from the azo reduction 

(Pandey et al., 2007). Residual organic matter concentration fluctuated to 25.1 ± 7.3 mg-

O2 L
-1 after establishment of sulfidogenesis, in phase PIII, which is assumed to be a neg-

ligible difference when considering the standard deviation of the mean values. In phase 

PIV, the increase in DB22 concentration to 65 mg L-1 led to a proportional increase in the 

average COD level to 40.3 ± 6.7 mg-O2 L
-1, reinforcing that the remaining organic com-

pounds are byproducts from the DB22 decolorization. 

R2 stable operation and efficient performance can also be inferred from analysis 

of data from biogas contents (Figure 4. 4-A). We observed low variations in the fractions 
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methane content (days 48–62) from approximately 89 to 76%, with a subsequent increase 

in the fractions of carbon dioxide. At the time, CH4/CO2 ratio lowered to values below 

3.0. A similar trend was observed for the VMPR, which decreased from 537 ± 88 to as 

lows as 154 mL L-1 d-1 on transition to phase PII (Figure 4. 4-B). These results show that 

DB22 and/or intermediates from azo reduction negatively affect the microorganisms in-

volved in methanogenesis. Methane production gradually increased back to initial levels 

as of the 89th day of system’s operation, stabilizing at approximately 550 mL L-1 d-1, 

showing that R2 is resilient to the azo dye. After sulfidogenesis was stablished (phase 

PIII), we did not observe further fluctuations in the methane production, while sulfide 

content in the biogas oscillated from 0.60 to 1.48% in this period, which corresponded to 

volumetric production rates from around 4 to 12 mL L-1 d-1. This low fraction of sulfide 

is expected due to the pH of the effluent from R2 (pH 7.4-8.3), condition in which the 

predominant sulfide specie is the HS- ion, therefore remaining in solution (Vismann, 

1996). Further increasing DB22 concentration to 65 mg L-1 also did not affect methano-

genesis. 

Figure 4. 3. Residual chemical oxygen demand (COD) and COD removal eficiency in 

the second-stage reactor (R2) as a function of time. 
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Figure 4. 4. Biogas production in the second-stage reactor (R2) as a function of time. A) 

carbon dioxide, methane, and hydrogen sulfide contents in the headspace. B) biogas flow 

rate (BFR) and volumetric methane production rate (VMPR). Parameters were calculated 

at standard temperature and pressure (273.15 K and 1 atm). 
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In spite of the different strategies assessed, there were little fluctuations in effluent 

pH values of R1, in which the average pH (considering phases PI, PII, PIII and PIV) was 

4.1 ± 0.1. Although acidic conditions are unfavorable for bioH2 production (Carrillo-

Reyes et al., 2014), the maintenance of pH at values below 5.0 was intentional and aimed 

at investigating whether the inhibition of the sulfidogenesis process in R1 would prevent 

the competition between sulfate and azo for the available reducing equivalents. Therefore, 

achievement of low sulfate removals in the first-stage reactor was a required condition in 

order for reductive decolorization to occur without interference from sulfidogenesis. 

R2 was fed with the effluent from R1 containing an average sulfate concentration 

of 312 ± 29 mg L-1. In the beginning of the phase PIII operation, sulfate removal fluctu-

ated between 66.9 and 77.4%,  and further reached approximately 100% as from the 201st 

system’s operation day (including in phase PIV). Measured sulfide concentrations were 

close to those calculated stoichiometrically (Appendix B). Theoretical estimates were cal-

culated considering a stoichiometry coefficient of 0.33 mg of sulfide produced per mg of 

sulfate reduced, and further considering that sulfide remained in solution due to the high 

pH in R2. The average measured sulfide concentrations, in the liquid phase, were  94.4 ± 

8.6 and 104 ± 7 mg L-1 in phases PIII and PIV, respectively. The proposed system was 

proved effective for the removal of sulfate from wastewaters containing azo dyes. 

Figure 4. 5. Sulfate removal in the two-stage anaerobic digestion system as a function of 

system operation time. A) First-stage reactor (R1) and B) second-stage reactor. 
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3.4. Color removal in the two-stage AD system 

Color removal efficiency was monitored in the two-stage anaerobic digestion sys-

tem for 328 days. DB22 loading rate applied to R1 and color removal efficiencies are 

shown in Figure 4. 6. In initial days after the addition of DB22 to the system’s feed, color 

removals in R1 ranged from 65 to 73%, and further decreased to 55% in the second week 

of phase PII (145th operation day). This suggests that adsorption had a significant contri-

bution in color removal in the initial days of operation with the DB22. Decolorization 

efficiency gradually increased in the following weeks, showing that the microbial bio-

mass became acclimated to the azo dye and that there was an enrichment of azo dye re-

ducers in the first-stage reactor. 

Addition of sulfate, in phase PIII, did not affect decolorization of the DB22 in R1. 

This is because the low pH of the acidogenic unit (pH 4.3-4.5) inhibited the activity of 

sulfate reducing bacteria, as shown by results of sulfate removal in the first-stage reactor, 

which were below 8% (see Section 3.3). Results show that electrons from the co-substrate 

were preferentially used to reduce the azo chromophore rather than to reduce sulfate, a 

problem that was addressed in earlier studies which were conducted using single-stage 

continuous reactors (Amaral et al., 2017, 2014). This confirms our hypothesis that two-

stage anaerobic digestion is an effective strategy to enhance decolorization of azo dyes. 

Applied DB22 loading rate was increased from 222 ± 9 to 438 ± 13 mg L-1 d-1 in 

phase PIV, which resulted in a gradual decline in the color removal efficiencies in R1 

(from approximately 90 to 50%). The acidogenic system progressively recovered as from 

the 307th operation day, showing that the first-stage reactor is resilient to fluctuations in 

the dye loading. In situations in which R1 presented decreased efficiencies, the 2nd-stage 

reactor kept decolorization in the final effluent above 90%, playing a key role in keeping 

the system’s performance.  

Exceptionally in phase PIII, at times, color removal efficiencies in the final efflu-

ent were lower than those obtained after treatment in the 1st-stage reactor solely. This 

increase in color in the effluent of R2 may be due to the presence of dissolved sulfide 

species (99.0 ± 9.1 mg L-1), which can interfere in certain colorimetric assays (Pomeroy, 

1954). This was later corrected by adding zinc acetate to the sample to precipitate sulfide 

(Pomeroy, 1954).  Interference due to sulfide species was not observed in R1 due to the 

low sulfidogenic activity in this stage. 
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Figure 4. 6. Applied DB22 loading rate and color removal efficiencies in the first- (R1) and 

second-stage (R2) reactors as a function of system operation time. 

 

3.5. DB22 biotransformation and production of aromatic amines 

TAA were determined colorimetrically to evaluate the DB22 biotransformation. 

While TAA were not detected in samples from the feed and also in effluent samples col-

lected during phase PI, median concentrations increased to 13.4 (interquartile range = 0.9) 

and to 12.5 (interquartile range = 1.4) mg.L-1 in effluents from reactors R1 and R2, re-

spectively, after the addition of 32.5 mg L-1 DB22 (Figure 4. 7). Moreover, we observed 

an increase in TAA concentration in the effluent from R2 to 17.3 (interquartile range = 

4.4) mg.L-1 after the establishment of sulfidogenesis, which did not occur in R1 (sulfido-

genesis was not stablished in this reactor). This increment was statistically significant 

according to Kruskal-Wallis test at 95% probability. A similar trend can be observed in 

results from UV-VIS analysis (Appendix B). While new peaks emerged in the UV spec-

trum after biological treatment for all operational strategies, a higher peak in the region 

of 297-300 nm was observed in samples collected from the effluent of R2 during phases 

PIII and PIV, i.e. after addition of sulfate to the feed. These results show that residual 

DB22 and/or its fragments undergo further biotransformation in the presence of sulfide 

species, resulting in the production of new aromatic amines. In fact, it is known that the 

azo chromophore can be chemically reduced by sulfide in sulfidogenic bioreactors, even 

though the abiotic mechanism of dye reduction is less significant than that of the biolog-

ical processes (Van Der Zee et al., 2003). 
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After increasing DB22 concentration in phase PIV, TAA concentrations further 

increased to 22.7 (interquartile range = 9.2) and 28.5 (interquartile range = 9.6) mg L-1, 

respectively, in R1 and R2, and remained higher in the final effluent when compared to 

samples taken after treatment in the 1st-stage reactor alone. Kruskal-Wallis test performed 

to compare results from R1 and R2, in phase PIV, was also statistically significant.   

Figure 4. 7. Total aromatic amines (TAA) concentration in effluents from the 1st- (R1) 

and 2nd-stage (R2) reactors of the anaerobic digestion system. Results are expressed as 

sulfanilic acid concentration. 
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COD is necessary for total sulfate reduction, decreasing the fraction of organic matter 

removed via methanogenesis to 79.6%. These routes direct approximately 100% of the 

electron flux in R2, meaning that any additional demand will compete with both the pro-

cesses for reducing equivalents. A further amount of 16 mg d-1 COD would be necessary 

to reduce 65 mg L-1 DB22 in R2 if this unit was not preceded by a 1st-stage reactor. In the 

presence of both DB22 and sulfate, the oxygen demand required by reactions in R2 ex-

ceeded the available amount (biodegradable COD) more often, resulting in an average 

mass balance of 101.4 ± 8.8%. It is important to highlight that the COD requirement for 

reducing DB22 azo bonds is the only hypothetical demand in this mass balance analysis, 

given the fact that reductive decolorization mostly occurred in R1. The 1st-stage reactor 

not only mitigated this demand but could also uptake a higher azo dye load due to its 5-

fold shorter HRT. A more detailed mass balance showing the step-by-step calculation is 

provided in the published dataset (Oliveira, 2022). 

It is worth noting that sulfidogenesis can also contribute in reductive decoloriza-

tion of azo dyes in two possible ways. The first case is a consolidated mechanism in which 

the azo bond is chemically reduced by sulfide. However, this mechanism was found to be 

negligible compared to the biotic one (Van Der Zee et al., 2003).  

The other way is a mechanism proposed by Albuquerque et al. (2005) to explain 

good decolorization efficiencies by a Desulfovibrio species in batch experiments fed with 

lactate as primary substrate and sulfate. The authors attributed the decolorization to a 

chemically mediated reaction coupled to biological sulfate reduction. Nevertheless, given 

the experimental design, it is not possible to assess whether decolorization was coupled 

to sulfate reduction or if it happened in spite of the competition between sulfate and azo 

molecules for reducing equivalents. 

 Moreover, co-metabolic decolorization of azo dyes are related to the azo dye re-

duction potential (Dubin  and Wright, 1975), and therefore the ability of the azo dye to 

be preferentially reduced over sulfate is dye-specific. Amaral et al. (2014) stated that sul-

fate levels higher than 300 mg L-1 SO4
2- significantly impaired dye reduction in a single-

stage UASB reactor operated with real textile wastewater which contained DB22 as major 

dye component. In another experiment conducted with synthetic textile effluent, DB22 

decolorization under sulfidogenic conditions was 69 ± 9% and COD and sulfate-
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Table 4. 2. Mass balance on electrons in the 2nd-stage reactor showing the fraction of the organic matter removed via methanoegenesis and 1 

sulfidogenesis and the oxygen requirements for reducing DB22 azo bonds in phases PI (0 mg L-1 DB22, 0 mg L-1 SO4
2-) and PIV (0 mg L-1 DB22, 2 

338 mg L-1 SO4
2-). 3 

  
CODapplied  

(mg d-1) 

CODrem  

(mg d-1) 

CODresidual 

(mg d-1) 

CODVSS 

(mg d-1) 

CODCH4,biogas 

(mg d-1) 

CODCH4,dissolved 

(mg d-1) 

CODsulfate 

(mg d-1) 

CODDB22 

(mg d-1) 

CODdemand  

(mg d-1) 

Mass bal-

ance (%) 

PI 2671 2671 BDL1 114 2169 116 0 0 2399 89.8 

PI 2333 2333 BDL 99 2053 118 0 0 2270 97.3 

PI 2293 2293 BDL 98 2044 113 0 0 2254 98.3 

PI 2155 2155 BDL 92 2100 116 0 0 2307 107.1 

PI 2291 2291 BDL 98 2310 123 0 0 2531 110.5 

PI 2641 2602 39 111 2309 121 0 0 2541 97.6 

PI 2613 2587 25 110 2201 120 0 0 2430 93.9 

PI 2797 2797 BDL 119 2393 129 0 0 2640 94.4 

PI 2500 2500 BDL 107 2197 117 0 0 2421 96.8 

Average 2477 2470 7 105 2197 119 0 0 2421 98.4 

SD 218 212 15 9 121 5 0 0 132 6.5 

PIV 2609 2530 79 108 2103 118 458 16 2802 110.8 

PIV 2668 2578 90 110 2300 117 458 16 3000 116.4 

PIV 2462 2404 58 102 1920 112 458 16 2607 108.5 

PIV 2612 2540 72 108 1824 116 458 16 2522 99.3 

PIV 2700 2622 78 112 1717 116 458 16 2419 92.3 

PIV 2811 2768 43 118 1767 118 458 16 2477 89.5 

PIV 2809 2727 81 116 1852 119 458 16 2561 93.9 

PIV 2548 2491 57 106 1928 97 458 16 2604 104.5 

PIV 2549 2478 72 106 1871 117 458 16 2567 103.6 

PIV 2762 2698 64 115 1871 118 458 16 2577 95.5 

Average 2653 2583 69 110 1915 115 458 16 2614 101.4 

SD 118 118 14 5 170 7 0 0 169 8.8 

Abbreviations: 4 
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CODapplied – total COD applied in the bioreactor; CODresidual – residual COD in the effluent of the bioreactor; CODrem – total COD removed in the 5 

bioreactor, CODVSS – COD used for cell synthesis; CODCH4,b – COD corresponding to the fraction of methane measured in the biogas; CODCH4,d 6 

– COD corresponding to the fraction of methane dissolved in the liquid; CODsulf – theoretical COD for achieving complete sulfate removal in the 7 

bioreactor; CODDB22 – theoretical COD for achieving complete reduction of azo bonds; CODreq – total COD requirements in the bioreactor.    8 

1BDL – below detection limits (10 mg L-1 COD).  9 
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removals were approximately 70 and 60%, respectively (Carvalho et al., 2020). Florêncio et al. 

(2021) obtained an average decolorization efficiency of 68 ± 5%, and sulfate and COD removal 

efficiencies both below 78% in a single-stage AnSTBR reactor. These results suggest that re-

ductive decolorization of DB22 undergoes competition with sulfidogenesis and methanogene-

sis. On the other hand, the two-stage AD system achieved nearly total color, COD and sulfate 

removal efficiencies, showing that this strategy is not only effective for enhancing decoloriza-

tion, but also for improving the organic matter and sulfate removals from textile wastewaters. 

4. Conclusion 

1st-stage reactor could uptake high loads of dye and achieve good decolorization perfor-

mance, exhibiting resilience to fluctuations in dye concentration. Sulfidogenic and methano-

genic activities were minimal in this reactor and did not impair reductive decolorization. 2nd-

stage reactor kept decolorization performance high even when R1 presented decreased efficien-

cies, and therefore overall system’s performance was shown to be stable. Remaining COD in 

the system’s final effluent was attributed to recalcitrant aromatic amines. The proposed strategy 

was proven effective in the removal of color, organic matter, and sulfate from wastewaters 

containing azo dyes by minimizing competition between azo dye and other processes for re-

ducing equivalents. This system’s configuration showed feasibility for industrial application 

due to its stable performance and higher azo dye load capacity when compared to single-stage 

systems.   
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Chapter 5 
 

Microbial communities and metabolic pathways involved in re-
ductive decolorization of an azo dye in a two-stage AD system 

Abstract. Multiple stage anaerobic system was found to be an effective strategy for reductive 

decolorization of azo dyes in the presence of sulfate. Bulk color removal (56 – 90%) was 

achieved concomitant with acidogenic activity in the 1st-stage reactor (R1), while organic mat-

ter removal (≤ 100%) and sulfate reduction (≤ 100%) occurred predominantly in the 2nd-stage 

reactor (R2). However, azo dye reduction mechanism and metabolic routes involved remain 

unclear. The involved microbial communities and conditions affecting the azo dye removal in 

a two-stage anaerobic digestion (AD) system were elucidated using amplicon sequencing (16S 

rRNA, fhs, dsrB and mcrA) and correlation analysis. Reductive decolorization was found to be 

co-metabolic and mainly associated with hydrogen-producing pathways. We also found evi-

dence of the involvement of an azoreductase from Lactococcus lactis. Bacterial community in 

R1 was sensitive and shifted in the presence of the azo dye, while microorganisms in R2 were 

more protected. Higher diversity of syntrophic-acetate oxidizers, sulfate reducers and methano-

gens in R2 highlights the role of the 2nd-stage in organic matter and sulfate removals, and these 

communities might be involved in further transformations of the azo dye reduction products. 

The results improve our understanding on the role of different microbial communities in anaer-

obic treatment of azo dyes and can help in the design of better solutions for the treatment of 

textile effluents. 
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1. Introduction 

Use of multiple stage anaerobic systems can improve reductive decolorization of azo 

dyes by channeling electrons to preferentially reduce azo bonds in the 1st-stage of the anaerobic 

digestion (AD), whereas organic matter and sulfate removals are achieved in the following unit 

with enhanced performance (Oliveira et al., 2022). In this system’s configuration, it is expected 

that distinct microbial communities will stablish in each stage as a result of the different oper-

ating conditions applied (Baldi et al., 2019; Demirel and Yenigün, 2002). Acidogens, acetogens 

and methanogens grow at their optimal ecophysiological conditions, resulting in a better overall 

process stability compared to single stage anaerobic treatment (García-Depraect et al., 2022).  

Understanding the role of these microbial communities on the biodegradation of azo dyes can 

help in the designing of better solutions for the treatment of textile wastewaters. 

The conversion of carbohydrates into organic acids occurs in the earliest stage of AD in 

reactions carried by acidogenic bacteria (Cohen et al., 1980; García-Depraect et al., 2022). In 

the following step, acetogens and methanogens form syntrophic associations to produce me-

thane (Stams and Plugge, 2009). Under specific conditions, aceticlastic methanogens are inhib-

ited and the Wood–Ljungdahl pathway is inversed (Müller et al., 2013). This rather results in 

formation of H2+CO2 from acetate by the syntrophic acetate oxidizing bacterial (SAOB) com-

munity. All these communities are possibly involved in reductive decolorization of azo dyes to 

a greater or lesser extent.  

Some microbial populations play a controversial role in anaerobic treatment of azo dyes.  

Sulfate-reducing bacterial (SRB) community was found to compete for electrons with azo re-

ducers (Oliveira et al., 2022; Santos et al., 2007), sometimes impairing the reductive decolori-

zation process (Amaral et al., 2014). Nevertheless, decolorization coupled to sulfate reduction 

was observed before (Albuquerque et al., 2005) and biogenic sulfide can chemically reduce the 

azo bonds (Prato-Garcia et al., 2013; Zeng et al., 2021). It was hypothesized that whether SRB 

populations act opposing or in favor of reductive decolorization rather depends on the microbial 

interspecies interactions and on the biochemical reactions that they are mediating in the system.   

Moreover, it is not clear whether mixed microbial cultures rely on specialized enzymes 

for biodegrading azo dyes. More than a decade ago, Santos et al. (2007) stated that the main 

mechanism is likely a co-metabolic reaction in which reducing equivalents, as well as reduced 

cofactors, work as secondary electron donors to cleave the azo bonds.  By that time, there were 

evidence of azoreductases among aerobic bacteria, but no proof in anaerobic microorganisms 
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(Santos et al., 2007; Stolz, 2001). Later on, Morrison et al. (2012) isolated and characterized an 

anaerobic azoreductase from Clostridium perfringens. Decolorization of azo dyes by other en-

zymes from the oxidoreductase enzyme system, including laccases, NADH–DCIP reductases, 

veratryl alcohol oxidases, tyrosinases, riboflavin reductases, and lignin and manganese peroxi-

dases was recently reported among pure and co-cultures of microorganisms (Ali et al., 2020; 

Kurade et al., 2017; Saratale et al., 2013; Waghmode et al., 2019, 2011). Additionally, syner-

gistic action of different oxidoreductase enzymes was proved to enhance decolorization effi-

ciency (Mendes et al., 2011), suggesting that many microbial communities degrade azo dyes 

through distinct metabolic routes. 

This study proposes to bridge the gap between the microbial communities involved in 

the decolorization of azo dyes in anaerobic treatment systems and the underlying mechanism. 

The overall bacterial, SAOB, methanogenic, SRB communities were monitored using amplicon 

sequencing of the 16S rRNA and functional genes. Efficiency parameters were correlated with 

the production of volatile fatty acids (VFAs) and metabolites in the system to elucidate the main 

pathways involved. Sulfidogenic conditions were further applied because sulfate is a common 

constituent of textile wastewater (Amaral et al., 2014). We provide valuable insights into the 

anaerobic treatment of azo dyes that can help to better understand how syntrophic microbial 

communities degrade azo dyes. 

2. Materials and Methods 

2.1. Reactor setup and operational strategies 

Two anaerobic reactors were operated continuously over a period of 328 days. The two-

phase anaerobic digestion system was composed of a 1st-stage anaerobic structured-bed reactor 

(R1) and a 2nd-stage upflow anaerobic sludge blanket reactor (R2) running in series and under 

mesophilic conditions (30 ºC). In R1, the fixed-bed was built with polyurethane foam strips 

(10x10x650 mm). R1 was operated with a theoretical chemical oxygen demand (COD) of 28.7 

gCOD d-1 (organic loading rate = 11.7 gCOD L-1 d-1) and R2 was operated with 2.7 gCOD d-1 

(organic loading rate = 2.0 gCOD L-1 d-1). Respective hydraulic retention times were 3.5 and 

16 h. 

R1 was fed with synthetic textile wastewater composed of: Direct Black 22, DB22 (0-

65 mg L-1), glucose (1.70 gCOD L-1), KH2PO4 (0.25 g L-1), Na2SO4 (0-0.50 g L-1), NaCl (0.50 

g L-1), yeast extract (0.20 g L-1), NaHCO3 (0.15 g g-1 COD) and 1 mL L-1 trace elements solu-

tion (Appendix C). The pH of the feed was kept at 7.0 ± 0.1. R2 was fed with the effluent from 



77 

CHAPTER 5  

 

 

R1 after the addition of NaHCO3 (0.70 g L-1) to raise pH to 6.0. Bioreactors were inoculated 

with anaerobic sludge from a full scale upflow anaerobic sludge blanket reactor, located in the 

city of Pereira – SP, processing wastewater from a poultry slaughterhouse. For R1, methano-

genic archaea were inactivated by heat-treating the sludge (100 ºC, 1 h) previously to inocula-

tion (Wang and Yin, 2017). 

Strategies used in the operation of the AD system were as following: startup and stabi-

lization period with no addition of DB22 or SO4
2-  (Phase PI); addition of 32.5 mg L-1 DB22 

(Phase PII); addition of both 32.5 mg L-1 DB22 and 338 mg L-1 SO4
2- (Phase PIII); and addition 

of 65.0 mg L-1 DB22 and 338 mg L-1 SO4
2- (Phase PIV). 

2.2. Microbial sampling and DNA extraction 

Biofilm from R1 and R2 was sampled at different times of each phase after system’s 

performance was stable. In R1, samples were harvested from the bottom biomass of the polyu-

rethane foam used as support for growth.  In R2, samples were collected from the sludge blanket 

(lower portion). Genomic DNA was extracted using the FastDNA® Spin Kit for Soil (MP Bi-

omedicals, Santa Ana, USA) and following the manufacturer’s protocols. DNA quantification 

was assessed using the Quant-iT™ High-Sensitivity DNA Assay Kit on a plate reader (TECAN 

Infinite M1000) and integrity was evaluated using the TapeStation 2200 with genomic DNA 

ScreenTapes (Agilent, USA).  

2.3. Amplicon sequencing 

PCR reactions targeting the V4 variable region of the bacterial 16S rRNA gene and the 

functional genes formyltetrahydrofolate synthetase (fhs), dissimilatory sulfite reductase β-sub-

unit (dsrB), and methyl coenzyme-M reductase (mcrA) were further conducted to investigate 

the SAOB, SRB and methanogenic communities, respectively. Corresponding primer sets are 

shown in the Table 5. 1. Thermocycler settings were as following: initial denaturation at 95 ºC 

for 2 min; amplification for 25 cycles at 95 ºC for 15 s, 50 ºC for 15 s, and 72 ºC for 60 s; and 

a final extension of 5 min at 72 ºC. Number of cycles, annealing temperature and extension 

time were appropriately adjusted according to the target gene. Sample preparation was con-

ducted similarly to that described elsewhere (Agneessens et al., 2017), except that for fhs a 200 

ng of extracted DNA was used as template. 
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Table 5. 1. Primer sets used in the amplicon sequencing analyses.  

Name 
Target 

gene 
Function sequences (5'-3') Adaptations  Reference 

515F 16S rRNA, 

Region V4 

GTGCCAGCMGCCGCGGTAA 

-- 
Caporaso et al., 

(2011)  806R GGACTACHVHHHTWTCTAAT 

3-SAO4I-fw 

fhs 

CCIACICCISYIGGNGARGGNAA 
35 cycles; 52 

ºC annealing; 

60 s extension 

 Müller et al. 

(2013); Singh et 

al. (2020) 

3-SAO4I-rev  ATITTIGCIAAIGGNCCNSCNTG 

SAO-rev  ATRTTNGCRAADGGNCCNCCRTG 

dsrB-F1 

dsrB 

CAYACNCARGGNTGG 30 cycles; 51 

ºC annealing; 

60 s extension 

Müller et al. 

(2015) dsrB-4RSI1 CAGTTDCCRCAGWACAT 

mcrA-fw  

mcrA 

GGTGGTGTMGGAT-

TCACACARTAYGCWACAGC 

35 cycles; 50 

ºC annealing; 

60 s extension 

Luton et al. 

(2002)  
mcrA-rev TTCATTGCRTAGTTWGGRTAGTT 

 

2.4. Bioinformatics processing and statistical analysis  

Bioinformatic processing was conducted using the AmpProc 5.1 pipeline 

(https://github.com/eyashiro/AmpProc), based on USEARCH11 (Edgar, 2013) and QIIME 

1.9.1 (Caporaso et al., 2010). For 16S rRNA gene, fhs and dsrB amplicons, taxonomy was as-

signed using MiDAS 4.8.1 (Dueholm et al., 2021), AcetoBase (Singh et al., 2019) and a data-

base of dsrAB sequences (Müller et al., 2015). For mcrA, a custom database of representative 

reference sequences was obtained from the Functional Gene Repository (FunGene; http://fun-

gene.cme.msu.edu/). Statistical analysis were performed in R version 4.0.1 via RStudio version 

2021.09.0 (http://www.rstudio.com) using the R CRAN package ampvis (v2.7.11) (Albertsen 

et al., 2015). Structure and differences between microbial communities were assessed using 

heatmaps and non-metric multidimensional scaling (NMDS) analysis. Sequences were depos-

ited in the European Nucleotide Archive (ENA) database under accession number 

PRJEB52299. 

  

https://github.com/eyashiro/AmpProc
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2.5. Analytical methods and performance evaluation 

COD, pH and standard reduction potential (E0’) were measured according to APHA 

Standard Methods (2005). Sulfide interference on COD analysis was previously eliminated 

with zinc sulfate addition. For color analysis, samples were appropriately diluted with phos-

phate buffer (10.86 g L-1 NaH2PO4 and 5.98 g L-1 Na2HPO4) (Firmino et al., 2010) and assessed 

according to the spectra record method (Wu et al., 1998; APHA, 2005). Soluble carbohydrates 

(CH) and lactic acid were determined as previously described (DuBois et al., 1956; Taylor, 

1996). For E0’ profiling in R1, samples were collected at different heights (155, 305, 455, 630 

and 750 mm) with the aid of a syringe and transferred to vacuum blood collection tubes. Sam-

ples were handled in an anaerobic chamber with N2 atmosphere. VFAs (C2-C6) and solvents 

were analyzed by gas chromatography (Adorno et al., 2014). 

COD removal (in %) and conversion of CH (CH%, in %) were calculated using Eq. (1). 

𝑋 (%)  =  
(𝑋𝑓𝑒𝑒𝑑  −  𝑋𝑒𝑓𝑓𝑙)

𝑋𝑓𝑒𝑒𝑑
   100                                                                                               (𝐸𝑞. 1) 

in which X is either COD removal or CH conversion, 𝑋𝑓𝑒𝑒𝑑 is the concentration of X in the feed, 

and 𝑋𝑒𝑓𝑓𝑙 is the concentration of X in the effluent. 

Decolorization (in %)  was calculated using Eq. (2): 

𝐷𝑒𝑐𝑜𝑙𝑜𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =  
∫ 𝐴𝑓𝑒𝑒𝑑 dλ − ∫ 𝐴𝑒𝑓𝑓𝑙 dλ

700 𝑛𝑚

400 𝑛𝑚

700 𝑛𝑚

400 𝑛𝑚

∫ 𝐴𝑓𝑒𝑒𝑑 dλ
700 𝑛𝑚

400 𝑛𝑚

   100                                          (𝐸𝑞. 2) 

in which 𝐴𝑓𝑒𝑒𝑑 is the absorbance of the feed; 𝐴𝑒𝑓𝑓𝑙 is the absorbance of the effluent; and dλ is 

an infinitesimal wavelength interval.      

3. Results and Discussion 

3.1. Two-stage AD system’s overall performance 

The two-stage AD system was operated for 328 days to investigate how the performance 

was affected by loading of color and exposure to sulphate. In R1, COD removal efficiencies 

were below 20% during the entire operation (Table 5. 2) and the volumetric methane production 

rate rarely exceeded 50 mL L-1 d-1. R1 achieved decolorization efficiencies in the range of 80-

90% when a DB22 loading rate of approximately 222 mg L-1 d-1 was applied in phase PII. 

Although sulfate was added to the feed as from phase PIII (338 mg L-1 SO4
2-), sulfidogenic 
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activity in R1 was minimal (median sulfate removal = 3.5%, IQR = 8.3) and did not impair 

color removal performance. R2 achieved over 97% of COD and almost 100% sulfate removal 

efficiencies. Mass balance analysis showed that methanogenesis and sulfidogenesis demanded 

nearly all the electrons in R2, meaning that the use of a two-stage anaerobic system was im-

portant to alleviate the demand of both these processes for reducing equivalents in R1, driving 

electrons preferentially to reduce the azo dye. Further information on the performance of the 

two-stage AD system had been published elsewhere (Oliveira et al., 2022). 

Table 5. 2. Overview of the performance of the two-stage AD system treating azo dye and 

sulfate.  

Phase Description 

Operation 

days 

Average de-

colorization 

(%) 

Average carbohy-

drates removal  

(%) 

Average 

COD re-

moval  (%) 

Effluent pH 

1st-stage reactor (R1) 

PI No DB22 or SO4
2- 1-87 - 97.6 ± 2.6 14.9 ± 5.0 4.4 ± 0.1 

PII 32.5 mg L-1 DB22 88-182 69 ± 13 91.5 ± 9.7 15.3 ± 5.2 4.4 ± 0.1 

PIII 
32.5 mg L-1 DB22 + 

338 mg L-1 SO4
2- 

183-263 84 ± 5 99.2 ± 0.2 17.5 ± 3.4 4.5 ± 0.5 

PIV 
65 mg L-1 DB22 + 

338 mg L-1 SO4
2- 

264-328 67 ± 12 97.6 ± 1.8 18 ± 3.8 4.4 ± 0.1 

2nd-stage reactor (R2) 

PI No DB22 or SO4
2- 1-87 - N/A 99.8 ± 0.5 7.7 ± 0.3 

PII 32.5 mg L-1 DB22 88-182 89 ± 4 N/A 98.1 ± 0.4 7.6 ± 0.2 

PIII 
32.5 mg L-1 DB22 + 

338 mg L-1 SO4
2- 

183-263 66 ± 16 N/A 98.5 ± 0.7 7.7 ± 0.3 

PIV 
65 mg L-1 DB22 + 

338 mg L-1 SO4
2- 

264-328 87 ± 6 N/A 97.4 ± 0.5 8.0 ± 0.3 
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3.2. Azo dye decolorization is mediated by electron shuttles  

Color removal profiling in R1 was assessed after performance was stable (Figure 5. 1-

A). The highest increment in color removal was observed between the sampling points a and b, 

where decolorization increased from 33 to 90% (as compared to the system’s influent). Surpris-

ingly, color removal efficiency decreased in samples taken in sampling point c (decolorization 

= 67%), and further fluctuated across the reactor’s profile. This suggests that intermediates 

produced after the cleavage of the azo bonds were reoxidized in particular zones of the reactor, 

resulting in the formation of newer azo bonds. It is well known that exposure of byproducts 

from reductive decolorization to atmospheric oxygen causes the formation of color (Menezes 

et al., 2019; Oliveira et al., 2020), since hydrazine groups and/or azo anion free radicals in the 

molecules react with oxygen (Zimmermann et al., 1982). However, there are no studies report-

ing the reoxidation of aromatic amines inside anaerobic digestors themselves, causing cyclic 

increases and decreases in color removal across the reactor’s profile.  

Figure 5. 1. Association between decolorization efficiency and reduction potential (E0’) in the 

1st-stage reactor (R1). A) Vertical profiling for decolorization and E0’ in R1; and B) Pearson’s 

correlation analysis (R = -0.64, p < 0.05) for both the variables. Decolorization in each sampling 

port (a, b, c, d, e and effluent) was calculated relatively to the color of the synthetic wastewater 

in the feed tank. 
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Sampling along R1 further revealed strong zonation with different redox potentials. This 

reduction potential (E0’) profiling in R1 provided valuable insight into the mechanism of color 

removal across the 1st-stage reactor’s vertical profile. The lower portion of R1, which includes 

sampling points a and b, presented more reduced conditions (E0’~ -200 mV). This is probably 

because CH conversion reactions into VFAs occurred in the bottom of the reactor (Appendix 

C). Moreover, it was previously observed that biohydrogen (bioH2) production from sugars 

mainly occurs in the basal portion of fixed-bed reactors (Fuess et al., 2021), supporting the 

hypothesis that the DB22 reduction mechanism is governed by – but not limited to – co-meta-

bolic reactions, in which reducing equivalents or reduced cofactors such as NADH act as sec-

ondary electrons donors to cleave azo bonds (Santos et al., 2007). 

In the intermediary zone (sampling point c), E0 increased to -49 mV, and DB22 inter-

mediates reoxidized as a result of the less reduced conditions. E0 values decreased to -93 mV, 

and further to -188 mV in sampling points d and e, respectively, causing color removal effi-

ciencies to rise again, oscillating between 81 and 86%. Upon exposure of the effluent to the 

atmosphere for approximately 30 min, E0 increased to -51 mV and decolorization decreased to 

51%. After repeated measurements were taken across the R1’s profile (Figure 5. 1-B), we con-

firmed that color removal is negatively correlated with E0 in the system (R = -0.64; p = 0.045). 

The rate of azo reduction has previously been shown to depend on the dye redox poten-

tial if the rate-limiting step involves a redox equilibrium between the azo molecule and a re-

ducing agent (Dubin and Wright 1975). The mechanism hypothesized involves a redox cycle 

in which a redox mediator transfer electrons between the enzyme and the substrate (Figure 5. 

2). Reduction of the azo dye (R1-N=N-R2) to its hydrazo intermediate (R1-HN-NH-R2) will only 

occur if the mediator is present in sufficient concentrations and shifted toward a reduced form 

(Dubin and Wright, 1975). High concentrations of the reduced mediator will result in decreased 

E0 values, and electron transfer to azo compounds will happen once the redox potential in the 

environment approach that of the dye. However, this last reaction is reversible as long as the 

hydrazo intermediate is not further degraded. It can be hypothesized that the equilibrium shifted 

towards re-oxidation of DB22 intermediates (e.g., hydrazo to azo) as reduction potential in the 

system increased due to consumption of mediators in the reduced form, causing reappearance 

of color in the upper portion of R1. 
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Figure 5. 2. Postulated mechanism of azo dye decolorization in anaerobic systems by redox 

mediators. Ered/Eox are, respectively, the reduced and oxidized forms of an enzyme, and 

Mred/Mox are the reduced and oxidized forms of a low molecular weight electron carrier (medi-

ator). Green arrows represent a shift in the equilibrium towards reoxidation of the hydrazo in-

termediate and generation of newer azo bonds. Adapted from Dubin and Wright (1975). 

 

3.3. Co-metabolic routes involved in reductive decolorization 

Conversion of carbohydrates occurred in R1 with efficiencies of approximately 99% 

throughout the 328 days of operation. Production of VFAs and metabolites in the effluent after 

R1 was monitored and is shown in Figure 5. 3. 

Butyrate-type fermentation was the main pathway observed during the stabilization 

phase. Median concentrations of HBu and HAc were, respectively, 295 mg L-1 (IQR = 245) and 

154 mg L-1 (IQR = 220) in this period, which accounts for a HBu/HAc ratio of 1.91. In phases 

PII and PIII (32.5 mg L-1 DB22), HBu/HAc ratios decreased to 0.79 and 0.98, while HPr con-

centrations remained similar (PI: median 132 mg L-1, IQR= 117; PII: median 118 mg L-1, IQR 

= 46; and PIII: median 156 mg L-1, IQR = 82). These results   indicate the predominance of the 

acetic pathway  (Table 5. 3, Eq. 2) during most of the operation with the azo dye, which is 

usually associated with higher bioH2 production rates from CH when compared to other more 

reduced metabolites (Fernandes et al., 2010; Fuess et al., 2016).  

The involvement of the acetic fermentation pathway on reductive decolorization is fur-

ther supported by results from Pearson’s correlation test (R = 0.48, p = 0.001) performed with 

samples collected all over the operation (Figure 5. 4-A). Butyrate fermentation (Table 5. 3, Eq. 

3), another hydrogen-producing reaction, was also significant for color removal (R = 0.35, p = 

0.021). Since bioH2 was not released in the biogas phase (Oliveira et al., 2022), some of the 

reducing power generated via these metabolic routes might have been consumed during co-

metabolic decolorization of DB22.  

The strongest correlation was found to be between decolorization and CH% (R = 0.60, 

p < 0.001). In fact, the catabolism of glucose to pyruvate yields two NADH molecules, which 

can serve as reducing power for the cleavage of azo bonds (Table 5. 3, Eq.1). Moreover, 

Eox

Ered

Mox

Mred

R1-N=N-R2

R1-HN-NH-R2

2H+ + 2 e-

(Provided by bacterial 

metabolism) 
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glycolysis is the precursor of all mixed acid fermentation reactions and acidogenesis was found 

to be a critical step in AD of azo dyes (Firmino et al., 2010; Li et al., 2014).  

Figure 5. 3. Concentration of volatile organic acids (VFAs) in the effluent of the 1st-stage re-

actor (R1). A) PI: stabilization period; B) PII: 32.5 mg·L-1 DB22; C) PIII: 32.5 mg·L-1 DB22 

and 338 mg·L-1 SO4
2-; and D) PIV: 65 mg·L-1 DB22 and 338 mg·L-1 SO4

2-. Nomenclature: Ace 

– acetone; MeOH – methanol; EtOH – ethanol; n-BuOH – n-buthanol; HAc – acetic acid; HPr 

– propionic acid; HIsoBu – isobutyric acid; HBu – n-butyric acid; HIsoVa – isovaleric acid; 

HVa – n-valeric acid; HCa – n-caproic acid. 

 

Interestingly, metabolites produced via hydrogen-consuming reactions such as n-valeric 

acid (Table 5. 3, Eq. 9), ethanol (Table 5. 3, Eq. 10) and methanol (Table 5. 3, Eq. 11) were 

also positively correlated with color removal. For instance, n-valerate elongation from propio-

nate consumes six mols of H2. Both ethanol and methanol formation obtain reducing power 

from NADH+H+. Nevertheless, the correlations between these metabolites and reductive de-

colorization may reflect the fermentative diversity in R1 rather than causation directly. Several 
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studies have shown the benefits of metabolic diversity on decolorization of azo dyes by mixed 

microbial cultures due to the synergistic action of different enzymes from the oxidoreductase 

system. Observed increases in the activities of NADH-DCIP reductases, azoreductases, veratryl 

alcohol oxidases and laccases after decolorization of textile effluents by microbial consortiums 

rather than in controls with the respective individual isolates were previously observed (Kurade 

et al., 2017; Phugare et al., 2011). In another study, decolorization was found to be correlated 

with higher microbial diversity in batch experiments, further supporting the relevance of meta-

bolic diversity in the biodegradation of azo dyes  (Oliveira et al., 2020). Finally, production and 

accumulation of metabolites such as ethanol may stimulate other hydrogen-producing routes, 

e.g., chain elongation to n-caproic acid production (Cavalcante et al., 2017), therefore explain-

ing the positive correlation between ethanol and decolorization.  

Table 5. 3. Main fermentation pathways involved in co-metabolic decolorization of the azo dye 

Direct Black 22. Adapted from Cavalcante et al. (2017); Mariano et al. (2011); Saady (2013); 

and Xin et al. (2004). 

Pathway Reaction No. 

I - Hydrogen-producing reactions (as H2 or NADH+H+)  

Glucose to pyruvate formation Glucose  → 2pyruvate + 2 NADH+H+ (1) 

Glucose to acetic acid formation Glucose + 2H2O → 2acetic acid + 4H2 + 2CO2 (2) 

Glucose to butyric acid formation Glucose  → butyric acid + 2H2 + 2CO2 (3) 

Ethanol to n-caproic acid genera-

tion 
12ethanol + 3acetic acid → 5n-caproic acid + 4H2 + 8H2O (4) 

Lactic acid to n-caproic acid gen-

eration 
15lactic acid → 5n-caproic acid + 5CO2 + 10H2 + 5H2O (5) 

Glucose to acetone formation Glucose + 2H2O → 1acetone + 4H2 + 3CO2 (6) 

n-Butyric acid oxidation n-Butyric acid + 2H2O → 2acetic acid + 2H2 (7) 

II - Hydrogen-consuming reactions (as H2 or NADH+H+)  

Pyruvate to acid lactic formation Pyruvate + NADH+H+ → Lactic acid + NAD+ (8) 

Propionic acid to n-valeric acid 

elongation 
Propionic acid + 2CO2 + 6H2 → n-valeric acid + 4H2O (9) 

Glucose to ethanol formation* Glucose  → 2ethanol + 2CO2 (10) 

Methane to methanol formation CH4 + 1/2O2  + NADH+H+ →  Methanol + NAD+ (11) 

*No net hydrogen production/consumption. 
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Figure 5. 4. Pearson’s correlation matrix (significance level p ≤ 0.05) for DB22 decolorization 

(Dec, in %), carbohydrates conversion efficiency (CH%, in %), volatile organics acids (acetic 

acid – HAc, propionic acid – HPr, n-butyric acid – HBu, n-valeric acid – HVa, n-caproic acid 

– HCa, in mg L-1) and solvents (methanol – MeOH, ethanol – EtOH, acetone – Ace, in mg·L-

1). A) All operational phases, n = 43 obs.; B) PII: 32.5 mg·L-1 DB22, n = 14 obs.; C) PIII: 32.5 

mg·L-1 DB22 and 338 mg·L-1 SO4
2-, n = 17 obs.; and D) PIV: 65 mg·L-1 DB22 and 338 mg·L-

1 SO4
2-(n = 43). 

 

Pearson’s correlation analysis was also performed separately for each system’s opera-

tional strategy. In phase PII (32.5 mg∙L-1 DB22), decolorization was significantly correlated 

with CH% and the production of HBu, HVa, HCa and ethanol (Figure 5. 4-B). Production of n-

caproic acid from both ethanol and lactic acid yields bioH2 that can be used as reducing power 

for reductive decolorization (Table 5. 3, Eq. 4-5). Ethanol elongation to n-caproic acid likely 

occurred because both ethanol and acetic acid were present in phase PII, and ethanol concen-

trations were strongly correlated with those of n-caproic acid (R = 0.55, p = 0.040). Moreover, 
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lactic acid was detected in samples collected all over PII operation at concentrations ranging 

from 10 to 32 mg∙L-1. Given the high abundance of homolactic bacteria in R1 (see Topic 3.6), 

lactic acid was probably utilized to generate n-caproic acid. It can therefore be hypothesized 

that decolorization of DB22, in phase PII, was mainly driven by reactions involved in chain 

elongation for n-caproate production. 

Addition of sulfate (338 mg∙L-1 SO4
2-), in phase PIII, did not appear to affect decolori-

zation and CH% efficiencies in R1 (Figure 5. 4-C). Effluent sulfate concentrations remained 

similar and, sometimes, slightly higher than those measured in the feed tank. In fact, the 1st-

stage reactor was designed with the aim of preventing sulfidogenesis, thus avoiding competition 

between the azo dye and sulfate for reducing equivalents. Although no sulfate removal occurred 

in R1, Pearson’s correlation analysis results showed that distinct metabolic routes were in-

volved in DB22 decolorization in phase PIII. Decolorization was positively correlated with ac-

etone formation (R = 0.57, p = 0.018), which is a bioH2 producing reaction (Table 5. 3, Eq. 6), 

and negatively associated with HBu concentration (R = -0.51, p = 0.035) in this period. The 

later suggests that the decrease in HBu/HAc ratio occurred as a result of butyrate oxidation 

(Table 5. 3, Eq. 7), which leads do the production of bioH2 that can serve as additional electron 

donor for reductive decolorization. The findings agree with previous studies in which the pres-

ence of an azo dye led to higher decomposition of VFAs (propionate and butyrate) into acetate, 

compared to a control without azo dye (Li et al., 2014). The authors hypothesized that bioH2 

produced in acetification of VFAs served as additional reducing power for reductive decolori-

zation. This was further supported by results from enzymatic assays, which showed that 

azoreductase activity was higher in the presence of butyrate and propionate than acetate. 

After applied DB22 loading rate was increased to 438 ± 13 mg∙L-1∙d-1 (65 mg∙L-1, Phase 

PIV), we observed a lower metabolic diversity in R1 (Figure 5. 4-D). Methanol, ethanol and 

acetone were not detected as from the 5th day after transition to phase PIV, and HBu/HAc ratio 

increased to 1.70. Moreover, no correlations were found between the produced metabolites and 

decolorization. This period of operation was marked by a decrease in decolorization efficiencies 

in R1, with later stabilization at lower removal rates. This further supports our hypothesis that 

a higher metabolic diversity is beneficial for reductive decolorization of azo dyes.  
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3.4. Overall bacterial community and sensitivity of acidogens towards azo dye  

After a DB22 loading rate of 222 ± 9 mg∙L-1∙d-1 (32.5 mg∙L-1, Phase PII) was applied to 

R1, CH% had a sudden drop from approximately 99 to 70%, with gradual recovery in the fol-

lowing weeks (Oliveira et al., 2022). This suggests that microorganisms adapted to the dye and 

to intermediates of the reductive decolorization. However, this could also mean that a microbial 

community with different structure was stablished in the system. Molecular identification of 

microorganisms based on the 16S rRNA and functional genes was further conducted to under-

stand the possible causes. 

Amplicon sequencing of the 16S rRNA gene targeting the V4 region revealed a signif-

icant shift in the bacterial community structure in R1 after DB22 was added to the system, in 

phase PII (Figure 5. 5-A). Samples clustered into four groups, of which each one represented a 

different operational strategy. DB22 was found to be the main source of variation in the dataset, 

since samples from phase PI (operation without the azo dye) clustered separately on the left 

side of NMDS1 axis, apart from the other phases, which grouped to the right side. Within this 

main group, samples from phase PII (operation with no sulfate addition) clustered in the upper-

right quadrant, while samples from phases PIII and PIV (338 mg∙L-1 SO4
2- added to the feed) 

grouped in the lower-right portion. These results indicate that sulfate is the second largest 

source of variation in the gradient analysis. Calculated stress-value was 0.05, which suggests a 

relative strong separation of the microbial communities (Paliy and Shankar, 2016). 

Some members of the family Clostridiaceae and of the genera Lactococcus, Prevotella 

and Atopobium increased in proportion in the presence of the azo dye, while members of Ru-

minococcaceae and Clostridium sensu stricto 1 were negatively affected. Members of Firmic-

utes predominated in all conditions, with relative abundance values of 66-80% (PI), 53-67% 

(PII), 72-76% (PIII) and 76-81% (PIV) (Appendix Cs). This phylum is often favored under 

acidogenic conditions (Ribeiro et al., 2022) and was recently associated with azo-reducing ac-

tivity in the gut microbiota (Zahran et al., 2021).  

Figure 5. 6-A shows the most abundant genera in R1 as a function of operational phase. 

Lactococcus, an homolactic bacteria belonging to Firmicutes, increased in proportion from 0.9-

9.2% (PI) to 16.9%, in PII, and up to 26.7% after DB22 loading rate was further increased 

(PIV). In a study conducted by Pérez-Díaz and McFeeters (2009), several lactic acid bacteria 

were able to modify an azo dye under anaerobic and even aerobic conditions, and therefore 

Lactococcus is a potential azo degrader.  
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Figure 5. 5. Non-metric multidimensional scaling (NMDS) analysis based on Bray-Curtis 

distance for the overall bacterial community in the A) 1st-stage (R1) and B) 2nd-stage (R2) 

reactors. Low abundant amplicon sequencing variants (ASVs) were removed from the analysis 

using a 1.5 % threshold. 

 

Clostridium was also positively selected in the presence of the azo dye, accounting for 

19.5% of the overall bacterial community in the end of the operation (day 328). An anaerobic 

azoreductase capable of reducing high molecular weight sulfonated azo dyes has been recently 

described in a member of Clostridium (Morrison and John, 2015), meaning that this bacterium 

might be involved in the biodegradation of DB22 (Morrison and John, 2015). 

Prevotella and Atopobium, which have no previous records regarding azo decoloriza-

tion, were also among the genera that were positively selected in the presence of DB22. 

Prevotella can produce acetate from glucose (Takahashi and Yamada, 2000) and major end-

products of Atopobium include lactic acid and acetate (Acevedo Monroy and Kizilova, 2006; 

Burton et al., 2004).  Since acetate formation presented a strong correlation with color removal 

(Section 3.3), these bacteria could be involved in decolorization of DB22 via inter-species hy-

drogen transfer. 

On the contrary, samples from R2 rather grouped by either the absence (PI and PII) or 

presence (PIII and PIV) of sulfate ions in the feed (Figure 5. 5-B), suggesting that azo dyes 

and/or intermediates from reductive decolorization had little impact on the bacterial community 

structure in R2. This is likely because microorganisms in R2 were less exposed to the dye, since 

most of the decolorization occurred in R1, which also received a higher DB22 load. 



90 

CHAPTER 5  

 

 

Nevertheless, these microorganisms were still exposed to aromatic amines and other DB22 

fragments recalcitrant to the AD. 

Figure 5. 6. Heatmap of the top 18 amplicon sequencing variants (ASVs) in the A) 1st-stage 

(R1) and B) 2nd-stage (R2) reactors identified after targeting the bacterial 16S rRNA V4 region. 

Samples are faceted by the operational strategies used in the operation of the AD system. 

 

Syntrophobacter and Desulfovibrio were among the genera that were enriched in the 

presence of sulfate. Syntrophobacter increased in proportion from 0.7-1%, in phase PII, to 2.5-

5.8% after sulfate was introduced into the system (Figure 5. 6-B). Desulfovibrio increased its 

relative abundance from 0.5-1.6 to up to 2.6% under the same conditions. Both are sulfate re-

ducers with fermentation ability (Muyzer and Stams, 2008). SRB community in the two-stage 

AD system will be covered with more detail in the next section. 

  

A) B) 
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3.5. Sulfate reducing bacterial (SRB) and methanogenic communities in the two-stage 

AD system 

No sequences of the dsrB and few sequences of the mcrA genes were obtained in sam-

ples from R1. Indeed, SRB and methanogens were not expected in this reactor due the low pH 

(pH 4.3-4.5). In R2, methanogenic community presented minor variations during the system’s 

operation (Figure 5. 7-A). Uncultured Methanobacteriales archaeon, Methanosaeta concilii 

GP-6, and Methanosaeta concilii were the only taxa enriched in the presence of DB22 (Phases 

PII, PIII and PIV). Members of the order Methanobacteriales generally use H2 + CO2 to produce 

methane (Acevedo Monroy and Kizilova, 2006), therefore uncultured Methanobacteriales ar-

chaeon is likely to compete with azo reducers, especially since it accounted for nearly 50% of 

the methanogenic community in R2. Methanosaeta concilii, which comprised up to 20.6% of 

the mcrA sequences in phase PIV, is the only methanogen in R2 capable of utilizing acetate as 

substrate for methanogenesis (Barber et al., 2011). The increased proportion of hydrogen-

otrophic methanogens shows that production of methane derived primarily from hydrogen and 

carbon dioxide, but competition between azo reducers and hydrogen-utilizing methanogens was 

minimized because bulk color removal occurred in the preceding unit, i.e. R1. 

It is important to point out that R2 was inoculated with sludge from a UASB reactor 

processing wastewater from a poultry slaughterhouse, which are enriched with hydrogen-

otrophic methanogens. Ammonia released in the biodegradation of protein-rich effluents leads 

to inhibition of aceticlastic methanogens and in inversion of the Wood–Ljungdahl pathway by 

SAOB community (Müller et al., 2013). DB22 biodegradation may result in increasing concen-

trations of ammonia as well. Both the source of the inoculum and the presence of DB22 might 

have influenced the predominance of hydrogen-utilizing methanogens. 

SRB community structure in samples from phases PIII and PIV – which correspond to 

the operation with added sulfate – did not present a significant shift after the increment in DB22 

loading rate (Figure 5. 7-B). Although Desulfobulbus propionicus demonstrated a large increase 

in proportion in phase PIV (approximately 52%), this enrichment had started in the previous 

phase, at lower concentrations of the azo dye. Desulfobulbus propionicus is capable of oxidiz-

ing propionate in the presence of sulfate, sulfite or thiosulfate as terminal electron acceptors 

(Widdel and Pfennig, 1982). Sulfide produced (Reaction 1) can be involved in further transfor-

mation of DB22 reduction products in R2, as well as in additional removal of color, since an 

increase in the concentration of total aromatic amines was observed in this reactor (Oliveira et 

al., 2022). This is because chemical reduction of azo bonds by sulfide can be expected under 
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sulfidogenic conditions, but the contribution of this mechanism was found to be little compared 

to biological reduction (Van Der Zee et al., 2003). Propionate oxidation lead to formation of 

acetate (Reaction 1), and therefore D. propionicus can establish syntrophic interactions with 

Methanosaeta concilii instead of competing for acetate. 

4𝑝𝑟𝑜𝑝𝑖𝑜𝑛𝑎𝑡𝑒−  +  3𝑆𝑂4
2−  →  4𝑎𝑐𝑒𝑡𝑎𝑡𝑒−  +  4𝐻𝐶𝑂3

−  +  3𝐻𝑆− +  𝐻+               (𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 1)  

Figure 5. 7. Heatmaps of the top amplicon sequencing variants (ASVs) in the 2nd-stage reactor 

(R2) identified after targeting the functional genes: A) mcrA; and B) dsrB. Organisms are listed 

at the highest taxonomic level. 

 

3.6. Syntrophic acetate-oxidizing bacterial (SAOB) and acetogenic communities in the 

two-stage AD system  

Amplicon sequencing targeting the fhs gene was conducted in samples from the two-

stage AD system to investigate the SAOB and acetogenic communities. A low diversity of these 

populations was observed in R1, where Leuconostoc mesenteroides predominated in all opera-

tional phases (62-95%), regardless of the presence of DB22 or sulfate (Figure 5. 8-A). L. mes-

enteroides is an heterolactic lactic acid bacterium (LAB) that produces lactic acid, ethanol 

and/or acetate as main fermentation end-products (Özcan et al., 2019). 

On the other hand, the homolactic LAB Lactococcus lactis was clearly selected in the 

presence of the azo dye, increasing its relative abundance from 0-2.4% in the stabilization phase 

to up to 11.5% at 32.5 mg∙L-1 DB22 (Phases PII and PIII), and further to 16.1% when DB22 

concentration was further increased to 65 mg∙L-1 DB22 (Phase PIV). These results are compat-

ible with those from the 16S rRNA gene amplicon sequencing analysis (Section 0) and suggests 

that L. lactis is involved in reductive decolorization of DB22 through the pathway in Eq. 8 

(Table 5. 3). However, it is not clear whether decolorization mediated by L. lactis is a typical 

co-metabolic reaction carried by redox mediators. NADH+H+ produced in glycolysis is 
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recycled during lactate formation from pyruvate, resulting in no net hydrogen production. Other 

studies reported azo dye reduction by L. lactis (You and Teng, 2009) and LAB (Pérez-Díaz and 

McFeeters, 2009). We hypothesize that azo dye decolorization by L. lactis occurs through the 

action of enzymes with high specificity to azo dyes, since genes encoding the production of the 

enzyme FMN-dependent NADH-azoreductase were found in the genome of L. lactis isolated 

from this same reactor (unpublished data). 

SAOB and acetogenic communities were more diverse in R2 (Figure 5. 8-B). Prevotella 

melaninogenica was remarkably enriched at higher DB22 concentrations (Phase PIV), account-

ing for up to 41.1% of the fhs sequences. This bacterium is able to produce acetic and succinic 

acids as primary end products of glucose or lactose fermentation (Shah and Gharbia, 1992). On 

the other hand, Sporolituus thermophilus (Ogg and Patel, 2009), which utilizes both malate and 

citrate, decreased in proportion throughout R2 operation, particularly under sulfidogenic con-

ditions (Phases PIII and PIV). Probably, this apparent drop in the relative abundance is rather a 

consequence of the enrichment of P. melaninogenica. 

 

Figure 5. 8. Heatmaps of the top 15 amplicon sequencing variants (ASVs) in the A) 1st-stage 

reactor (R1) and B) 2nd-stage reactor (R2) identified after targeting the fhs gene. Organisms are 

listed at the highest taxonomic level. 

 

A) 
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Brachybacterium phenoliresistens presented an increasing pattern in its relative abun-

dance values as from phase PIII, i.e. after sulfate addition. This specie can degrade hydrocar-

bons under high salinity conditions and have been isolated from oil-contaminated sites (Chou 

et al., 2007; Wang et al., 2014). The ability to survive in saline environments explain the en-

richment of this bacterium after exposure to sulfate. Moreover, the proportion of B. phenoli-

resistens further increased to 12.4% when higher DB22 concentrations were loaded into the 

system, which can be attributed to the ability of this species to tolerate high levels of phenol 

and degrade hydrocarbons. DB22 was converted to aromatic compounds in the preceding unit, 

which could not be further mineralized, but were transformed in R2 (Oliveira et al., 2022). This 

means that B. phenoliresistens could be involved in the transformation of hydrocarbons in R2.  

4. Conclusion 

Azo dye decolorization in the two-stage AD system occurs mainly as a result of hydro-

gen-producing reactions (in the form of H2 and/or reduced cofactors) in a mechanism mediated 

by electron shuttles. Enzymes with high specificity (e.g. azoreductases from L. lactis) seems to 

play an important role as well. Acidogens from R1 were observed to be sensitive and undergo 

selection upon exposure to azo dyes, whereas microbial communities in R2 are exposed to 

lower levels of azo dye and therefore appear less sensitive. These results are relevant when 

considering organic matter and sulfate removals and biogas production in R2, as methanogens 

and SRB show less impact under these circumstances. 

  

B) 
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Chapter 6 
 

New insights into the mechanism of azo dye biodegradation by 
Lactococcus lactis 

 

Abstract. Azo dye reduction by syntrophic microbial communities is still unclear, with con-

flicting observations reported in the literature. In this study, the biodegradation mechanism of 

a model azo dye by L. lactis strain LLSP-01 isolated from an acidogenic reactor system was 

investigated. Proteomics and RT-PCR analyses results showed that LLSP-01 azoreductase 

(AzoL) was not involved. The mechanism involved biosorption by glycoconjugates, particu-

larly exopolysaccharides (EPS) and rhamnolipids, as proteins from the LPS O-antigen metab-

olism were statistically more abundant in cells challenged with the target compound. Electrons 

were transferred through the biofilm matrix by hopping, in a mechanism that involved a SDR 

family oxidoreductase and riboflavin carriers. Reductive cleavage of the azo bonds resulted in 

aromatic products that were partially degraded by a ring-cleaving dioxygenase before the com-

plete depletion of oxygen in the reaction mixture. These results show that azo dye reduction by 

L. lactis is mediated by enzymes with broad range specificity, and not the typical azoreductases. 

This information can assist in the design of new strategies for the bioremediation of textile azo 

dyes. 
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1. Introduction 

Biological treatment of azo dyes has proven to be a safer and more cost effective alter-

native to solutions based on  physical-chemical methods (Oliveira et al., 2020), and has shown 

to reduce the biotoxicity of azo dye wastewaters (Amaral et al., 2014; Carvalho et al., 2020). In 

reduced environments, azo dye is biodegraded cometabolically through a process termed re-

ductive decolorization. This mechanism was speculated to involve a reaction in which reducing 

equivalents, as well as reduced cofactors, work as secondary electron donors to cleave the azo 

bonds (Santos et al., 2007). 

In anaerobic reactors, reductive decolorization was found to be correlated with the con-

version of carbohydrates into volatile organic acids and organic solvents, and particularly with 

hydrogen-producing pathways (Oliveira et al., 2022). This raises a question on whether en-

zymes involved in the carbohydrate metabolism catalyzes the reductive cleavage of the azo 

bonds instead of the typical azoreductases. In fact, some enzymes have broad range specificity 

and will act on many different substrates (Jackson et al., 2010). Moreover, azoreductases are 

more frequently found in aerobic bacteria, with few reports among strict anaerobes (Misal and 

Gawai, 2018; Morrison and John, 2015). It is therefore unclear if reductive decolorization by 

syntrophic microbial communities happens manly through the action of these specific enzymes 

in anoxic or anaerobic environments. 

The advancement of high-throughput omics has brought new light into the study of ar-

omatic hydrocarbons biodegradation, and the proteomics approach has been used to identify 

and quantify enzymes involved in the degradation pathway of such compounds (Kim et al., 

2009). Xenobiotics-degrading cells grown in the presence of the target compound overexpress 

enzymes related to the catabolism of these compounds, and therefore these proteins are differ-

entially more abundant (Almeida et al., 2013; Kim et al., 2004). 

In this study, the degradation pathway of the azo dye Direct Black 22 (DB22) by Lac-

tococcus lactis was investigated using label-free proteomics analysis. The bacterium was iso-

lated from  an acidogenic reactor system fed with synthetic textile wastewater and was signifi-

cantly enriched throughout its operation (Oliveira et al., 2022). The findings provide novel in-

formation on the biodegradation of textile azo dyes, which can help in the design of new strat-

egies and technologies for the bioremediation of such compounds. 

  



98 

CHAPTER 6  

 

 

2. Materials and Methods 

2.1. Azo dye and synthetic textile wastewater 

Direct Black 22 (DB22, CAS 6473-13-8) was acquired from a local dye supplier 

(Aupicor Quimica©, Pomerode, Brazil). Dye molecular weight and purity were  1083.97 g 

mol−1 and 42%, respectively. The dye was previously hydrolyzed by increasing pH to 11 and 

heating at 80 ºC for 1 h to simulate the actual state of the dye in textile effluents (Santos et al., 

2004). The basal medium used in the study was based on the composition of a real textile 

wastewater (Amorim et al., 2013) and contained: DB22 (32.5 mg L-1), glucose (1.70 gCOD L-

1), KH2PO4 (0.25 g L-1), Na2SO4 (0.50 g L-1), NaCl (0.50 g L-1), yeast extract (0.40 g L-1), 

NaHCO3 (0.15 g g-1 COD) and 1 mL L-1 trace elements solution (Appendix D). 

2.2. Anaerobic bacterium isolation 

A bacterium capable of decolorizing DB22 was isolated anaerobically from a continu-

ous acidogenic reactor operated with synthetic textile wastewater (Oliveira et al., 2022). A se-

rial dilution series (10-1 to 10-20) of the DB22 degrading consortium was applied in antibiotic 

flasks (50 mL) containing 25 mL of filter-sterilized medium (composition shown in 2.1). The 

flasks were flushed with N2 for 1 min and incubated at 30 ºC under static conditions for a period 

of 48 h.  The highest dilution which gave satisfactory color removal were plated in sterilized 

solid medium (synthetic textile wastewater added by 1.5% bacteriological agar) using pour 

plate technique. Petri dishes were incubated at 30ºC in a Gas-Pack jar with anaerobic sachets 

Oxoid™ AnaeroGen™ (Thermo Fisher Scientific™, Massachusetts, USA) for at least 24 h. 

2.3. Whole-genome sequencing 

2.3.1. High molecular weight DNA extraction 

High molecular weight DNA was obtained using the DNeasy® Blood & Tissue Kit 

(Qiagen, Hilden, Germany) and following the manufacturer’s protocol. DNA quantity was ver-

ified using a Qubit 2.0 fluorometer (Thermo Fisher Scientific, USA) with Qubit dsDNA BR 

Assay kit (Thermo Fischer Scientific, USA). DNA integrity was evaluated using the TapeSta-

tion 2200 with genomic DNA ScreenTapes (Agilent, USA). 
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2.3.2. Genome sequencing 

DNA repair, end preparation and ligation of sequencing adaptors were performed using 

the Native barcoding genomic DNA protocol in conjunction with the Ligation Sequencing Kit 

(MinION; Oxford Nanopore Technologies). The DNA library was loaded onto a MinION 

R9.4.1 flow cell and sequenced for 72 h using MinKNOW on a computer.  

2.3.3. Bioinformatics 

Base calling was performed with Guppy v3.2.10, which is integrated into MinKNOW. 

Porechop v0.2.3 was used to remove sequencing adapters and for the demultiplexing of Na-

nopore reads (https://github.com/rrwick/Porechop). The quality of the sequences was assessed 

using NanoPlot v1.24.0 (De Coster et al., 2018). Reads were filtered for length (>600 bp) and 

quality (>Q8) using NanoFilt v.2.6.0 (https://github.com/wdecoster/nanofilt) and long-read as-

sembly was conducted with Canu v2.0 (Koren et al., 2017).  The consensus genome was con-

structed after two rounds of polishing with Racon v1.3.3 (Vaser et al., 2017) and Medaka v1.0.1 

(https://github.com/nanoporetech/medaka). Genome assembly and completeness were assessed 

using  BUSCO (benchmarking universal single-copy orthologs) v5.0.0 (Manni et al., 2021). 

2.4. Decolorization assays 

Decolorization assays were conducted in quadruplicates in serum bottles (250 mL) con-

taining 100 mL of the basal medium (composition shown in 2.1). The flasks were inoculated 

with overnight grown cultures of L. lactis (10%, v v-1) and incubated at 30 ºC and 150 rpm. 

Samples (1 mL) were collected periodically for color and optical density (OD600) measure-

ments. Decolorization efficiency was calculated as shown in the Eq. (1). Color interference on 

OD600 measurements was eliminated by subtracting the absorbance values of centrifuged sam-

ples. 

𝐷𝑒𝑐𝑜𝑙𝑜𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =  
∫ 𝐴0. dλ − ∫ 𝐴𝑡. dλ

700 𝑛𝑚

400 𝑛𝑚

700 𝑛𝑚

400 𝑛𝑚

∫ 𝐴0. dλ
700 𝑛𝑚

400 𝑛𝑚

 . 100                                               (𝐸𝑞. 1) 

in which 𝐴0 is the initial absorbance of the sample; 𝐴𝑡 is the absorbance of the sample at a time 

t; and dλ is an infinitesimal wavelength interval. 

  

https://github.com/rrwick/Porechop
https://github.com/nanoporetech/medaka
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2.5. Proteomics analysis 

2.5.1. Protein extraction 

Bacterial cultures grown until mid-logarithmic growth phase (OD600 = 0.24) were har-

vested by centrifugation at 4000 x g for 8 min and rinsed with ultrapure water. Growth condi-

tions were similar to those described earlier (Section 2.4). Cell pellets were treated with a pro-

tease inhibitor cocktail and resuspended in a mixture containing 385 µL TEAB buffer (50 mM 

triethylammonium bicarbonate, 1% (w/w) sodium deoxycholate, pH 8.0) and 385 µL B-PER 

lysis buffer (Thermo Fisher Scientific, Waltham, Massachusetts, United States). Samples were 

transferred to Covaris® AFA milliTUBEs and cells were disrupted using a Covaris® focused-

ultrasonicator system (Woburn, Massachusetts, United States). Extracted proteins were quanti-

fied using the Qubit Protein BR Assay Kit. 

2.5.2. Peptide analysis  

A total of 100 µg of proteins were transferred to Protein LoBind® tubes, after which  

acetone precipitation was performed in the samples. Peptide digestion and purification were 

conducted using the PreOmics® iST kit (Planegg, Germany) and following the manufacturer’s 

protocol. Tryptic peptides were analyzed using  liquid chromatography – electrospray ioniza-

tion tandem mass spectrometry (LC-ESI-MS/MS), as described elsewhere (García-Moreno et 

al., 2020). 

2.5.3. Bioinformatic processing 

Protein identification and quantification were performed with MaxQuant v2.0.3.1 (Cox 

and Mann, 2008), using the Andromeda search engine with default settings (Cox et al., 2011). 

The false discovery rate used was 1%. Carbamidomethylation was set as fixed modification, 

whereas acetylation of protein N-termini and oxidation of methionine were set as variable mod-

ifications. Samples spectra were searched against the predicted proteome from L. lactis isolate 

LLSP-01. The MaxLFQ algorithm was used to quantify proteins with at least one unique or 

razor peptide. The protein groups and evidence files were inputted into MSstats for further sta-

tistical analysis (Choi et al., 2014). Contaminants and peptide and charge with only one or two 

measurements across runs were removed. Data was optimized for statistical modelling using 

log-transformation with base 2 and quantile normalization to remove systematic bias between 

MS runs. Protein summarization was performed using the Tukey’s median polish and linear 

mixed effects model with Empirical Bayes moderation was used to compare the two conditions 
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(control and DB22-exposed groups) for differentially abundant proteins (Föll and Fahrner, 

2022).  

2.6. RNA isolation and RT-PCR analysis 

L. lactis LLSP-01 was grown under the same conditions as described earlier for the 

proteomics analysis. Exponentially growing cells incubated without or with DB22 (1 and 32.5 

mg L-1) were harvested by centrifugation at 4000 x g for 8 min. RNA extraction was conducted 

using the RNeasy® kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. 

RNA quality was assessed using TapeStation 2200 with genomic RNA ScreenTape (Agilent, 

USA) and concentration was measured using Qubit 2.0 (Thermo Fisher Scientific, USA) with 

Qubit RNA BR Assay kit (Thermo Fischer Scientific, USA). 

Complimentary DNA (cDNA) was synthetized by reverse transcription of total RNA (1 

µg) using the SuperScript™ III First-Strand Synthesis System (Thermo Fisher Scientific, USA). 

cDNA was amplified by PCR using L. lactis LLSP-01 azoreductase (AzoL) primers designed 

using the RealTime PCR Design Tool (Integrated DNA technologies, Coralville, USA). Pri-

mers used were AzoL-fw (5’-GGT CCT GTT GGT TTA GCA AAT G-3’) and AzoL-rev (5’- 

GTC CTT CAA CGG CAA TTT GTC-3’). PCR settings were as following: initial denaturation 

at 95 ºC for 2 min; amplification for 25 cycles at 95 ºC for 15 s, 58.6 ºC for 15 s, and 72 ºC for 

20 s; and a final extension of 5 min at 72 ºC. 

3. Results and Discussion 

3.1. DB22 decolorization by L. lactis 

L. lactis reached decolorization efficiencies of up to 84.1% after incubation for 37 h at 

30 ºC (Figure 6. 1). Cells exposed to DB22 presented lower growth rates, suggesting that the 

azo dye was toxic to L. lactis. However, cells grown under DB22-induced stress presented 

higher optical densities after 37 h (OD600 = 0.417), while non-exposed cells (control) reached 

the stationary phase earlier, after 17 hours (OD600 = 0.338). It was hypothesized that the higher 

biomass yields achieved in the presence of DB22 resulted from the higher concentration of 

substrate in these experiments, as DB22 can serve as additional substrate to support L. lactis 

growth. However, this phenomenon could be also provoked by metabolic changes induced by 

the azo dye. The physiological and metabolic responses of L. lactis challenged with DB22 were 

further investigated using label-free proteomics analysis.  
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Figure 6. 1. Effects of the azo dye Direct Black 22 (DB22, 32 mg L-1) on the growth of L. lactis 

(A) and DB22 decolorization efficiency (B) over 38 h. Dashed lines represent the times in which 

samples were harvested for protein extraction. Assays were conducted in quadruplicates. 

  

3.2. Strain verification and genome quality 

The whole genome of L. lactis was sequenced in a MinION R9.4.1 flow cell (Flow cell 

ID FAQ35713), generating a total of 1.1 M reads and a length of 2.3 Gb. After filtering on 

quality and trimming, 265,205 reads remained. The estimated completeness of the genome was 

96.0% and the contamination was 1.6% based on BUSCO analysis. A nucleotide BLAST search 

against NCBI showed that the strain had a 97.8% similarity with Lactococcus lactis IO-1 

(AP012281).  

3.3. Proteomics analysis of L. lactis challenged with the azo dye 

A total of 9080 proteins were detected in the differential proteomics analysis, of which 

68 significantly changed in abundance when L. lactis was exposed to 32.5 mg L-1 DB22 (p ≤ 

0.05; log2FC < -1 or log2FC >1). While 61 proteins were relatively less abundant, only 7 pro-

teins increased in abundance upon growth in the presence of the azo dye and two were detected 

only in the positive group (Figure 6. 2 and Table 6. 1; see Appendix D for the full list). 

The experiment conducted with biological quadruplicates revealed a change in the met-

abolic pathways favoring L-ribulose production from L-arabinose, as L-arabinose isomerase 

had the highest increment in abundance in the presence of DB22 (log2FC = 2.78). L-Ribulose 

is a precursor of D-Ribulose 5-phosphate, which is related to the biosynthesis of riboflavin 

through the pentose phosphate pathway (Kanehisa, 2000; Kanehisa et al., 2008). Riboflavin is 

as well-known redox mediator involved in the co-metabolic degradation of azo dyes (Imran et 

al., 2016).  
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A SDR family oxidoreductase also had an increase in its abundance (log2FC = 1.57) 

compared to the control group. Short-chain dehydrogenases/reductases is a family of  NADPH-

dependent oxidoreductases (Kavanagh et al., 2008), which play a major role in decolorization 

of azo dyes (Singh et al., 2015). 

 Proteins involved in the LPS O-antigen metabolism were also more abundant in the 

proteomes of L. lactis exposed to the azo dye. dTDP-glucose 4,6-dehydratase (log2FC = 1.31) 

converts dTDP-α-D-glucose into dTDP-4-dehydro-6-deoxy-α-D-glucose, while this later is 

converted into dTDP-4-dehydro-β-L-rhamnose in a reaction catalyzed by dTDP-4-dehydro-

rhamnose 3,5-epimerase (identified only in samples exposed to DB22) (Marolda and Valvano, 

1995). These proteins are involved in the production of both cell wall polysaccharides and 

rhamnose-containing EPS in L. lactis (Boels et al., 2004), which might be related to the higher 

OD yields observed in cells exposed to the azo dye. 

Figure 6. 2. Volcano plot generated to compare proteins differentially abundant in L. lactis 

LLSP-01 cells grown in the absence or in the presence of the azo dye Direct Black 22 (32 mg 

L-1). Vertical and horizontal dashed lines represent, respectively, the log fold change (log2FC) 

and p-value thresholds used to pronounce statistical significance. 
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Table 6. 1. The top proteins differientally abundant in L. lactis LLSP-01 cells grown in the 

presence of 32.5 mg L-1 Direct Black 22. 

p-value log2FC Accession Protein name or description 

I - Upregulated 

8.5E-02 2.78 WP_058211938.1 L-arabinose isomerase 

4.0E-02 2.60 WP_046781838.1 WxL domain-containing protein 

3.1E-02 1.99 WP_058217091.1 
BMP family ABC transporter substrate-binding pro-

tein 

2.2E-02 1.57 WP_058219886.1 SDR family oxidoreductase 

4.2E-02 1.31 WP_033899140.1 dTDP-glucose 4,6-dehydratase 

1.4E-02 1.27 WP_064973379.1 ring-cleaving dioxygenase 

3.1E-02 1.19 WP_003129660.1 vitamin B12 independent methionine synthase 

-- -- WP_010905193.1 dTDP-4-dehydrorhamnose 3,5-epimerase 

-- -- WP_058210984.1 phosphopyruvate hydratase 

II - Downregulated 

9.7E-03 -4.20 WP_004254538.1 DNA starvation/stationary phase protection 

2.4E-04 -3.94 WP_058223384.1 aldo/keto reductase 

2.9E-04 -3.86 WP_003129551.1 DNA-directed RNA polymerase subunit delta 

4.3E-03 -3.47 WP_003129453.1 cell division regulator GpsB 

1.0E-02 -3.42 WP_057720276.1 ammonia-dependent NAD(+) synthetase 

5.2E-03 -3.32 WP_058220094.1 30S ribosomal protein S7 

4.3E-03 -3.18 WP_003130887.1 phosphate signaling complex protein PhoU 

2.2E-02 -3.06 WP_081041499.1 5-bromo-4-chloroindolyl phosphate hydrolase 

1.6E-02 -3.04 WP_038599155.1 FMN-dependent NADH-azoreductase 

2.6E-04 -2.98 WP_003131560.1 superoxide dismutase [Mn] 

2.5E-02 -2.96 WP_003132352.1 50S ribosomal protein L20 

4.7E-03 -2.89 WP_058219555.1 elongation factor Ts 

6.9E-03 -2.87 WP_015426160.1 transcription regulator 

2.7E-05 -2.87 WP_029344674.1 universal stress protein 

1.6E-02 -2.84 WP_003130829.1 RNA polymerase sigma factor RpoD 

2.8E-03 -2.83 WP_003131820.1 IreB family regulatory phosphoprotein 

2.6E-02 -2.74 WP_003130364.1 response regulator transcription factor 

2.6E-02 -2.57 WP_003130880.1 phosphate ABC transporter substrate-binding protein 
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In a recent study, it was proved that the decolorization of an azo dye by Aliiglaciecola 

lipolytica initiated with dye adsorption onto cells by EPS. EPS overproduction contributed to 

biosorption and self-flocculation, and the adsorbed dye was degraded through the action of 

oxidoreductases such as azoreductase and laccase (Wang et al., 2020). Other studies have re-

ported the relevant contribution of biofilm mediated degradation in the bioremediation of xe-

nobiotics by EPS-producing microorganisms (Premnath et al., 2021). 

dTDP-glucose 4,6-dehydratase and dTDP-4-dehydro-β-L-rhamnose are also key en-

zymes involved in the biosynthesis of rhamnolipids, which are extracellular glycoconjugates 

that act as emulsifiers (Chong and Li, 2017). These biosurfactants have an important role in the 

bioremediation of organic pollutants, as they can reduce surface tension and therefore increase 

the bioavailability of these compounds (Bhatt et al., 2021). Rhamnolipids were found to pro-

mote the dissolution, biosorption, adsorption and enhanced degradation of organic contami-

nants (Bhatt et al., 2021; Mnif and Ghribi, 2016; Zhang et al., 2011). 

Moreover, L. lactis presented increased abundance of a WxL domain-containing protein 

(log2FC = 2.60). WxL region is a cell wall biding domain, and therefore proteins fused to this 

domain are displayed on the bacterial surface (Brinster et al., 2007). Protein-displaying bacteria 

can act as bioadsorbents (Plavec et al., 2019), further evidencing that L. lactis initiate DB22 

decolorization with biosorption followed by reduction of the azo bonds mediated by a SDR 

family oxidoreductase and using riboflavin as redox mediator.    

Surprisingly, a ring-cleavage dioxygenase was also upregulated in the presence of DB22 

(log2FC = 1.27). This enzyme catalyzes the ring fission of aromatic compounds such as ben-

zene, naphthalene and aromatic amines (Vaillancourt et al., 2004). Moreover, ring-cleaving di-

oxygenases were found to be involved in the detoxification of direct azo dyes by a facultative 

anaerobe (Chen et al., 2021). L. lactis decolorization assays were conducted under anoxic con-

ditions, as nitrogen was not flushed in the serum bottles to simulate the growth conditions of 

the inoculum source. It is hypothesized that this enzyme had a substantial contribution in the 

biodegradation of DB22 in the initial stage of the experiment, i.e. before oxygen was totally 

depleted.  

Several transcription regulators and proteins involved in the regulation of cell growth 

were statistically less abundant in the cells challenged with the azo dye. These proteins include  

cell division regulator GpsB (log2FC = -3.47), phosphate signaling complex protein PhoU 

(log2FC = -3.18), DNA-directed RNA polymerase subunit delta (log2FC = -3.86), transcription 
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regulator (log2FC = -2.87) and RNA polymerase sigma factor RpoD (log2FC = -2.84). Riboso-

mal proteins and other proteins involved in the cellular process of translation (e.g., elongation 

factor Ts) were downregulated as well. These results explain the decreased growth rates in L. 

lactis cells grown in the presence of DB22, showing that the azo dye and its biodegradation 

products induce several stress responses in L. lactis. 

3.4. FMN-dependent NADH azoreductase not involved in the decolorization of DB22 

by strain LLSP-01 

Interestingly, an FMN-dependent NADH azoreductase, which catalyzes reductive 

cleavage of azo bonds (Santos et al., 2007), was identified with higher abundances in the control 

group (log2FC = -3.04) . Morrison and John (2015) observed azoreductase activity in extracts 

from the periplasmic fraction of Clostridium perfringens cells in both the dye- and the non-dye 

exposed group. The authors further showed that the charged groups on sulfonated dyes caused 

the release of azoreductase into the extracellular matrix, and that protein release was not caused 

by cell lysis or leakage. This resulted in increased azoreductase activity in extracts from the 

periplasmic fractions of cells not previously exposed to sulfonated azo dyes. It was hypothe-

sized, therefore, that azoreductase was released upon exposure to DB22, therefore explaining 

the lower abundance of the enzyme within cells challenged with the dye. 

To test this hypothesis, we checked for signal peptides in the L. lactis LLSP-01 AzoL 

protein, which was found not to contain any of these short amino acid sequences (Teufel et al., 

2022). This means that the AzoL could not be translocated across the bacterial membrane. Fur-

ther analysis using RT-PCR gave no AzoL amplicons for the control group nor for cells exposed 

to lower (1 mg L-1) or higher (32.5 mg L-1) concentrations of DB22, while the band correspond-

ing to AzoL was clearly observed in the genomic DNA of L. lactis (Figure 6. 3). These results 

agree with the findings from the proteomics analysis. It was hypothesized that AzoL is not 

continuously expressed during the growth of L. lactis and this enzyme was not involved in the 

decolorization of DB22. 

3.5. Direct Black 22 biodegradation mechanism 

DB22 biodegradation by L. lactis initiates with adsorption to the biofilm matrix, as gly-

coconjugates are produced in excess in the presence of the azo compound ( 

Figure 6. 4). EPS and rhamnolipids overproduction were revealed by the enrichment of 

two enzymes involved in the LPS O-antigen metabolism, i.e. dTDP-glucose 4,6-dehydratase 
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(RmlB) and dTDP-4-dehydro-β-L-rhamnose (RmlC). The adsorbed dye is indirectly reduced 

by a SDR family oxidoreductase. Electrons produced in the interior of the cells are carried 

through the biofilm matrix by hopping, in a mechanism mediated by riboflavin carriers. Hop-

ping was found to be the prevailing pathway for extracellular electron transfer across EPS ma-

trices (Xiao et al., 2017). 

Figure 6. 3. L. Lactis LLSP-01 azoreductase (AzoL) RT-PCR amplicons. Lane A1 – cDNA of 

L. lactis cells not exposed to Direct Black 22 (DB22); Lane B1 – cDNA of L. lactis cells 

exposed to 1 mg L-1 DB22; Lane C1 – cDNA of L. lactis cells exposed to 32.5 mg L-1 DB22; 

Lane D1: genomic DNA of L. lactis. 

 

Reductive cleavage of the azo bonds yields monocyclic aromatic amines such as 1,2,4-

triaminobenzene, oxalic acid p-phenylenediamine and 2-aminobenzenesulfonate. These mole-

cules can be converted to catechol derivatives and to 3-sulfocatechol (Figure 6. 5), in reactions 

catalyzed by aniline dioxygenase (Arora, 2015; Perei et al., 2001). Further degradation by ring-

cleaving dioxygenases (Vaillancourt et al., 2004) results in the formation of compounds with 

the skeleton of the 2-aminomuconic acid and 3-sulfomuconate. 
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Figure 6. 4. Proposed biodegradation mechanism of the azo dye Direct Black 22 (DB22) by 

strain LLSP-01. RmlB (dTDP-glucose 4,6-dehydratase) and RmlC (dTDP-4-dehydro-β-L-

rhamnose) were differentially more abundant in the presence of the azo dye. These enzymes 

are involved in the production of glycoconjugates in L. lactis, including rhamnose-containing 

exopolysaccharides and rhamnolipds. It is hypothesized that DB22 is adsorbed into the biofilm 

matrix and indirectly reduced by a SDR family oxidoreductase. Reducing equivalents are 

transfferred through the extracellular matrix by hopping, in a mechanism mediated by riboflavin 

carriers. 

 

Ring-cleaving dioxygenases act by incorporating two atoms of oxygen to the molecule 

(Vaillancourt et al., 2004). L. lactis is a facultative anaerobe isolated from a continuous acido-

genic reactor system. In the bioreactor system, the textile effluent was pumped at a flow rate of 

17.1 L d-1 and the feed tank was not flushed with nitrogen to strip the oxygen. It was hypothe-

sized that that the wastewater contained dissolved oxygen that could serve as substrate for the 

ring-cleaving dioxygenase enzyme immediately upon entrance in the reactor. To simulate the 

same conditions, nitrogen was not flushed in the flasks during the proteomics experiment with 

L. lactis, and DB22 products were partially degraded before the complete depletion of oxygen 

in the flasks. 
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Figure 6. 5. Partial degradation of Direct Black 22 (DB22) reduction products by L. lactis 

LLSP-01. Aromatic products such as 2,4-triaminobenzene, oxalic acid p-phenylenediamine and 

2-aminobenzenesulfonate are converted to catecholic compounds, which have their aromatic 

rings cleaved by a ring-cleaving dioxygenase. 

 

4. Conclusion 

Biosorption plays an important role in the biodegradation of azo dyes by L. lactis, as the 

reduction mechanism initiates with adsorption to the biofilm matrix. The adsorbed dye is re-

duced by a SDR family oxidoreductase, showing that enzymes with broad range specificity are 

involved. Reducing equivalents are transferred through the biofilm matrix until the azo 
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compound by hopping, in a mechanism mediated by riboflavin. Resulting aromatic amines are 

partially degraded while oxygen is still present in reactions catalyzed by a ring-cleaving diox-

ygenase. These novel insights into the mechanism of azo dye biodegradation by L. lactis can 

assist in the development of new strategies and technologies for bioremediation of textile azo 

dyes and respective aromatic products. 
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Chapter 7 
Conclusion 

 

In this study, we showed that multiple stage anaerobic treatment is an effective strategy 

for the treatment of azo dye wastewaters containing sulfate. This system’s configuration 

showed feasibility for industrial applications due to its stable performance and higher azo dye 

load capacity when compared to single-stage systems. We have made further progress showing 

that reductive decolorization by syntrophic microbial communities is a co-metabolic process in 

which different microorganisms and metabolic routes are involved. Promiscuous enzymes were 

found to play an important role, but we do not know the relative importance of them compared 

to specific enzymes (e.g., azoreductases) which are supposedly involved as well. The main 

messages to take away from the experimental sections of this dissertation (Chapters 3-6) are 

summarized below:   

i. The SPE-LC-ESI-MS/MS analysis developed for determining DB22 in biological reac-

tor effluents revealed a structural change of the azo dye in aqueous solution, while the 

dying capacity was preserved. This technique has the potential of being tailored to con-

sider the detection of the hydrolyzed fragments of azo dyes in wastewater for appropri-

ate quantification, but was not the scope of the current step of this research; 

ii. Multiple stage anaerobic treatment provided enhanced removals of color, organic matter 

and sulfate from a synthetic azo dye wastewater by eliminating issues related to the 

competition for reducing equivalents in the 1st-stage reactor; 

iii. Reductive decolorization of azo dyes is a co-metabolic process in which several micro-

bial communities and H2-producing reactions are involved; 

iv. The mechanism of azo dye reduction by a bacterium isolated from the two-stage anaer-

obic digestion system initiated with biosorption by glycoconjugates, particularly ex-

opolysaccharides (EPS) and rhamnolipids. Electrons were transferred through the bio-

film matrix until the dye by hopping, in a mechanism that involved an enzyme with 

broad substrate specificity and riboflavin carriers. 
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LIMITATIONS AND FUTURE RESEARCH 

In spite of the optimistic conclusions of this dissertation, our work has important limi-

tations. Microorganisms have distinct behavior when growing in pure or mixed cultures, and 

we cannot ensure that the DB22 decolorization mechanism by L. lactis observed was the same 

that occurred during the operation of two-stage AD system. A way around this would be com-

bining protein-stable isotope probing and metagenomics to identify the putative degraders and 

pathways involved in reductive decolorization of azo dyes by mixed microbial communities. 

By doing so, it is possible to assess whether L. lactis contributed to DB22 decolorization when 

in syntrophic association with other species, and which are the other microorganisms involved.    

Moreover, it is unknown whether some SRB can participate in reductive decolorization 

instead of only competing with azo degraders. Decolorization of an azo dye coupled to sulfate 

reduction was speculated before (Albuquerque et al., 2005), but no mechanism was proposed. 

Moreover, the competition between azo dyes and sulfate depends on the dye’s reduction poten-

tial, and azo reduction can outcompete sulfate reduction in the case of certain azo dyes. We 

understand that azo dyes with distinct reduction potentials should be assessed under sulfido-

genic conditions. The assays can be also carried using pure cultures of SRB which showed 

ability to decolorize azo dyes. However, the contribution of biogenic sulfide should be dis-

counted using appropriate methods.        
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Appendix A 
 

CHAPTER 3: 

Broken into pieces: the challenges of determining sulfonated azo dyes in biological reactor 

effluents using LC-ESI-MS/MS analysis     

J. M. S. Oliveiraa*, C. A. Sabatinia, A. J. Santos-Netob and E. Forestia 

a Department of Hydraulics and Sanitation, São Carlos School of Engineering, University of São Paulo, 

Av. Trabalhador São Carlense, 400, 13566-590, São Carlos, SP, Brazil 

b São Carlos Institute of Chemistry (IQSC), Av. Trabalhador São Carlense, 400, 13566-590, São Carlos, 

SP, Brazil. 

Table S. 1. Composition of the trace elements stock solution. 

  Concentration (g L-1) 

FeSO4.7H2O  0.75 

NiSO4.7H2O  0.50 

MnCl2.4H2O  0.50 

ZnSO4.7H2O  0.50 

H3BO3 0.10 

CoCl2.6H2O  0.05 

CuSO4.5H2O  0.005 

Na2MoO4.2H2O  0.004 

EDTA disodium salt 1.00 
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Figure S. 1. ESI-/MS spectrum of hydrolized Direct Black 22 obtained in Full-Scan mode in the range 

80 – 1000 Da. 
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Appendix B 
 

CHAPTER 4 

Two-stage anaerobic digestion system for biodegradation of azo dye in the presence of sul-

fate: minimizing competition for reducing equivalents 

Jean M. S. Oliveira a, Márcia H. R. Z. Damianovic a, Eugênio Foresti a.  

a Biological Processes Laboratory (LPB), University of São Paulo (USP), 1100 João Dagnone Avenue, 

13563-120 São Carlos, SP, Brazil. 

Figure S. 2. Anaerobic structured-bed reactor (1st-stage reactor, R1) used in the two-stage anaerobic 

digestion system. Profile (A), cross-sectional area showing polyurethane foam rods array (B), and 3D 

realistic visualization of the lower portion of the bioreactor (C). In the figure: 1 – feed inlet; 2 – bottom 

discharge; 3 – sections with 5 mm diameter constrictions; 4 – effluent; 5 – biogas sampling point; a-e –

liquid sampling points. 

 



139 

APPENDIX B 

 

 

Figure S. 3. Upflow anaerobic sludge blanket (2nd-stage reactor, R2) used in the two-stage anaerobic 

digestion system. Internal diameter: 52 mm. 
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Figure S. 4. Anaerobic structured-bed reactor (1st-stage reactor, R1) used in the two-stage anaerobic 

digestion system. Details of the experimental setup: (a) wastewater inlet; (b) wastewater outlet; (c) outlet 

biogas tube; (d) hydric seal; (e) U-shape tube; (f) biogas flow meter; and (g) peristaltic pump.  
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Figure S. 5. Experimental setup. 1st-stage reactor (left) and 2nd-stage reactor (right) operated in series.   
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Table S. 2. Physical-chemical properties of Direct Black 22 (CAS 6473-13-8) 

Property Value 

Molar mass 1083.97 g mol-1 

Monoisotopic mass 1083.11994526 Da 

Formula C44H32N13Na3O11S3 

Charge (pH 5-9) -3 

Isoelectric point  1.8 

Maximum absorbance wavelength 481 nm 

Source: chemicalize.com 

 

Table S. 3. Composition of the trace elements stock solution. 

  Concentration (g L-1) 

FeSO4.7H2O  0.75 

NiSO4.7H2O  0.50 

MnCl2.4H2O  0.50 

ZnSO4.7H2O  0.50 

H3BO3 0.10 

CoCl2.6H2O  0.05 

CuSO4.5H2O  0.005 

Na2MoO4.2H2O  0.004 

EDTA disodium salt 1.00 
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Figure S. 6 Influent and effluent pH in the A) 1st-sta   ge reactor, R1; and B) 2nd-stage reactor, R2.    

 

 

 

  

0

2

4

6

8

10

0 40 80 120 160 200 240 280 320

p
H

Time (days)

Influent pH Effluent pH

PI
Start-up and

stabilization

PII
32.5 mg L-1

DB22

PIII
32.5 mg L-1

DB22 + SO4
2-

PIV
65 mg L-1

DB22 + SO4
2-

0

2

4

6

8

10

0 40 80 120 160 200 240 280

p
H

Time (days)

Influent pH Effluent pH

PI PII PIII PIV

A) 

B) 



144 

APPENDIX B 

 

 

Figure S. 7. Measured sulfide (S2-) concentrations and theoretical estimates in the effluent of the 2nd-

stage reactor (R2). Theoretical estimates were calculated considering a stoichiometry coefficient of 0.33 

mg of sulfide produced per mg of sulfate reduced, and further considering that sulfide remained in 

solution due to the high pH in R2. 
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Figure S. 8. UV-VIS spectrum of samples from the two-phase anaerobic digestion system. A) PII: 32.5 

mg L-1 DB22; B) PIII: 32.5 mg L-1 DB22 and 338 mg L-1 SO4
2-; and C) PIV: 65 mg L-1 DB22 and 338 

mg L-1 SO4
2-. 
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Appendix C 
 

CHAPTER 5 

Microbial communities and metabolic pathways involved in reductive decolorization of an 

azo dye in a two-stage AD system 

 

J. M. S. Oliveira1,2, J. S. Poulsen2, E. Foresti1, J. L. Nielsen2 

1Biological Processes Laboratory (LPB), São Carlos School of Engineering (EESC), University of São 

Paulo (USP), 1100 João Dagnone Avenue, 13563-120 São Carlos, SP, Brazil. 

2Center for Microbial Communities, Department of Chemistry and Bioscience, Aalborg University, 

Fredrik Bajers Vej 7H, DK-9220 Aalborg, Denmark 

 

Table S. 4. Composition of the trace elements stock solution. 

  Concentration (g L-1) 

FeSO4.7H2O  0.75 

NiSO4.7H2O  0.50 

MnCl2.4H2O  0.50 

ZnSO4.7H2O  0.50 

H3BO3 0.10 

CoCl2.6H2O  0.05 

CuSO4.5H2O  0.005 

Na2MoO4.2H2O  0.004 

EDTA disodium salt 1.00 
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Figure S. 9. Vertical profiling for carbohydrates concentration in the 1st-stage reactor (R1). 

 

 

Figure S. 10. Phylum level distribution of microbial populations in the 1st-stage reactor (R1) identified 

after targeting the bacterial 16S rRNA V4 region. Samples are faceted by the operational strategies used 

in the operation of the AD system. 
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Appendix D 
 

CHAPTER 6 

New insights into the mechanism of azo dye biodegradation by Lactococcus lactis 

 

J. M. S. Oliveira1,2, J. S. Poulsen2, E. Foresti1, J. L. Nielsen2 

1Biological Processes Laboratory (LPB), São Carlos School of Engineering (EESC), University of São 

Paulo (USP), 1100 João Dagnone Avenue, 13563-120 São Carlos, SP, Brazil. 

2Center for Microbial Communities, Department of Chemistry and Bioscience, Aalborg University, 

Fredrik Bajers Vej 7H, DK-9220 Aalborg, Denmark 

 

Table S. 5. Composition of the trace elements stock solution. 

  Concentration (g L-1) 

FeSO4.7H2O  0.75 

NiSO4.7H2O  0.50 

MnCl2.4H2O  0.50 

ZnSO4.7H2O  0.50 

H3BO3 0.10 

CoCl2.6H2O  0.05 

CuSO4.5H2O  0.005 

Na2MoO4.2H2O  0.004 

EDTA disodium salt 1.00 
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Table S. 6. Proteins differientally abundant in L. lactis LLSP-01 cells grown in the presence of 32.5 mg 

L-1 Direct Black 22. 

p-value log2FC Accession Protein name or description 

I - Upregulated 

8.5E-02 2.78 WP_058211938.1 L-arabinose isomerase 

4.0E-02 2.60 WP_046781838.1 WxL domain-containing protein 

3.1E-02 1.99 WP_058217091.1 BMP family ABC transporter substrate-binding protein 

2.2E-02 1.57 WP_058219886.1 SDR family oxidoreductase 

4.2E-02 1.31 WP_033899140.1 dTDP-glucose 4,6-dehydratase 

1.4E-02 1.27 WP_064973379.1 ring-cleaving dioxygenase 

3.1E-02 1.19 WP_003129660.1 vitamin B12 independent methionine synthase 

-- -- WP_010905193.1 dTDP-4-dehydrorhamnose 3,5-epimerase 

-- -- WP_058210984.1 phosphopyruvate hydratase 

II - Downregulated 

1.6E-02 -5.86 WP_010905107.1 50S ribosomal protein L32 

9.7E-03 -4.20 WP_004254538.1 DNA starvation/stationary phase protection 

2.4E-04 -3.94 WP_058223384.1 aldo/keto reductase 

2.9E-04 -3.86 WP_003129551.1 DNA-directed RNA polymerase subunit delta 

4.0E-04 -3.75 WP_003131954.1 30S ribosomal protein S6 

1.5E-02 -3.65 WP_109245588.1 30S ribosomal protein S21 

2.3E-03 -3.53 WP_003131952.1 30S ribosomal protein S18 

4.3E-03 -3.47 WP_003129453.1 cell division regulator GpsB 

1.0E-02 -3.42 WP_057720276.1 ammonia-dependent NAD(+) synthetase 

5.2E-03 -3.32 WP_058220094.1 30S ribosomal protein S7 

4.3E-03 -3.18 WP_003130887.1 phosphate signaling complex protein PhoU  

2.2E-02 -3.06 WP_081041499.1 5-bromo-4-chloroindolyl phosphate hydrolase 

1.6E-02 -3.04 WP_038599155.1 FMN-dependent NADH-azoreductase 

2.6E-04 -2.98 WP_003131560.1 superoxide dismutase [Mn] 

2.5E-02 -2.96 WP_003132352.1 50S ribosomal protein L20 

4.7E-03 -2.89 WP_058219555.1 elongation factor Ts 

6.9E-03 -2.87 WP_015426160.1 transcription regulator  

2.7E-05 -2.87 WP_029344674.1 universal stress protein 

1.6E-02 -2.84 WP_003130829.1 RNA polymerase sigma factor RpoD  

2.8E-03 -2.83 WP_003131820.1 IreB family regulatory phosphoprotein 

2.6E-02 -2.74 WP_003130364.1 response regulator transcription factor 

2.8E-03 -2.60 WP_003130555.1 30S ribosomal protein S13 

2.6E-02 -2.57 WP_003130880.1 phosphate ABC transporter substrate-binding protein 

3.2E-02 -2.51 WP_003129874.1 30S ribosomal protein S12 

1.2E-02 -2.49 WP_015426887.1 

PTS mannose/fructose/sorbose transporter family subunit 

IID 

3.1E-02 -2.40 WP_003130191.1 YneF family protein 

6.9E-03 -2.40 WP_003129623.1 elongation factor P 

4.4E-03 -2.36 WP_010906353.1 glucose-6-phosphate isomerase 

1.2E-02 -2.30 WP_003130213.1 50S ribosomal protein L10 

4.5E-03 -2.23 WP_058219675.1 endolytic transglycosylase MltG 

3.4E-02 -2.22 WP_003129977.1 transcription termination/antitermination protein NusG 

2.6E-02 -2.17 WP_004255340.1 DUF896 domain-containing protein 
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3.1E-02 -2.16 WP_003129948.1 MULTISPECIES: 50S ribosomal protein L5 

1.9E-02 -2.13 WP_033900570.1 tryptophan--tRNA ligase 

8.3E-04 -2.11 WP_014572780.1 nucleotide exchange factor GrpE 

9.1E-03 -2.10 WP_058220241.1 hypothetical protein 

2.6E-03 -2.10 WP_003130558.1 50S ribosomal protein L17 

2.4E-02 -2.09 WP_029344478.1 50S ribosomal protein L11 

1.1E-02 -2.08 WP_011915250.1 hypothetical protein 

1.5E-02 -2.00 WP_003132639.1 DUF1912 family protein 

3.6E-02 -1.91 WP_003131580.1 response regulator transcription factor 

8.0E-03 -1.88 WP_058219348.1 DUF177 domain-containing protein 

2.2E-02 -1.82 WP_003129394.1 ArsR family transcriptional regulator 

1.7E-02 -1.81 WP_017864319.1 [acyl-carrier-protein] S-malonyltransferase 

2.9E-02 -1.80 WP_011835873.1 uracil phosphoribosyltransferase 

7.6E-03 -1.79 WP_058220184.1 DivIVA domain-containing protein 

3.3E-02 -1.77 WP_058219795.1 hypothetical protein 

3.6E-03 -1.73 WP_029343862.1 triose-phosphate isomerase 

2.5E-02 -1.73 WP_003130319.1 manganese-dependent inorganic pyrophosphatase 

1.1E-02 -1.71 WP_064974224.1 hypothetical protein 

4.9E-02 -1.66 WP_058219505.1 N-acetyltransferase 

1.9E-02 -1.61 WP_003129725.1 

Asp-tRNA(Asn)/Glu-tRNA(Gln) amidotransferase subu-

nit GatB 

2.1E-03 -1.58 WP_003132177.1 ATP-dependent zinc metalloprotease FtsH 

2.9E-02 -1.56 WP_003130321.1 peptidase T 

4.6E-02 -1.55 WP_098408067.1 guanylate kinase 

2.3E-02 -1.46 WP_003130214.1 50S ribosomal protein L7/L12 

2.8E-02 -1.32 WP_003131585.1 chaperonin GroEL 

3.2E-02 -1.24 WP_004254664.1 U32 family peptidase 

2.4E-02 -1.17 WP_003131187.1 S-ribosylhomocysteine lyase 

2.4E-02 -1.16 WP_012898339.1 F0F1 ATP synthase subunit delta 

2.7E-02 -1.06 WP_017864684.1 tryptophan synthase subunit alpha 

 


