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REATORES ANAERÓBIOS DE ALTA TAXA TRATANDO ÁGUAS RESIDUÁRIAS 
DO PROCESSAMENTO DE CAFÉ COM DIFERENTES COV E PÓS-

TRATAMENTOS: EFEITOS NA PRODUÇÃO DE METANO, QUALIDADE DO 
EFLUENTE E POPULAÇÕES MICROBIANAS 

 
 
 RESUMO -  Com o intuito de otimizar a geração de metano e reduzir a 
concentração de poluentes das águas residuárias do processamento de café (ARC), 
o presente estudo teve como objetivos gerais: (i) Avaliar o desempenho de reatores 
anaeróbios de alta taxa e analisar a microbiota associada a este processo sob 
diferentes condições operacionais, e (ii) Comparar a eficiência de sistemas de pós-
tratamento na remoção de nitrogênio (N), fósforo (P), sólidos e compostos fenólicos 
presentes nas ARC biodigeridas. Para o desenvolvimento do primeiro objetivo, foi 
empregado um sistema UASB em dois estágios, e uma série de três reatores 
anaeróbios horizontais de leito fixo (RAHLF). Os sistemas foram submetidos a 
diferentes cargas orgânicas volumétricas (COV), de até 18,2 g DQO (L d)-1 (UASB) e 
9,5 g DQO (L d)-1 (RAHLF), e operados de forma continua com recirculação parcial 
do efluente obtido. Os maiores valores médios de produção volumétrica de metano 
foram de 2,0 e 1,9 L CH4 (L d)-1 para os reatores UASB e RAHLF, respectivamente. 
Em condições de alta COV, a análise metagenômica da microbiota associada ao 
reator UASB de melhor desempenho evidenciou prevalência dos gêneros 
bacterianos sintróficos Syntrophus e Candidatus Cloacimonas assim como de 
arqueias hidrogenotrôficas e acetotrôficas dos géneros Methanosaeta, 
Methanosarcina, Methanoculleus, Methanobacterium e Methanomassiliicoccus. Em 
relação ao sistema RAHLF, análises de reação em cadeia da polimerase quantitativa 
(qPCR) dos principais grupos methanogênicos associados ao lodo dos reatores 
indicaram predominância de arqueias acetotróficas correspondentes à ordem 
Methanosarcinales. Os dois sistemas proporcionaram condições favoráveis para a 
remoção da matéria orgânica com simultânea produção de energia. Para a 
execução do segundo objetivo, o pós-tratamento biológico foi realizado em um reator 
em batelada sequencial (RBS) utilizando um ciclo de 24 h dividido em 4 fases: 
alimentação, reação (anaeróbia/aeróbia/anóxica), sedimentação e descarte. 
Operado sob curtos períodos de enchimento, este sistema permitiu atingir altos 
níveis de remoção de N (80%) e P (71%), apresentando altas concentrações de 
bactérias nitrificantes e desnitrificantes. O pós-tratamento químico foi baseado na 
reação de Fenton, e apresentou maiores níveis de remoção de sólidos totais (83%) e 
compostos fenólicos (99%) quando comparado com o RBS. A recirculação parcial do 
efluente do processo Fenton melhorou o desempenho de reatores anaeróbios 
tratando ARC, constituindo uma alternativa de reuso promissora. O sistema 
integrado (RBS seguido do processo Fenton), demostrou ser a melhor alternativa 
para atingir padrões de lançamento e disposição final. 
 
 
Palavras-chave: arquéias metanogênicas, biogás, reatores UASB em dois estágios, 
reator anaeróbio horizontal de leito fixo, remoção biológica de nutrientes, processo 
Fenton 
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HIGH-RATE ANAEROBIC REACTORS TREATING COFFEE PROCESSING 
WASTEWATER AT DIFFERENT OLR AND POST-TREATMENTS: EFFECTS ON 

METHANE PRODUCTION, EFFLUENT QUALITY AND MICROBIAL 
POPULATIONS 

 
 

 ABSTRACT – In order to optimize the methane production and to reduce the 
pollutant concentrations from coffee processing wastewater (CPW), this study aimed: 
(i) To evaluate the performance of high-rate anaerobic reactors and to analyze the 
microbiota associated to this process at different operational conditions, and (ii) To 
compare the removal efficiency of post-treatment systems regarding nitrogen (N), 
phosphorus (P), solids and phenolic compounds contained in biodigested CPW. For 
the development of the first objective, a two-stage UASB system and a series of 
three horizontal-flow anaerobic immobilized biomass reactors (HAIB) were employed. 
The systems were submitted to different organic loading rates (OLRs), up to 18.2 g 
COD (L d)-1 (UASB) and 9.5 g COD (L d)-1 (HAIB), and operated continuously with 
partial effluent recirculation. The highest mean values of methane production rate 
were 2.2 and 1.9 L CH4 (L d)-1 for UASB and HAIB reactors, respectively. Under high 
OLR, the metagenomic analysis of the microbiota associated to the UASB reactor 
showed a high prevalence of the syntrophic genera Syntrophus and Candidatus 
Cloacimonas, as well as the hydrogenotrophic and acetotrophic methanogens 
Methanosaeta, Methanosarcina, Methanoculleus, Methanobacterium and 
Methanomassiliicoccus. Concerning the HAIB system, quantitative polymerase chain 
reaction (qPCR) analyses of the main methanogenic groups associated to the reactor 
sludge indicated the predominance of acetotrophic methanogens, corresponding to 
the order Methanosarcinales. Both systems provided favorable conditions for organic 
matter removal with simultaneous energy production. To achieve the second 
objective, the biological post-treatment was performed in a sequential batch reactor 
(SBR), using a 24-h cycle divided in 4 phases: feeding, reaction (anaerobic/aerobic/ 
anoxic), settle and decant. Operated at short inlet flow mode, this system showed 
high removal levels of N (80%) and P (71%), showing high concentrations of 
nitrifying and denitrifying bacteria. The Fenton reaction was used as chemical post-
treatment, showing higher removal levels of total solids (83%) and phenolic 
compounds (99%) in comparison with the SBR option. The performance of anaerobic 
reactors treating CPW was improved by partial Fenton effluent recirculation, with 
which this activity represented a promising reuse alternative. The integrated system 
(SBR followed by Fenton process) was effective to meet with the discharge 
standards. 

 
 
Keywords: biogas, biological nutrient removal, Fenton process, horizontal-flow 
anaerobic immobilized biomass reactor, methanogenic archaea, Two-stage UASB 
reactors 
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CHAPTER 1 - General considerations  
 

1. INTRODUCTION 
 

 Coffee is one of the most commonly marketed beverages all over the world 

and the second largest commodity in trading volume, being surpassed only by oil 

(Alves et al., 2017). It is farmed in tropical development countries such as Brazil, 

Vietnam and Colombia, and is consumed mainly in Europe and in the United States 

(FAO, 2015). Brazil is by far the world's largest producer, with about a third of the 

total marketed worldwide (ICO, 2018). Following the several steps of production, the 

coffee industry generates huge amounts of agricultural waste and by-products, which 

usually ranged from 30% to 50% of the weight of the total coffee produced (Oliveira 

and Franca, 2014). Since these wastes and by-products constitute a serious 

environmental issue for hydric systems and lands around the production areas, its 

adequate disposal is a critical topic for all the producing countries. 

 Coffee processing wastewater (CPW) represents one of the more relevant 

wastes of the coffee industry. This effluent is produced during the application of the 

wet processing method in the post-harvest activities, and its generation can reach 

from 20 to 45 kg per kg of coffee beans (Schwan and Fleet, 2014). Arabica coffee is 

usually processed by these methods and accounts for approximately 62% of the 

world coffee market, which implies that most of the wastewater generated is from the 

production of quality coffees (Pires et al., 2017). In Brazil, Arabica coffee production 

corresponding to 76% of the total production (ICO, 2018). Consequently, given the 

adoption of the wet method as processing alternative, the generation of CPW has 

increased considerably the last years.  

CPW presents a high concentration of organic pollutants which are released 

during coffee pulping and mucilage removal, thereby generating high levels (45 kg 

per ton of coffee beans) of chemical oxygen demand (COD) (Pires et al., 2017). 

Therefore, biological treatment systems can be applied for its stabilization, in order 

for meeting with the increasingly stringent regulatory discharging standards or for 

reuse purposes. This technology is additionally advantageous for its application in 
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the producing regions, given that the favorable conditions of the tropics facilitate its 

implementation. 

 The processes based on anaerobic biotechnology, primarily through the use of 

high-rate bioreactors, constitute an exciting alternative for the effluent stabilization 

with simultaneous generation of renewable energy. This technology utilizes 

configurations that provide significant retention of active biomass, resulting in 

substantial differences between the sludge retention time (SRT) and the hydraulic 

retention time (HRT). Consequently, high removal efficiencies of organic matter and 

biogas production, and low sludge generation can be achieved if appropriate organic 

loading rates (OLRs) are employed (Grady et al., 2011). Considering these 

advantages and due to its high organic matter concentration, diverse studies have 

focused on the application of anaerobic digestion as strategy for the stabilization of 

CPW.  

 The main anaerobic technologies employed for CPW treatment apply 

suspended growth biomass systems like for example the upflow anaerobic sludge 

blanked (UASB) reactor in single or two stages (Jung et al., 2012; Guardia-Puebla et 

al., 2014) or the more recently developed expanded granular sludge blanket (EGSB) 

reactor (Cruz-Salomón et al., 2017). In addition, the performance of the attach 

biomass systems (i.e. the anaerobic fixed bed reactor (AFBR)) and hybrid 

bioreactors as the upflow anaerobic hybrid reactor (UAHR), which contain significant 

quantities of both suspended and attached biomass also has been evaluated 

(Selvamurugan et al., 2010a; Fia et al., 2012). However, some technical issues need 

to be addressed to optimize this technology. The high concentration of easily acidify 

organic matter contained in CPW, which generate significant amounts of fatty acids 

through partial degradation of substrate, can produce unfavorable conditions for the 

activity of the associated methanogenic microbiota and thereby alter the reactor 

performance (Guardia-Puebla et al., 2014; Villa-Montoya et al., 2017).  

 To overcome these drawbacks, most of the studies have focused on applying 

low OLRs (from 3 to 6 g COD (L d)-1) in high rate systems such as the UASB reactor. 

Higher OLRs have been obtained only with the application of systems with adhered 

biomass (Oliveira and Bruno, 2013) or with hybrid reactors (Selvamurugan et al., 

2010a) evidencing a COD removal efficiency between 46 and 79% (Table 1). 
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Regarding methane production, the best yields have been obtained only by applying 

high HRTs (Beyene et al., 2014) or by separating the acidogenic and methanogenic 

phases employing UASB systems in two stages (Jung et al., 2012). Therefore, there 

is still a need for addressed investigations to explore these aspects, aimed to define 

optimal operational conditions to enhance the methane production reaching higher 

removal efficiencies. 

 The knowledge of the structure of microbial communities associated to 

anaerobic treatment systems is a critical topic that can potentially offers solutions 

concerning the estimation of design parameters, operation and control of the process 

(Song et al., 2010). With the development of the high-throughput sequencing 

technologies and the increase of the data processing capacity, it has been possible 

the direct sequencing of environmental samples, which has allowed access to a large 

amount of information related to the structure of microbial communities associated 

with biological treatment systems (Fang and Zhang, 2015). Previous studies have 

used these approaches to investigate the microbial diversity and its interactions 

during the anaerobic digestion of different types of wastes, at taxonomic and 

functional level (Barros et al., 2017; Delforno et al., 2017a, 2017b), These works 

have reveled a high genetic potential in these systems, which open promising 

perspectives for biotechnological applications.  

 Despite its importance, information concerning to dynamic of the microbial 

community involved in the anaerobic digestion of CPW is scarce. In fact, only one 

study (Pires et al., 2017) has attempted to analyze the diversity of cultivable 

microbiota in a CPW treatment system. Thus, detailed studies on the effect of 

operational parameters on microbial consortia are required, and would enhance the 

levels of efficiency of this process, contributing to the development of more 

sustainable systems for the coffee industry. 

  Given the high organic strength of the CPW, not complete pollutant 

stabilization is obtained by using anaerobic technology, remaining amounts of 

solubilized organic matter, ammoniacal nitrogen, phosphorous and phenolic 

compounds in the effluent obtained (Villa-Montoya et al.,  2017).  
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Table 1. Overview of works that have been done in the area of CPW treatment in recent years. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 
HRT: Hydraulic retention time (d), OLR: Organic loading rate (g COD (L d)-1), T: Temperature (ºC), COD: Chemical oxygen demand, BOD: 
Biochemical oxygen demand, N: Total nitrogen, P: Total phosphorous, TPC: Total phenol content, MPR: Methane production rate (L(Lreactord)-1), 
EGSB: Expanded granular sludge bed reactor, ABR: Anaerobic batch reactor, UASB: Upflow anaerobic sludge bed reactor, HAS(F)BR:, Horizontal 
anaerobic sludge (fixed) bed reactor, UAFB: Upflow anaerobic fixed bed reactor AFBR: Anaerobic fixed bed reactor, UAHR: Upflow anaerobic 
hybrid reactor, C/F: Coagulation-flocculation, SBR: Sequential batch reactor, ECC: Electrochemical coagulation. 

  HRT  OLR T  
Removal efficiency (%) 

MPR Reference 
COD BOD N P TPC 

Anaerobic systems 
EGSB 3-9 1.5-6 26 98 - - - - - Cruz- Salomón et al., 2017 
ABR 70 0.12 20-23 90 93 82 97 - 3.67 Beyene et al., 2014 
UASB 0.7-0.9 3.6-4.1 35 77.2 - - - - 0.44 Guardia-Puebla et al., 2014 
Two stage UASB reactors   Acidogenic stage 0.5 11 37 83.5 - - - - - Guardia-Puebla et al., 2014 Methanogenic stage 2.6 2.6 37 - - - - 0.19 
Acidogenic stage 0.3 - 55 98 - - - - - Jung et al., 2012 Methanogenic stage 2 3.5 35 - - - - 2.06 
UASB R1 4-6.2 3.6-5.8 21 55-94 - - - 72-90 0.42-0.66 Bruno and Oliveira, 2008 UASB R2 2-3.1 0.4-5.8 28-62 - - - 0.29-0.48 
HASBR + two HAFBR 3.8 3-12 21 79 - - - 52 1.71 Oliveira and Bruno, 2013 
UAF 1.06 0.8-4.4 32.9 80 - - - - - Fia et al., 2012 
AFBR 1.3 1-5 16-19 80 - - - - - Fia et al., 2010 
UASB - - - - 70 - - - - Kondo et al., 2010 
UAHR 0.3-1 7-28.4 - 46-70 71 - - - 0.26 Selvamurugan et al., 2010a 
Aquatic-based systems  
Wetlands  12 - 18-25 87 84 - - - - Rossmann et al. 2013 
Wetlands  12 - - - - 69 72 72 - Rossmann et al. 2012 
Physicochemical process 
Fenton's oxidation - - - - 35 - - - - Kondo et al., 2010 Photo-Fenton's oxidation - - - - 65 - - - - 
C/F process - - - 67 - - - - - Zayas et al., 2006 C/F + photo Fenton - - - 86 - - - - - 
Integrated treatment systems 
Two stage UASB + SBR 3.75 3-6 24-25 94 - - - 94 0.75 Villa-Montoya et al., 2017 
Two stage UASB + SBR 13.7 2.3-4.5 20-21 95 - 91 84 97 0.32 Bruno and Oliveira, 2013 
UASB- UAFB 0.7 2.6 37 84.2 - - - - - Guardia-Puebla et al., 2014 
ECC + SBR 0.4 - - 84 - - - - - Maesh et al., 2014 
UAHR + aeration + wetlands 1.8 9.6 - 97 98 - - - - Selvamurugan et al., 2010b 
Photo-Fenton + UASB - - - - 95 - - - - Kondo et al., 2010 
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 Therefore, to meet the effluent discharge standard the implementation of post-

treatment systems is necessary. Thereby, in order to obtain an effluent of better 

characteristics, several experimental approaches have used integrated 

configurations of anaerobic-aerobic or biological and chemical processes with 

different degrees of success (Table 1). Selvamurugan et al. (2010b) used a hybrid 

reactor coupled to a wetland system to treat CPW previously aerated obtaining 

removal rates up to 97% for organic matter. Concerning the removal of nutrients (N, 

P) and phenolic compounds, the use of wetlands is highlighted as a plausible 

treatment strategy (Rossmann et al., 2012, 2013), with efficiency levels up to 69% 

and 72% for P and phenols, respectively.  

 The application of anaerobic-aerobic systems such as UASB followed by a 

sequential biological reactor (SBR) also has shown promising results (Bruno and 

Oliveira, 2013) (Table 1). In addition to these systems, post-treatment options can be 

established by application of (photo) Fenton and related advanced oxidation 

processes (AOPs), which involves reactions of peroxides (usually H2O2) with iron 

ions to produce oxygen species that oxidize organic or inorganic compounds when 

they are present (Pignatello et al., 2006). Other processes such as coagulation-

flocculation, electrochemical coagulation and integrated treatment such as photo-

Fenton plus UASB reactor have also been considered (Zayas et al., 2007; Kondo et 

al., 2010; Mahesh et al., 2014). Nevertheless, most of the research concerning CPW 

post-treatment has tended to focus on removal of organic matter becoming the lack 

of information about the scope of these technologies (in terms of stabilization of 

others critical pollutants and influence of operational variables) one of the main 

drawbacks to adopting it at real scale.  

 Therefore, considering the need to improve the performance of systems for 

treating CPW, and to generate fundamental knowledge that allows the optimization of 

processes for biological wastewater treatment, the aims of this thesis were: 

 

(i) To evaluate the performance of high-rate anaerobic reactors in the treatment of 

CPW regarding methane production and organic load stabilization, and to 

determinate the diversity and structure of microbial populations involved in the 

anaerobic digestion in these systems. 



 6 

 In works independently realized by our research group (Bruno and Oliveira, 

2013; Oliveira and Bruno, 2013; Villa-Montoya et al.,  2017), the results showed that: 

(i) A two-stage UASB system can reach OLRs higher than 6 g total COD (L d)-1 in 

stable conditions. Also (ii) It is possible to improve the methane production and COD 

removal of a series of horizontal-flow anaerobic immobilized biomass reactors 

(HAIBs). Therefore, we implemented the operation of these systems controlling the 

acidification employing effluent recirculation, stabilization of the substrate alkalinity 

and gradual increase of OLR. In Chapter 3 it will be shown that a two-stage UASB 

system submitted at different OLRs can obtain a high efficiency. In addition, a 

metagenomic analysis of the UASB reactor with the better performance is described. 

It will show the relevant microbial groups involved in the anaerobic treatment of CPW 

and as the microbial structure is affected in response to the organic loading variation. 

The results obtained contribute to the understanding of crucial microbiological and 

biochemical aspects for the development of optimization strategies for this process, 

and its potential for the application of others biotechnologies. 

 Chapter 4 presents the performance of a HAIB system composed of three 

reactors for CPW treatment and methane production, using an organic support 

material (corn cobs) as start-up strategy. Besides, the performances of HAIB and 

UASB reactors at similar operational conditions are compared. Otherwise, it will be 

shown the abundance of relevant methanogenic groups at different operational 

requirements (i.e. different OLRs and reactor configurations) by using microbiological 

and molecular techniques.   

   

(ii) To compare the efficiency of biological (SBR reactor) and chemical (Fenton 

oxidation) processes as post-treatment strategies to improve the effluent quality 

generated by anaerobic processes. 

 Removal efficiencies obtained concerning nutrients (N, P) and phenolic 

compounds presents in CPW by using anaerobic reactors are not satisfactory. 

Despite the relative efficiency obtained by diverse post-treatment approaches, 

primary difficulty encountered is mainly associated with simultaneous pollutant 

removal and need by applying high HRTs. In Chapter 5 we aimed to assess two 

feeding regimes on an SBR treating anaerobically digested CPWs, to determine the 
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most effective feeding strategy. The effects of this treatment process were 

additionally analyzed considering the performance of the SBR cycle (composed by 

an anaerobic/aerobic/anoxic scheme), abundance of cultivable heterotrophic, 

nitrifying and denitrifying bacteria and activated sludge proprieties. Besides, this 

section shows the application of the Fenton process as a strategy for digested CPW 

post-treatment, and an integrated option (SBR followed by Fenton process), aiming 

to meet with the standard regulations for effluent discharge. Finally, a possible 

method of reuse by partial Fenton effluent recirculation in anaerobic reactors is 

presented. 

 In the present chapter, the theoretical bases for the development of the 

proposed objectives are described. 

 

2. LITERATURE REVIEW 
 

2.1 Generation and characteristics of CPW 
 

Coffee processing aims to separate the seed from the remaining parts of the 

coffee fruit such as the skin (exocarp), pulp (mesocarp), the mucilage layer and the 

endocarpal parchment, and guarantee a good preservation of the final product (Alves 

et al., 2017). This activity can be developed by two ways called dry and wet 

processing methods. The most straightforward and least polluting way of processing 

is the dry method, which is mostly applied to Robusta coffee. In this method, cherries 

are picked and left in the sun until the whole fruit reaches a moisture content of 

around 11%. After drying, the outer flesh and parchment are removed in one step 

(Rattan et al., 2015). Meanwhile, wet processing requires the use of specific 

equipment to ensure that a homogeneous green coffee is obtained, with few 

defective grains and therefore consider of better quality, resulting in a greater cost-

effectiveness for the producer (Nishijima et al., 2012). The application of the wet 

method results in the generation not only of green coffee beans but also of by-

products such as coffee husk and CPW, obtained mainly in the pulping and 

fermentation phases (Table 2). This effluent is rich in organic matter which is 

released during coffee pulping and mucilage removal, thereby generating high levels 
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of COD (45 kg ton-1 of coffee beans) (Pires et al., 2017) and low pH. Other 

substances to be found in small amounts in CPW are toxic chemicals like tannins, 

alkaloids (caffeine) and polyphenols (Rattan et al., 2015) as well as residues of 

different fertilizers that usually contain potassium, nitrogen and phosphoric acid, used 

in agricultural practices.  

 

Table 2. Coffee processing steps in the wet post-harvesting method. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

 
 Adapted from Alves et al. (2017) and Rattan et al. (2015). 

 
As seen in Table 3, the physicochemical characteristics of different CPW 

reported in literature present variations. This condition is caused mainly by 

differences in the form of processing and maturation period of the coffee beans, the 

variety of coffee processed and even the coffee growing region (Rattan et al., 2015). 

All of these characteristics, particularly the high concentrations of COD, classify CPW 

as a high pollutant effluent, which exceeds the maximum permitted values for effluent 

discharge according to Brazilian National Environmental Council (CONAMA 

430/2011). Consequently, its direct discharge can significantly affect the environment 

and ecosystems in producing regions.  
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Table 3. Physicochemical characteristics of CPW reported in literature. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

TDS: Total dissolved solids, TSS: Total suspended solids, TS: Total solids, VS: Volatile solids, EC: Electric conductivity, DO: Dissolved oxygen, BOD: Biochemical 
oxygen demand, COD: Chemical oxygen demand, TOC: Total organic carbon, TN: Total nitrogen, TAN: Total ammonia nitrogen, TPC: Total phenol content, TP: 
Total phosphorous. Maximum permitted values for effluent discharge according to Brazilian National Environmental Council (CONAMA 430/2011): pH: 5-9, BOD: 
Minimal removal of 60%, TAN: 20 mg L-1, TPC: 0.5 mg L-1. 

Parameter/Author Pires et al. 
(2017) 

Cruz-Salomón 
et al. (2017) 

Beyene et al. 
(2014) 

Guardia-Puebla 
et al. (2014) 

Rossmann 
et al. (2013) 

Bruno and 
Oliveira (2013) 

Selvamurugan 
et al. (2010b) 

Kondo et al. 
(2010) 

Color (Pt-Co) 567 17966 - - - - 470-640 - 

TDS (mg L-1) - - 170 - - - 1130-1380 - 

TSS (mg L-1) - - 598 315.7 1729 2544 2390-2820 - 

TS (mg L-1) 7077 19593 - 1228.5 - - 3520-4200 9400 

VS (mg L-1) - 8208 - 1241.6 - - - 6800 

pH - 3.95 4.6-7-4 3.79 4.7 4.3 3.88-4.11 4.14 

EC (µs cm− 1) 1050 - - - 1.8 - 0.96-1.20 - 

DO (mg L-1) - - 5.2 - - - 2.0-2.6 - 

BOD (mg L-1) 6500 37944 - - 8005 - 3800-4780 7294 

COD (mg L-1) 13232 45955 - 2545 17244 13891 6420-8480 9650 

BOD:COD ratio 0.49 0.82 -  0.46  0.56-0.59 0.76 

TOC (%) - - - - - - 0.36-0.48 - 

TN (mg L-1) 130 700 - 195.6 231.6 332 125.8-173.2 - 

TAN (mg L-1) 11.87 - - - - - - - 

TPC (mg L-1) - - - 80 - 48 - - 

TP (mg L-1) 1.97 36.4 - 5.1 23 15 4.4-6.8 - 

Potassium (mg L-1) 200 - - 234 - - 20.4-45.8 - 
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2.2 Biological wastewater treatment  
 

In appropriate conditions, effluents with a biodegradability index (BI) 

(represented as the BOD:COD ratio) above 0.5 can be quickly stabilized by biological 

means (Chan et al., 2009). This technology consists in the oxidation of organic 

matter by microbial populations in an anaerobic or aerobic environment. In 

comparison to other methods of wastewater treatment, it has the advantages of lower 

treatment costs with no secondary pollution (Metcalf and Eddy, 2003). Treatment of 

effluents with concentrations of biodegradable COD over 4000 mg L-1 (high-strength 

wastewaters) is preferably carried out by anaerobic processes, which waste 

treatment with simultaneous energy production can be achieved. Meanwhile, an 

aerobic process is usually employed when the effluent contains a concentration of 

biodegradable COD lower than 1000 mg L-1 (low strength wastewaters) in the 

presence of free or dissolved oxygen. In this way, a high removal of nutrients and the 

other pollutants of difficult degradation by anaerobic systems can be reached (Chan 

et al., 2009). 

CPW presents a high concentration of COD and optimal levels of BI for 

biological treatment (Table 3). Therefore, the anaerobic processes constitute an 

exciting alternative for stabilizing organic matter and obtaining renewable energy 

from these effluents. In this regard, studies have focused on the optimization of high-

rate anaerobic reactors, looking to improve the methane production (Oliveira and 

Bruno, 2013; Guardia-Puebla et al., 2014; Cruz-Salomón et al., 2017). However, for 

meeting environmental regulations, CPW management should also aims at the 

removal of nutrients such as N and P, solids and phenolic compounds. 

Consequently, for its adequate biologic stabilization, it is necessary an initial 

treatment by anaerobic processes, followed by post-treatment systems. 

 

2.2.1 Anaerobic digestion 
 

Anaerobic digestion has been the process most often used to stabilize 

wastewaters and biosolids since the early 20th century and remains in development 

at present (Amani et al., 2010). It represents a sustainable technology, which at the 
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same time can treat and produce energy. Widespread application of this strategy 

could ease increasing energy insecurity and limit the emission of toxic air pollutants, 

including green house gases to the atmosphere (Khanal, 2008). In most instances, 

anaerobic systems are operated to convert biodegradable organic matter, both 

soluble and particulate, to biogas containing methane (CH4) and carbon dioxide 

(CO2) (Grady et al., 2011). This process involves the synergistic activity of a complex 

microbial community in systems free of dissolved oxygen. The process comprises 

four sequential steps: (i) hydrolysis of particulate organic matter to soluble 

substrates; (ii) fermentation of those substrates to produce volatile fatty acids (VFAs), 

CO2, and H2 (acidogenesis); (iii) conversion of VFAs into acetic acid (acetogenesis), 

and (iv) methane production from acetic acid and a portion of the carbon dioxide to 

methane obtained in the diverse steps of the process (methanogenesis) (Fang and 

Zhang, 2015).  

 

2.2.1.1 Process microbiology 
 

The microbial communities associated with anaerobic operations are mainly 

prokaryotes of both Bacteria and Archaea domains. Their diversity and structure 

depend on the substrate characteristics and on the operational conditions such as 

temperature, organic load and system configuration, among others (Khanal, 2008). 

Understanding the role and composition of microbial communities associated to 

anaerobic wastewater treatment is a key factor to establishing operational conditions 

that enable to improve the methane production efficiency, and establishing bases to 

the development of new biotechnologies. 

The initial step of the anaerobic conversion is realized by hydrolytic bacteria, a 

fermentative microbial group mainly corresponding to the phyla Bacteroidetes and 

Firmicutes (Venkiteshwaran et al., 2015). These microorganisms transform complex 

organic compounds such as proteins, carbohydrates and lipids to its respective 

mono- and oligomers using extracellular enzymes from the group of hydrolases 

(amylases, proteases, and lipases). Some factors that affect the hydrolysis rate are 

the substrate composition, operational temperature, size of particles, pH, enzymatic 

activity and concentration of ammonia or hydrolyze products (Shah et al., 2014). The 
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products obtained are then fermented mainly to ammonia, VFAs, CO2, H2 and 

alcohols by acidogenic bacteria, the majority being to the phyla Firmicutes, 

Bacteroidetes, Proteobacteria, Chloroflexi, and Actinobacteria (Leng et al., 2018). 

The genera associated with these phyla have frequently been identified as 

Clostridium, Bacillus, Bacteroides, Proteiniphilum, Desulfovibrio, Geobacter, 

Chloroflexus and Mycobacterium (Cai et al., 2016). 

The end products obtained from metabolic reactions of fermentative bacteria 

differ in function on the substrate being oxidized and the environmental conditions. 

Some of these products such as H2, CO2, acetate, formate and methyl compounds 

may be used directly by methanogens. However, intermediates like propionate, 

butyrate, isobutyrate, valerate, isovalerate and ethanol, must be transformed into 

appropriate substrates by methanogenesis. This conversion is realized by hydrogen-

producing acetogenic bacteria, which produce H2, CO2, acetate and formate (Khanal, 

2008). These reactions proceed only if hydrogen partial pressures are kept low (from 

2.6 to 74 Pa) by coupling with hydrogen-consuming methanogenic archaea (Hattori, 

2008). If the partial pressure of H2 is high, the formation of propionate and some 

other organic acids occurs (Novaes, 1986). Therefore, exists a syntrophic 

relationship between these two microbial groups, which provides a 

thermodynamically favorable condition for the hydrogen-producing acetogenic 

bacteria oxidizes the aforementioned organic compounds. This phenomenon is 

commonly known as interspecies hydrogen transfer (Khanal, 2008). Acetogenic 

bacteria involved in this process generally include the genera Syntrophobacter, 

Pelotomaculum and Smithella. These microorganisms are responsible for the 

propionate degradation, and Syntrophus, Syntrophomonas, and Syntrophothermus, 

responsible for the oxidation of butyrate and other fatty acids (Venkiteshwaran et al., 

2015; Cai et al., 2016; Echeverria and Nuti, 2017). 

In anaerobic wastewater treatment, about 70% of the methane is produced 

from acetate, while the remainder from H2, CO2, and formate (Stams et al., 2012; 

Venkiteshwaran et al., 2015). Nevertheless, acetate can also be the substrate to 

others syntrophic communities, resulting in a more prominent role of H2, CO2, and 

formate as methanogenic substrates (Hattori, 2008). Acetate can also be obtained by 

the activity of homoacetogens, an anaerobic bacterial group with autotrophic or 
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heterotrophic metabolism (Khanal, 2008). These microorganisms can assimilate 

substrates such as sugars, alcohols, amino acids, organic acids, methoxylated 

aromatics, CO, and H2/CO2 (Drake et al., 2006). In addition, can utilize various 

electron acceptors such as nitrate, nitrite, fumarate, dimethylsulfoxide, pyruvate, 

thiosulfate, sulfate, and even protons (Drake et al., 2006). These microorganisms 

present a high thermodynamic efficiency and kinetic parameters in mesophilic 

conditions in a range comparable to those of hydrogenotrophic methanogens, which 

suggest a close competition for available hydrogen as an electron donor between 

these microbial groups (Khanal, 2008). Homoacetogens are phylogenetically diverse, 

mainly represented by the class Clostridia, classified into the phylum Firmicutes 

(Drake et al., 2006). 

The final step of the anaerobic digestion process (methanogenesis) is realized 

by methanogens, a strict anaerobic microbial group belonging to the Archaea 

domain. Given its kinetic characteristics and relative sensibility to changing 

environmental conditions, methanogens are commonly considered as rate-limiting 

species in anaerobic treatment of wastewater. There are three main pathways for 

CH4 production: (i) acetotrophic or acetoclastic methanogenesis, which acetotrophic 

methanogens utilize acetate to produce CH4 and CO2 directly; (ii) CO2-reducing or 

hydrogenotrophic methanogenesis, where hydrogenotrophic methanogens use H2 or 

formate to reduce CO2 to CH4 and (iii) methylotrophic pathways, which 

methylotrophic methanogens metabolize methyl compounds to produce CH4 (Khanal, 

2008; Liu and Whitman, 2008; Lessner, 2009; Enzmann et al., 2018). 

As described above, methane production through acetate fermentation is the 

most relevant methanogenic pathway in the anaerobic digestion. Two of the most 

studied genera of acetotrophic methanogens are Methanosarcina and Methanosaeta. 

Methanosarcina typically forms large packets consisting of coccoid cell units and can 

utilize H2/CO2 and C-1 compounds for methane production (Liu and Whitman, 2008). 

Although Methanosarcina it is very susceptible to changes in the concentration of 

acids of the system, it can proliferates rapidly at high acetic acid concentrations.  

Otherwise, member of Methanosaeta are filamentous and only use acetate as 

electron and carbon donor (Boone et al., 1993). They grow much more slowly than 

Methanosarcina at high acetic acid concentrations, but are not influenced as strongly 
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by that concentration and can effectively compete when it is low (Grady et al., 2011).  

As a consequence, the manner in which an anaerobic operation is designed and 

operated will determine the predominant acetotrophic methanogen. For example, 

Methanosaeta is typically found in mesophilic conditions and low acetate 

concentrations (Mchugh et al., 2004). Besides, the slow growth rates of acetotrophic 

methanogens relative to other microbial groups in anaerobic systems limit the overall 

rates of reaction and may eventually lead to accumulation of acetic acid (Khanal, 

2008).   

Hydrogenotrophic methanogens are crucial for the electron flow in the 

anaerobic digestion because of their ability to scavenge H2/formate at low levels and 

promote syntrophic acetogenesis (Leng et al., 2018). Since partial pressure of 

hydrogen is a critical parameter in the methanogenic pathway (i.e. hydrogen-

producing acetogenic bacteria reactions) the activity of hydrogenotrophic 

methanogens is essential for stability and efficiency of the anaerobic digestion. 

These microorganisms are classified into three orders within the domain Archaea: 

Methanobacteriales, Methanococcales, and Methanomicrobiales (Boone et al., 

1993). They are all strictly obligate anaerobes that obtain their energy by anaerobic 

oxidation, primarily from the oxidation of H2 and their carbon from the reduction of 

carbon dioxide. Because of this autotrophic mode of life, the amount of cellular 

material synthesized per unit of H2 used is low (Grady et al., 2011).  

Methylotrophic pathways catabolize compounds that contain methyl groups, 

such as methanol, mono-, di-, and trimethylamine and dimethyl sulfide. The methyl 

group is transferred to a methyl carrier and reduced to methane. Electrons for this 

methyl reduction may be obtained by oxidizing a fraction of the methyl groups to CO2 

or by using H2 as an electron donor (Boone et al., 1993). Identified organisms include 

members of the genera Methanococcoides, Methanosarcina and Methanolobus (Liu 

and Whitman, 2008). Methylotrophic metabolism has been evidenced in diverse 

anaerobic treatment systems. For example, studying the functional metagenome in a 

full-scale UASB reactor treating slaughterhouse wastewater, Delforno et al (2017b), 

showed that this pathway was the second more prevalent process involved in the 

methane production. Also, Yang et al. (2014) detected abundance of genes related to 
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methylotrophic methanogenesis in a metagenomic analysis of sludge from full-scale 

anaerobic digesters operated in municipal wastewater treatment plants. 

 

2.2.1.2 High-rate anaerobic reactors 
 
Many advances have been realized about the development of anaerobic 

technology during the last 30 years. This has allowed the optimization of the 

anaerobic treatment processes using design and configuration of more efficient 

reactors. High-rate anaerobic systems can retain large amounts of high activity 

biomass (even with the application of low HRT), allowing an efficient treatment of 

high-strength wastewaters. This is achieved employing three mechanisms: (i) 

formation of particles that are retained by sedimentation, (ii) use of reactor 

configurations that maintain suspended solids, and (iii) growth of biofilms on surfaces 

within the bioreactor (Grady et al., 2011). Therefore, high-rate reactor types ranging 

from suspended growth to attached growth and hybrid bioreactors, which are used 

more than one mechanism (Grady et al., 2011).  In appropriate conditions, a typical 

high-rate anaerobic reactor presents a removal efficiency of BOD5 between 80-90%. 

In addition, its biogas production is about 0.5 m3 (kg COD removed)-1, corresponding 

to a methane production of 0.35 m3 (kg COD removed)-1. The production of solids is 

low, typically ranging from 0.05 to 0.10 kg VSS (kg COD removed)-1 (Hall, 1992).  

The application of dispersed growth systems such as the UASB reactor are 

widely employed in the anaerobic treatment technology. This reactor was developed 

in the 1970s by Lettinga and coworkers in the Netherlands to treat sugar-rich soluble 

wastewater (Lettinga et al., 1980). This reactor uses a suspended growth system in 

which organic and hydraulic loading conditions are appropriately controlled to 

facilitate the formation of dense biomass aggregates known as granules (Grady et 

al., 2011; Fang and Zhang, 2015). The operation is achieved at a superficial upflow 

velocity less than 2 m h-1, which allows the application of high SRT even at low HRT. 

The system can be submitted to extremely high OLRs (up to 50 g COD (L d)-1), 

obtaining relatively high removal efficiencies of organic matter. Therefore, this 

technology is ideally suited for methane production from a high-strength wastewater 

(Grady et al., 2011). UASB reactors can maintain a high biomass concentration in the 
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bottom half of the sludge bed to efficiently degrade the influent substrate. The new 

growing microbes form a layer of sludge blanket above the sludge bed of granulated 

biomass (Fang and Zhang, 2015). Given that the biogas obtained can flow upward 

and lift the sludge blanket up to the top of the reactor, a 3-phase separator is 

installed at the top (Fang and Zhang, 2015), ensuring the proper separation of 

effluent, biogas and biomass. 

Although high-rate anaerobic systems are considered to be highly efficient for 

maintaining lower hydrogen partial pressure in the system (Khanal, 2008), the high 

growth rate of fermentative bacteria responsible by the acidogenic phase in the 

anaerobic treatment can potentially lead to accumulation of VFAs and a drop in pH of 

the system, especially when acid utilization is slow due to environmental variables 

(organic overload, chemical inhibition or rapid temperature change). This condition 

can easily inhibit more sensible microbial groups involved in the anaerobic digestion, 

as methanogens. Consequently, to minimize these drawbacks, a two-stage UASB 

system has been proposed as an alternative configuration. This strategy allows an 

increase in the stability due to overload or changing conditions, reaching higher 

loading capacities and greater process efficiencies that are possible using a single-

stage UASB system (Shuizhou et al., 2005).  

The use of UASB reactors in two-stages has been evaluated in a great variety 

of high-strength wastewater obtaining different degree of success. In the CPW 

treatment, particularly, some promising experiences have been evidenced (Jung et 

al., 2012; Bruno and Oliveira, 2013; Guardia-Puebla et al., 2014; Villa-Montoya et al.,  

2017). The application high rate systems based on the growth of biofilms, particularly 

of the horizontal-flow anaerobic immobilized biomass (HAIB) reactor, has also proved 

to be a promising alternative for high-strength wastewater treatment. This reactor 

was initially proposed by Zaiat and co-workers in 1994, and consists of a cylindrical 

tank containing a support material (generally crushed stones or other inert materials), 

to provide a cellular adhesion matrix to the biofilm development. Therefore, 

stabilization of the organic matter in HAIB basically consists of a contact process: the 

wastewater flow through a mass of biologically active solids contained inside the 

reactor, thus converting the organic matter into final products (treated effluent and 

biogas) (Zaiat et al., 1994). The mixture and biomass-influent contact occur during 
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the flow of wastewater in the interstices of the support medium, being important its 

form and disposition to a uniform distribution, avoiding the formation of preferential 

pathways, which can to reduce the system efficiency (Zaiat et al., 1994). 

The performance of the HAIB reactor has been analyzed in a diverse type of 

effluents, including high and low strength wastewaters (Zaiat et al., 2000; Fia et al., 

2016; Damianovic et al., 2018). In the same way the treatment of effluents containing 

xenobiotic and phenolic compounds (Damianovic et al., 2009; Fia et al., 2010; 

Chatila et al., 2016). Also, the efficiency of HAIB reactor can even be improved by 

the installation of reactors in series. This strategy has proved to be particularly 

effective in the treatment of wastewater from different sources, for example swine 

wastewater (Duda et al., 2015), co-digestion of vegetable waste and swine 

wastewater (Mazareli et al., 2016), and CPW (Oliveira and Bruno, 2013). 

 

2.2.1.3 Application of metagenomics in anaerobic technology 
 

 With the rapidly reducing cost of revolutionary next-generation sequencing 

(NGS) platform, and the fast development of state-of-the-art bioinformatic analyses, 

metagenomic approaches, including 16S rRNA gene sequencing, metagenome, 

metatranscriptome, and metaproteome, have been widely applied to improve our 

understanding of microbial biodiversity and functions in various natural ecosystems, 

including anaerobic reactors (Martins et al., 2016; Delforno et al., 2017a, 2017b). 

Apart from identifying the main taxa associated to the process, this powerful tool 

allows to reveal complex microbial interactions and understand the function of 

various microbial groups involved, and especially for exposing uncultured 

microorganisms or novel genes and enzymes with biotechnological potential.  

 The metagenomic analysis in anaerobic systems has focused on diverse 

aspects. For example, the microbial diversity and composition (studying the 

environmental and operational impacts on community structure) (Martins et al., 2016; 

Barros et al., 2017), and the study of novel genes for bioenergy and biodegradation 

(Cai et al., 2016). Besides, discovering novel microorganisms (Yan et al., 2013) 

including fundamental novel insights for anaerobic digestion (Haroon et al., 2013), 
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and discovery of fundamental novel insights into anaerobic digestion (Rotaru et al., 

2014).  

 Regarding anaerobic systems treating high-strength wastewater, 

metagenomic analysis has focused on high-rate anaerobic reactors submitted at 

different operational conditions (Duda et al., 2015; Martins et al., 2016; Delforno et 

al., 2017a, 2017b; Fontana et al., 2018). In a recent study Delforno et al. (2017a) 

determined the taxonomic and functional diversity of three different biological 

reactors for commercial laundry wastewater treatment. Although the reactors showed 

similar surfactant removal levels, the microbial composition, functional diversity and 

aromatic compound degradation pathways were significantly distinct. Therefore, the 

metagenomic analysis of anaerobic technology is a valuable resource for 

understanding processes that previously remained an unsolved mystery, generating 

new knowledge and developing new methods to manipulate engineering biological 

systems, aiming to exploit their economic and environmental benefits. 

 

2.2.2 Post-treatment of anaerobic effluent 
 
The effluent of wastewater treatment systems can be reused in diverse 

activities such as agriculture irrigation or disposed of in water bodies. However, an 

anaerobic process usually does not meet the quality requirements established by 

environmental dispositions. Anaerobic treatment is particularly inefficient for nutrients 

removal (Chan et al., 2009), which can be associated with the hydrolyzed products of 

organic nitrogen and phosphorous, which are converted to ammonia and phosphate, 

respectively, persisting in the liquid phase (Khan and Gaur, 2013). For this reason, 

this technology is usually employed as a pretreatment option.  

 A variety of post-treatment configurations based on a diverse combination of 

anaerobic reactors with biological and physicochemical approaches have been 

analyzed. Among these systems can be cited the aerobic processes of suspended, 

attached or hybrid growth (Barana et al., 2013; Kanimozhi and Vasudevan, 2013; 

Silva-Teira et al., 2017), natural treatment processes such as for example wetlands 

(Selvamurugan et al., 2010b; Fia et al., 2013; Dias et al., 2018) and physical and 

physic-chemical processes, including coagulation-flocculation and electrocoagulation 
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(Makwana and Ahammed, 2017; Rodrigues et al., 2017), also advanced oxidative 

degradation processes (AOPs) (Kondo et al., 2010; Guerreiro et al., 2016).  

The effluent obtained from anaerobic CPW treatment presents a high 

concentration of ammonia nitrogen, phosphorous, residual concentration of organic 

matter and phenolic compounds (Fia et al., 2013; Rossmann et al., 2013; Villa-

Montoya et al.,  2017). Therefore, post-treatment options should be focused on the 

simultaneous removal of most of these parameters. In this respect, to obtain a better-

quality effluent, the application of the sequencing batch reactor (SBR) and the Fenton 

process  (discussed later in this chapter), are two post-treatment alternatives that can 

offer a suitable stabilization of CPW.  

 

2.2.2.1 Biological removal of nitrogen and phosphorus 
 

Conventional nitrogen removal is based on a microbial process involved 

autotrophic nitrification and heterotrophic denitrification. The first step consists in the 

aerobic oxidation of NH4+ or ammonia (NH3) to nitrite (NO2-) and NO− via 

hydroxylamine (NH2OH) (reactions 1 and 2) (Zhu et al., 2008). In a second step, 

nitrite-oxidizing bacteria (NOB) oxidize nitrite to nitrate (NO3−) (reaction 3).  

 

𝑁𝐻3 + 𝑂2 + 2[𝐻] → 𝑁𝐻2𝑂𝐻 + 𝐻2𝑂 (1) 
𝐻𝑁2𝑂𝐻 + 0.5𝑂2 → 𝑁𝐻𝑂2 + 2𝐻+ + 2𝑒− (2) 

𝑁𝑂2
− + 0.5𝑂2 → 𝑁𝑂3

− (3) 
2𝑁𝑂3

− + 10𝐻+ + 10𝑒− → 𝑁2 + 2𝑂𝐻− + 4𝐻2𝑂 (4) 
2𝑁𝑂2

− + 6𝐻+ + 6𝑒− → 𝑁2 + 2𝑂𝐻− + 2𝐻2𝑂 (5) 
 

In anoxic denitrification, NO3- or NO2- are reduced to gaseous nitrogen with a 

variety of electron donors, such as methanol, acetate, and organic substances in 

wastewater (reactions 4 and 5) in presence of NOB (Pajares and Bohannan, 2016). 

Therefore, these reactions lead to the elimination of nitrogen present in the effluent 

into the atmosphere. The microorganisms involved in this process are mainly 

chemoautotrophic ammonium-oxidizing bacteria (AOB, represented by 

Nitrosomonas, Nitrosospira, and Nitrosococcus species) and archaea (AOA, 

represented by Nitrososphaera and Nitrosotalea linages from the phylum 

Thaumarchaeota), and NOB (represented by Nitrobacter, Nitrospina, Nitrococcus, 



 20 

and Nitrospira species) (Pajares and Bohannan, 2016). In addition, heterotrophic 

nitrification reactions also can occur, which are carried out by certain heterotrophic 

bacteria and fungi with the potential to oxidize both organic and inorganic nitrogen 

compounds (Hayatsu et al., 2008).  

Biological removal of phosphorus is a process that requires the alternate of 

anaerobic and aerobic conditions. Initially, it is necessary the establishment of an 

environment free of dissolved oxygen and oxidized nitrogen compounds. In this 

condition, a fraction of the biodegradable organic matter (soluble BOD) contained in 

the effluent is fermented by means or facultative bacteria to simple organic molecules 

of low molecular weight, such as VFAs (Von Sperling, 2007). Subsequently, 

phosphate accumulating organisms (PAOs) quickly assimilated and gathered VFAs 

inside the cells.  

The release of phosphate that was previously accumulated by the 

microorganisms (in the aerobic stage) supplies energy for the transport of the 

substrate and the formation and storage of organic metabolic products, such as PHB 

(polyhydroxybutyrate). Subsequently, an aerobic period is applied to promotes the 

consumption of the stored substrate by PAOs. Also, the PHB is oxidized into carbon 

dioxide and water, and the soluble phosphate is removed from the solution by the 

PAOs and is stored in their cells for generation of energy in the anaerobic phase. 

 Since internalized quantity is higher than that secreted, the phosphorus may 

eventually become fixed into biomass. Finally, the phosphorus is incorporated in 

large amounts into the PAOs cells and is removed from the system through the 

removal of the excess biological sludge, which discards a fraction of the mixed liquor 

containing all the organisms in the activated sludge, including PAOs.  The efficiency 

levels in the treatment systems employing the SBR reactor are usually higher than 

90%. In contrast, in conventional activated sludge systems this efficiency is only 10-

20% (Bitton, 2005). Some of the characterized microorganisms involved in this 

activity (PAOs) correspond mainly to the phyla Proteobacteria of the genera 

Acinetobater, Pseudomonas and Aeromonas (Yang et al., 2017). 
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2.2.2.2 Sequencing batch reactor  
 

The sequencing batch reactor (SBR) is an improved version of the fill and 

draw activated sludge system, consisting of one or more tanks, each capable of 

waste stabilization and solids separation (Metcalf and Eddy, 2003). This system 

offers flexibility in the treatment of unsteady flows, minimum operator interaction, 

option for aerobic or anaerobic conditions in the same tank, good oxygen contact 

with microorganisms and substrate, small floor space, and good removal efficiency 

(Kim et al., 2008). Therefore, this technology has been adopted for industrial and 

municipal wastewater treatment (Chan et al., 2009).  

The use of SBR is a potential alternative for anaerobic effluent stabilization. 

Under optimal conditions, this process can reach a significant removal of residual 

COD, ammonia nitrogen and phosphorous. This activity is achieved utilizing the 

application of a treatment scheme based on the application of operational cycles 

divided aerobic, anaerobic and anoxic periods. All these steps are realized the same 

compartment (Wang et al., 2008; Rodríguez et al., 2011; Li et al., 2016).  

The phases employed in the SBR system may be divided in: i) fill; ii) react; iii) 

settle and iv) decant (Gerardy, 2010). The fill phase may be intermittent or single 

feed; multiple or step feed and continuous. Generally, a single feed mode provides a 

higher nitrification rate (Metcalf and Eddy, 2003). At the same time, this phase may 

be achieved under diverse conditions of aeration or mixing, being sub-divided in 

static fill, mixed fill, and aerated fill. A static fill conditions create a feast-like situation 

in which PAOs are favored (Dutta and Sarkar, 2015). In the reaction phases are 

realized the organics degradation and nutrients removal. The treatment is controlled 

by air, either on or off, to produce anaerobic, anoxic, or aerobic conditions, provide 

proper conditions for nitrification/denitrification or enhanced phosphorous removal 

(Dutta and Sarkar, 2015). In the settle phase the aeration and mixing are terminated. 

Bacterial solids or floc particles are separated from the suspending medium, and a 

clarified supernatant is produced. Finally, this supernatant is removed in decant 

phase, obtaining a clarified effluent.    

The main advantage of this technology is its flexibility to adjust or modify 

reactor conditions in function of the influent or treatment priorities. Thus, changes in 



 22 

the length of time of any phase and the dissolved oxygen concentration during 

aerated Fill Phase or React Phase may be realized. In addition, the length of the 

react phase may be changed to satisfy discharge requirements (Gerardy, 2010).  

 

2.3 Fenton reaction  
  
 Fenton and related process encompass reactions of peroxides (usually H2O2) 

with iron ions to form active oxygen species that oxidize organic or inorganic 

compounds (Pignatello et al., 2006). The chemistry of this process is well established 

and implies the oxidation of ferrous (Fe2+) to ferric (Fe3+) ions to decompose H2O2 

into strong hydroxyl radicals (-OH) (reactions 6 and 7) (Sychev and Isak, 1995). Both 

Fe2+ and Fe3+ ions are coagulants, so the Fenton process can, therefore, have a dual 

function: oxidation and coagulation) (Badawy; Wahaab; El-Kalliny, 2009).  

 

𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒3+ + 𝑂𝐻− +  −𝑂𝐻   (6) 
𝐹𝑒3+ + 𝐻2𝑂2 → 𝐹𝑒2+ + −𝑂𝑂𝐻− +  𝐻+   (7) 

 

 Fenton process has been used in the treatment a varied type of effluents, 

reduce the concentration of hazard compounds (Nieto et al., 2011; Babuponnusami 

and Muthukumar, 2014), including phenolic compounds (Yalfani et al., 2009). Thus, it 

is a promising alternative for post-treatment of digested CPW of difficult 

biodegradation. This method is frequently combined with biological process, as a pre-

treatment to enhance the biodegradability of the recalcitrant compounds and lower 

the toxicity (Badawy et al., 2009; Guerreiro et al., 2016; Rodrigues et al., 2017) or as 

a post-treatment to improve the efficiency of the wastewater treatment (Guerreiro et 

al., 2016). The efficiency of this process depends on several variables such as 

temperature, pH, H2O2, ferrous ion concentration and reaction time. Operating pH of 

the system has been observed to significantly affect the degradation of pollutants 

(Benitez et al., 2001). The degree of oxidation of organics in the Fenton process is 

maximum at pH level between 3–5. The hydrogen peroxide is most stable in the 

range of pH 3–4, but the decomposition rate is rapidly increased with increasing pH 

above 5. Thus, the acidic pH level around 3 is usually optimal for Fenton oxidation 
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(Gogate and Pandit, 2004). However, to improve the efficiency and to reduce the use 

of chemical reagents, these experimental conditions must be optimized.  
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CHAPTER 2 – Material and Methods 
 

 

1. TREATMENT SYSTEMS 
 
1.1 Wastewater 
 

 The coffee processing wastewater (CPW) employed in this study was 

collected in a producing farm located in the northeast of the São Paulo state (Brazil), 

during the harvest period (April-July) of 2015, 2016 and 2017 and stored at -5 ºC. 

Due to large amounts of substrate required in the influent of the anaerobic reactors, 

continuous operation was ensured through the preparation of simulated CPW, as 

described previously by Bruno and Oliveira (2013). For this, a manual pulping of the 

grains and subsequent screening (2 mm mesh size) was realized. 2 L of water per 1 

L of coffee beans were reposed for 24 h, and the husk was removed for obtaining a 

highly concentrated liquid. The non-pulped grain was reused for the preparation of a 

new CPW.  

 Before use, the physicochemical characteristics of raw CPW were determined. 

The CPW was diluted to reach the required organic loading rate (OLR) using a 

proportion of effluent of the same system and posteriorly the pH was adjusted to 

optimal levels for anaerobic treatment (6.8–7.2) using calcium hydroxide (Ca(OH)2) 

and effluent recirculation.  

 

1.2 Localization of the experimental units 
 

 This study was conducted at the laboratory of Environmental Sanitation, 

Department of Rural Engineering, São Paulo State University (UNESP), School of 

Agricultural and Veterinarian Sciences, Jaboticabal (SP, Brazil) (latitude: 21°15'22'' 

S, longitude: 48°18'58'' W), at 575 m of altitude. The climate of the region, according 

to Koppen's classification is Awa (humid subtropical, dry in the winter and rainy in 

summer), with an annual precipitation of 1300 mm and a mean temperature of 21°C.  
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1.3 High-rate anaerobic reactors 
 
1.3.1 Single and two-stage upflow anaerobic sludge blanket (UASB) reactors 
 
 In this study two different configurations of UASB reactors (single and two 

stages) were employed for treating CPW. The reactors were built with PVC pipe in a 

Y shape and an 45º angle (Cavalcanti et al., 1999), with working volumes of 20 L 

(single-stage) and 20 L and 10 L (two-stage). The characteristics of the reactors used 

had been previously described (Bruno and Oliveira 2013). The reactors were 

connected to gasometers to determinate the biogas production, and the digestion 

compartments were provide of sludge collection points at specific levels, to determine 

the concentration of biomass (see Figure 1 in Chapters 3 and 4). All the experiments 

were conduced at room temperature at increasing organic loading rates (OLRs).  

 
1.3.2 Horizontal-flow anaerobic immobilized biomass (HAIB) system  
 

 The HAIB system consisted of three compartments (reactors) (R1, R2 and R3) 

installed in series. HAIB reactors were built according to Oliveira and Bruno (2013), 

using PVC tubes of 80 cm, with an internal diameter of 4.5 cm, obtaining a total 

volume of 1.27 L. Each HAIB reactor was provided with three outlets adapted to 

gasometers for the collection and measurement of biogas (See Figure 1 in Chapter 

4). Also, sludge sampling and spatial profile analysis where realized employing 

registers installed on the digestion compartment. Units of corncobs provided the 

support medium for the biomass. The system was continuously operated by 270 

days at room temperature, and submitted to different OLRs. 

 

1.4 Post-treatment 
 

1.4.1 Sequential batch reactor (SBR)  
 
 A sequencing batch reactor (SBR) with an effective volume of 22 L was used 

for biological post-treatment. This reactor was constructed of PVC pipe with diameter 
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of 150 mm, provided with a mechanical mixing system comprising three impellers, 

shaft and gearmotor, an injection pump and an air diffuser, both with intermittent 

activation controlled by timers (See Figure 2, Chapter 5). The sequencing scheme 

was based in a 24-h cycle, incorporating anaerobic, aerobic and anoxic reactions.  
 
1.4.2 Fenton process 
 

 Fenton process was performed according to Kondo et al. (2010), consisting of 

a molar ratio H2O2:Fe+3 of 0.47 to 0.063. The final volume for each reaction was 300 

mL. Initially was added the required quantity of iron (as FeCl3.6H2O), followed for a 

pH adjust to the desired value with 1 M H2SO4 or 1 M NaOH. Fenton oxidation 

started by adding H2O2, and was maintained during the required period. A stirring bar 

at 200 rpm provided the agitation of the system. Afterwards, appropriate amount of 

lime (Ca(OH)2 was added to adjust the pH of the medium to an alkaline value (pH 

9.0) and stop the reaction, followed by 60 min of settling. Supernatant was withdrawn 

for physicochemical analysis.  

 

1.5 Recirculation of Fenton effluent in anaerobic reactors 
 

 The effect of Fenton effluent recirculation on the performance of two high-rate 

anaerobic reactors was assessed as reuse strategy. For this, an UASB reactor (20 

L), and a HAIB system (3.9 L) were employed. Fenton effluent recirculation was 

applied using a proportion of CPW:Fenton of 3:2. The performance was assessed in 

terms of methane production and organic matter removal. The experiments were 

conduced at room temperature, maintaining a constant OLR in the systems.  

 
2. ANALYTICAL METHODS  
 

2.1 Physicochemical analysis  
 

 The systems performance was evaluated using physicochemical analysis. The 

parameters (determined twice weekly) included: total and soluble chemical oxygen 
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demand (COD, SCOD), pH, total, partial, and intermediate alkalinity (TA, PA, and IA), 

volatile fatty acids (VFA), total ammoniacal nitrogen (TAN), and total phenol content 

(TPC). Determinations were realized as stated in APHA et al. (2005), Ripley et al. 

(1985), Dilallo and Albertson (1961) and Singleton et al. (1998). The concentration of 

total suspended and volatile solids (TSS, VSS), total phosphorus (TP) and total 

nitrogen (TN) were determined weekly according to APHA et al. (2005). The 

concentration of total phosphorus (TP), K, Mg, Ca and the trace elements iron (Fe), 

zinc (Zn), cupper (Cu) and manganese (Mn) was determined weekly after acid (nitric-

perchloric) digestion of the sample and measured by atomic absorption 

spectrophotometer, as described by APHA et al. (2005). 

 The biogas production was assessed daily in gasometers, and biogas 

composition was analyzed weekly by gas chromatography (APHA et al., 2005). The 

results of the methane production were reported at standard temperature and 

pressure (STP. 101.325 kPa. 273.15 K). Samples of sludge were collected to 

measure the total solids (TS) and volatile (VS), according to standard methods 

procedures (APHA et al., 2005). The quantification of the acetic, propionic, isobutyric, 

butyric, isovaleric, and valeric acids of the influent and effluent of the reactors was 

performed by gas chromatography according to the methodology described by (Van 

Cleef et al., 2015). Comparison of HAIB system and UASB reactor was performed 

considering removal of total and soluble COD, VFA, methane production rate (MPR) 

and specific methane yield (SMY). Whenever statistically significant differences 

between the systems were detected, differences between means were assessed by 

Tukey test (p<0.05). 

 

2.2 Theoretical calculations and statistics 
 

 The theoretical concentration of ammonia (N-NH3) was calculated using the 

method described by Anthonisen et al. (1976). The optimum ranges for essential 

elements were estimated according to Wu et al. (2016) using the composition of 

major and trace elements of methanogenic archaea determinate by Scherer et al. 

(1983). For the statistical analysis of removal efficiencies, an analysis of variance 

was performed using the Tukey test. Linear association between some critical 
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variables was performed using the Pearson correlation coefficient (R), and its 

statistical significance (p). The statistical data analysis was carried out using R 

software (version 3.1.3).  

 

3. MICROBIOLOGICAL AND MOLECULAR ANALYSIS 
 

3.1 Scanning electron microscopy  
 

 Samples of support material from HAIB system were fixed in 0.1 M phosphate 

buffer (pH: 6.8) containing 5% glutaraldehyde for 12 h at 4 °C. After fixation, samples 

were rinsed six times in 0.1 M phosphate buffer (pH: 6.8) in intervals of 10 min and 

dehydrated gradually after successive immersions in ethanol solutions at increasing 

concentrations (30–95% v/v). The samples were washed three times in 100% v/v 

ethanol (PA grade) before immersion in hexamethyldisilazane for 30s. Drying was 

completed by keeping the samples for 2 h at 30 °C. The particles were then coated 

with gold powder and attached on to the microscope supports with silver glue. SEM 

analyses were performed using a scanning microscope LEO VP 1430. 

 
3.2 Enumeration of microbial populations by the MPN method 
 

3.2.1 Formate and acetate utilizing methanogens 
 

 The most probable number (MPN) was performed according Wagner et al. 

(2012), by using a modified minimal medium containing (per L distilled water): 0.50 g 

KH2PO4, 0.40 g MgSO4.7H2O, 0.40 g NaCl, 0.4 g NH4Cl, 0.05 g CaCl2.2H2O, 0.002 g 

FeSO4.7H2O, 1.0 g yeast extract, 1.0 g Na-acetate (for acetate–utilizing 

methanogens) or 2.0 g Na-formate (For formate–utilizing methanogens), 4.0 g 

NaHCO3, 0.001 g resazurin, 0.50 g cysteine, 2 mL NaS solution, 1 mL vitamin 

solution, 1 mL trace element solution prepared according to Wagner et al. (2010), 

and 5% of anaerobic sludge supernatant. The medium was autoclaved and allowed 

to cool down under a gas flow (100% nitrogen) before to further treatment. All 

incubations were at 30°C in an anaerobic chamber by at least 30 days. The analysis 
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of the results was achieved according to Wagner et al. (2012), and the MPN values 

were calculated using the MPN Calculator (http://www.i2workout.com/mcuriale/mpn/). 

 

3.2.2 Total heterotrophic, nitrifying and denitrifying bacteria 
 

 Cultivation-based analysis from the activated sludge of the SBR systems was 

performed to establish the abundance of heterotrophic, nitrifying (ammonium and 

nitrite oxidizers) and denitrifying bacteria employing the most probable number 

method (MPN). Composite samples were taken in sterile (50 mL) tubes. Afterwards, 

an aliquot of 10 mL of the mixed material was suspended in 100 mL sterile 0.9% 

sodium-chloride solution. The sludge suspensions were shaken for 30 minutes on a 

gyratory shaker (130 rpm) at room temperature (20 ºC) for desorption of bacterial 

cells. The sludge suspension obtained was allowed to settle for 1 min. and 

subsequently a serial dilution was performed. The MPN enumeration involved a five-

tube procedure. Culture media and growth conditions for each physiological group 

were realized as described by Koops and Pommerening-Röser (2001) and Elbanna 

and Atalla (2011). The MPN values were calculated using as described previously.  

 

3.3 Genomic DNA extraction 
 

For the extraction of genomic DNA, the anaerobic sludge samples were 

homogenized and centrifuged at 10.000 x g for 10 min. After removing the 

supernatant, the resultant pellets (0.25-0.30 g) were used for the following steps. 

Total DNA was extracted using the QIAGEN's DNeasy PowerSoil Kit – Sil Life.  

The quality and integrity assessments were realized by Nanodrop ND-1000 

(Thermo Scientific, Wilmington, DE, USA) and visualization on 1% (w/v) agarose gel 

with 1x TAE buffer, respectively. The quantification was assessed using the Qubit 

dsDNA HS Assay Kit (Invitrogen, Carlsbad, California, USA), following the 

manufacturer's instructions. The genomic DNA was stored at -20 ºC until the assays 

were conducted. 
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3.4 Sequencing and data analysis 
  
  The DNA libraries for next generation sequencing (NGS) were prepared using 

the TruSeq Nano DNA LT Sample Prep Kit (Illumina, USA), following the 

manufacturer’s instructions. The samples were sequenced on a single lane on an 

Illumina HiSeq 2500 (Illumina, San Diego, CA) in paired-end mode (2 x 100 bp). For 

the bioinformatic analysis, the raw data were initially submitted to a quality control 

using the SeqClean software (v1.9.10), and then low-quality regions were trimmed. 

From this point only reads above 80 pb were considered. A quality report was 

generated using FastQC (v0.11.5, Babraham institute, UK). Subsequently, human 

contaminants were removed by aligning sequences on hg38 human reference 

genome using the FR-Hit (v0.7) software (Niu et al., 2011). Afterward, sequences 

were masked for rRNA and tRNA using the rna-hmm3.py (v3.0) and the tRNAscan-

SE (v1.3.1) software respectively. The reads were identified using NR database as 

reference with the Diamond (v0.7.12.61) software for alignment. MEGAN (v6.11.1) 

was used for subsampling taxonomic classification by the lowest common ancestor 

(LCA) algorithm (Huson et al., 2007). The metagenome was assembled using the 

IDBA-UD (v1.1.1) software (Peng et al., 2012). 

 
3.5 Real-time quantitative PCR analyses (qPCR) 
 

Real-time quantitative PCR (qPCR) was conducted with DNA samples isolated 

from the sludge collected from the high-rate anaerobic reactors (UASB and HAIB). 

The domains Bacteria and Archaea, and the methanogenic groups 

Methanobacteriales, Methanomicrobiales, Methanosarcinales, Methanosarcinaceae 

and Methanosaetaceae were quantified using specific primers for the 16S rDNA 

region, described by Lee et al. (1996) and Song et al. (2010) (Appendix A).  Initially, 

primers had their specificity confirmed by Silva TestPrime  (http://www.arb-

silva.de/search/testprime/). These regions were amplified by conventional PCR with 

specific primers and cloned using the pGEM ®-T Easy Vector System I (Promega, 

Wisconsin, USA) and inserted into Escherichia coli DH10β competent cells. Positive 

clones were selected among DH10β transformed cells. The DNA sequencing was 
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performed at the CREBIO (Center for Genomic Biology and Biological Resources) of 

FCAV/UNESP (University of São Paulo State) in Jaboticabal, São Paulo, Brazil. The 

analysis was performed using the BLAST tool (ALTSCHUL et al., 1997). An e-value 

lower than 10−8 was considered acceptable. The purified plasmids containing the 

insert were quantified using fluorometry. 

The qPCR reactions were conducted in the Applied Biosystems 7500 Real-

Time PCR apparatus. Reactions included 6.25 μL of Power SYBR Green® 

MasterMix (Applied Biosystems), primers at different concentrations depending on 

the micro-bial group, 10 ng of metagenomic DNA, and ultrapure water to bring the 

reaction volume to 12.5 μL. All the reactions were conducted with the following 

settings: 2 min at 50 °C; 10 min at 95 °C; and 40 cycles at 95 °C for 15 s, 1 min at 

specific annealing temperatures (Appendix A), and 30 s at 78 °C. After these steps, 

there was a step with increasing temperature (60–95 °C) to obtain the dissociation 

curve of the reaction products. The copy number of each sample was determined by 

serial dilution of the standard curve from the linearized plasmid, 3 × 108 to 

3 × 102 (1:10), except the order Methanobacteriales, 3 × 108 to 2 × 104 (1:5). For 

each standard curve, we determined whether efficiency was close or equal to 100%. 

The Ct was determined for the samples and compared to standard curves to 

determine the number of copies in 10 ng of metagenomic DNA. The results were 

expressed as number of 16S rRNA gene per gram (wet weight) of volatile solids. 
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CHAPTER 3 – Predominance of syntrophic bacteria, Methanosaeta and 
Methanoculleus in a two-stage UASB system treating coffee 
processing wastewater at high organic loading rates  

 
 

ABSTRACT – The effect of the organic loading rate (OLR) on the performance 
and microbial composition of a two-stage UASB system treating coffee processing 
wastewater was assessed. The system was operated with OLR up to 18.2 g COD (L 
d)-1 and effluent recirculation. Methane production and effluent characteristics were 
monitored. The microbial composition was examined through next-generation 
sequencing and qPCR from the anaerobic sludge of the first reactor (R1) operated at 
low and high OLR. The system showed operational stability, obtaining a maximum 
methane production of 2.2 L CH4 (L d)-1, with a removal efficiency of COD and 
phenolic compounds of 84 and 73%, respectively. The performance of R1 at high 
OLR in steady conditions was associated with an appropriate proportion of nutrients 
(particularly Fe) and a marked increase of the syntrophic bacteria Syntrophus and 
Candidatus Cloacimonas, and acetoclastic and hydrogenotrophic methanogens, 
mainly Methanosaeta, Methanoculleus, Methanobacterium and 
Methanomassiliicoccus. 

 
 
Keywords: anaerobic digestion, biogas, metagenomics of anaerobic sludge, 
nutrients, pollutant removal 
 

 

1.  INTRODUCTION 
 

 Coffee agro-industry represents one of the leading economic activities in 

tropical developing countries (FAO, 2015). Currently, about 50% of the coffee 

production worldwide (4.3 million tons) is concentrated in Brazil, Vietnam and 

Colombia (ICO, 2018). To improve the quality of the final product, the leading 

producing countries have increasingly adopted the wet coffee processing as a post-

harvest procedure. This method requires about 7.5 m3 of water to process 1 ton of 

coffee cherries, generating a significant volume of coffee processing wastewater 

(CPW), rich in organic matter represented mainly by easily fermentable sugars (Alves 

et al., 2017). Moreover, CPW contains nitrogen, phosphorus, and toxic chemicals 

including tannins, caffeine and polyphenols (Rattan et al., 2015) constituting a 

serious threat to the ecosystems in producing areas, unless treated or appropriately 

reused. 
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 It has been demonstrated that CPW can be stabilized by anaerobic digestion, 

a process in which a highly adapted microbiota produce biogas containing methane 

(Beyene et al., 2014). The application of the up-flow anaerobic sludge blanket 

(UASB) or related technologies constitute a promising strategy for this purpose, and 

can be submitted to high organic loading rates (OLRs) to enhance the energy 

recovery. However, three major drawbacks should be attended to optimize this 

process: i) the high content of easily fermentable sugars and low alkalinity of CPW, 

which can produce an acid accumulation that inhibits the methanogenic activity; ii) 

the reduction of the effluent quality by application of high OLRs and iii) the lack of 

knowledge of the associated microbiota, since previous works has only focused on 

operational aspects (Bruno and Oliveira 2013; Beyene et al., 2014; Villa-Montoya et 

al.,  2017) or analysis limited to study of cultivable microorganisms (Pires et al., 

2017). 
Despite the implementation of the single stage UASB, expanded granular 

sludge bed, anaerobic fixed bed and upflow anaerobic hybrid systems, the first two 

issues aforementioned have not been satisfactorily resolved (Selvamurugan et al., 

2010; Fia et al., 2012; Guardia-Puebla et al., 2014; Cruz-Salomón et al., 2017). In 

this regard, diverse studies have attempted to separate the acidogenic and 

methanogenic phases in independent reactors (Jung et al., 2012; Guardia-Puebla et 

al., 2014). However, this approach seems impractical in technical terms, due to 

requires greater process control, increasing the cost of investment and operation for 

an eventual application in producing regions.  
 Since the CPW are easily hydrolysable, we consider that the application of 

two UASB reactors installed in series (two-stage UASB system), in which proper 

operational conditions (i.e. alkalinity source by effluent recirculation and successive 

OLR increase) allows a high methane production in the first reactor, maintaining a 

stable pollutant removal efficiency favored by the second. In addition, the system 

operation could be eventually optimized by an improved understanding of the 

microbial composition and its adaptation in response to control parameters such as 

OLR increase.  

 Therefore, the aim of the present study was to assess the effect of the OLR on 

the performance and microbial composition of a two-stage UASB system treating 



 45 

CPW. For this, the OLR was gradually increased from 6.1 to 18.2 g COD (L d)-1, 

controlling the influent alkalinity by effluent recirculation. System performance was 

assessed considering the effluent characteristics, nutrients availability and sludge 

development during the experimental period. To gain valuable insight on the 

microbial community composition associated to this process, we used next-

generation sequencing (NGS) and quantitative real-time PCR (qPCR) from the 

sludge of the first reactor at low and high OLR conditions. 

 

2. MATERIAL AND METHODS 
 

2.1 Configuration of the two-stage UASB system  
 

 The system was composed of two UASB reactors in series (R1 and R2), with 

working volumes of 20 L and 10 L, respectively. The characteristics of the reactors 

used had been previously described (Bruno and Oliveira, 2013). This configuration 

was established in order to reach stabilization of easy biodegradable organic matter 

and to realize partial hydrolysis in the first reactor, and subsequently carry out the 

degradation of persistent COD and remaining soluble compounds in the second. The 

experimental unit is showed in Figure 1.  

The UASB reactors were already in operation, at OLR of 6.0 g COD (L d)-1 

and the total and volatile solids (TS, VS) of the sludge were: 46.2 g L-1 TS and 36.8 g 

L-1 VS (R1), and 36.6 g L-1 TS and 30.5 g L-1 VS (R2). The operation was carried out 

continuously for 365 days, increasing the organic loading rate (OLR) when stability 

conditions were achieved: constants biogas production and COD removal efficiency, 

with variation coefficients minor than 20%. Consequently, five phases were 

established. The operational conditions are described in Table 1. In phases 1 and 2 

the substrate was supplemented with phosphorous through of addition of single 

superphosphate (Ca(H2PO4)2.H2O + CaSO4.2H2O), at concentrations of 4-6 g L-1 to 

maintain adequate COD:N:P proportion, and calcium hydroxide to adjust the pH. In 

addition, in phases 3–5 the effect of the effluent recirculation on the system 

performance was evaluated.   
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Figure 1. Configuration of the two-stage UASB system (R1 and R2) for CPW 

treatment.  
 
 
Table 1. Operational conditions implemented in the two-stage UASB system 

  Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 
OLR R1 (g COD (L d)-1)  6.1 ± 0.4 7.0 ± 0.7 10.1 ± 1.2 15.0 ± 2.3 18.2 ± 1.7 
OLR R2 (g COD (L d)-1)  1.6 ± 0.4 2.1 ± 0.5 2.5 ± 0.9 8.6 ± 1.1 9.5 ± 0.8 
HRT R1 (h) 60 60 60 30 30 
HRT R2 (h) 30 30 30 15 15 
Global HRT (h) 90 90 90 45 45 
SLR R1 (g COD (g VS d)-1 0.26 0.23 0.21 0.16 0.18 
SLR R2 (g COD (g VS d)-1 0.09 0.09 0.11 0.23 0.37 
CPW: Effluent ratio 1:0 1:0 4:1 2:1 3:1 
Ca(OH)2 (g L-1) 4.4 ± 2.1 4.7 ± 1.9 3.2 ± 1.7 2.4 ± 1.0 2.8 ± 1.6 
Temperature (oC) 24.4 ± 2.1 20.7 ± 2.0 21.5 ± 3.1 26.0 ± 2.6 24.3 ± 1.6 
Days in operation  95 90 60 60 60 

Means values followed by standard deviation. OLR: Organic loading rate; HRT: Hydraulic retention 
time; SLR: Sludge loading rate. 
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2.2 Influent characteristics 
 

 The influent used as a substrate for the system was constituted by coffee 

processing wastewater (CPW) collected in a producing farm located in the northeast 

of the São Paulo state (Brazil), during the harvest period (April-July of 2015) and 

stored at -5 ºC. Due to large amounts of substrate required in the influent, continuous 

operation was ensured through the preparation of simulated CPW, as described 

previously by Bruno and Oliveira (2013). Before use, physicochemical characteristics 

of raw CPW were determined (Table 2).  

 

Table 2. Physicochemical characteristics of raw CPW 

Parameter 
CPW 
Collected Simulated 

pH 4.3  ± 0.3(20) 3.6 ± 0.4(82) 
VFA  5139  ± 243(6) 4258 ± 196(32) 
TS   15825 ± 431(6) 11167 ± 261(32) 
VS  10200 ± 483(6) 8240 ± 786(32) 
COD  39467 ± 707 (20) 22425 ± 1096(82) 
TKN  396 ± 5(6) 328 ± 20(32) 
TP  19.8 ± 3.0(6) 14.9 ± 3.6(32) 
TPC  241.6 ± 17.3(6) 360.5 ± 43.4(32) 

Means values followed by standard deviation (number of 
observations in parentheses). Units: mg L-1 except pH. VFA: 
Volatile fatty acids; COD: Chemical oxygen demand; TKN: Total 
Kjeldahl nitrogen; TP: Total phosphorous; TS: Total solids; VS: 
Volatile solids; TPC: Total phenol content.  
 

Posteriorly, the substrate was diluted to keep the COD concentration as 

needed to reach the adequate OLR. The CPW collected in the producing farm and 

simulated in the laboratory showed acidic characteristics, which was consistent with 

the high content of easily fermentable sugars previously reported in similar effluents 

(Rattan et al., 2015).  Therefore, the pH was adjusted to optimal levels for anaerobic 

treatment (7.0 ± 0.2) using calcium hydroxide (Ca(OH)2) and effluent recirculation. 

The physicochemical characteristics of the influent used are showed in Table 3. 

Collected CPW was applied in phases 3 and 4 and simulated in phases 1, 2 and 5. 
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Table 3. Physicochemical characteristics of the influent. 

 Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 
pH 7.2 ± 0.3 7.3 ± 0.2 7.3 ± 0.3 7.2 ± 0.3 7.2 ± 0.4 
PA  785 ± 382 1138 ± 585 943 ± 204 1495 ± 546 1810 ± 589 
IA 793 ± 396 1849 ± 952 1137 ± 428 3132 ± 1144 2170 ± 706 
VFA  1497 ± 580 2741 ± 868 3413 ± 621 3650 ± 969 3923 ± 1314 
TS  9615  ± 2310 12185 ± 3837 17016 ± 5577 15142 ± 5237 20270 ± 6167 
VS  7197 ± 2595 7864 ± 3065 13326 ± 5644 9028 ± 4549 11948 ± 1633 
COD  15378 ± 548 17458 ± 1665 24945 ± 3948 18879 ± 3107 22489 ± 2242 
TAN  139 ± 51 166 ± 92 91 ± 29 243 ± 91 246 ± 63 
TKN  422 ± 154 350 ± 127 446 ± 38 750 ± 176 656 ± 93 
TP  160 ± 81 158 ± 46 91 ± 7 81 ± 6 101 ± 18 
TPC  374.0 ± 97.4 363 ± 124 517 ± 121 673 ± 200 627 ± 141 

Means values followed by standard deviation. Units: mg L-1 except pH. PA: Partial 
alkalinity; IA: Intermediary alkalinity; TS: Total solids; VS: Volatile solids; COD: Chemical 
oxygen demand; TAN: Total ammonia nitrogen; TKN: Total Kjeldahl nitrogen; TP: Total 
phosphorous; TPC: Total phenol content.  
 

 
2.3 Analytical methods  
 

 System performance was evaluated using physicochemical determinations on 

influents and effluents twice weekly. The samples of influent (inlet of R1) and 

effluents (output of R1 and R2) were composed from single samples of 0.2 L. 

Parameters included total and volatile solids (TS, VS), chemical oxygen demand 

(COD), pH, total, partial, and intermediate alkalinity (TA, PA, and IA), total volatile 

acids (VFA), total ammoniacal nitrogen (TAN), total Kjeldahl nitrogen (TKN), and total 

phenol content (TPC), and were measured as stated in the methodologies described 

in APHA et al. (2005), Ripley et al. (1986), DiLallo and Albertson (1961) and 

Singleton et al. (1998). The concentration of total phosphorus (TP), K, Mg, Ca and 

the trace elements iron (Fe), zinc (Zn), cupper (Cu) and manganese (Mn) was 

determined weekly after acid (nitric-perchloric) digestion of the sample and measured 

by atomic absorption spectrophotometer, as described by APHA et al. (2005).  

The volume of biogas produced was measured daily in gasometers, and 

biogas composition was analyzed weekly by gas chromatography (APHA et al., 

2005). The results of the methane production were reported at standard temperature 

and pressure (STP. 101.325 kPa. 273.15 K). Samples of sludge (50 mL) were 

collected at intervals of 30 days from different sludge collection points (Figure 1), to 
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measure the total solids (TS) and volatile (VS), according to standard methods 

procedures (APHA et al., 2005). The distances from the base of each reactor to the 

corresponding sampling points were 15, 45 and 65 cm in R1 and 18, 38 and 58 cm in 

R2, conforming three levels along of the digestion compartments: bottom, middle and 

top, respectively. 

 

2.4 Theoretical calculations and statistical analysis 
 

 The theoretical concentration of ammonia (N-NH3) was calculated using the 

method described by Anthonisen et al. (1976). The optimum ranges for essential 

elements were estimated according to Wu et al. (2016) using the composition of 

major and trace elements of methanogenic archaea determinate by Scherer et al. 

(1983). For the statistical analysis of removal efficiencies, an analysis of variance 

was performed using the Tukey test. Linear association between some critical 

variables was performed using the Pearson correlation coefficient (R), and its 

statistical significance (p). The statistical data analysis was carried out using R 

software (version 3.1.3).  

 

2.5 Microbial community composition  
 

2.5.1 Sampling and genomic DNA extraction 
 

Sludge samples were collected in operational stability conditions from three 

different levels of R1 (Figure 1), at 90 and 335 days of operation, corresponding to 

low and high OLR: 6.1 and 18.2 g COD (L d)-1, respectively. The VS concentrations 

(g L-1) for the bottom, middle and top levels were respectively: 46.4, 39.2 and 34.8 

(low OLR), and 86.4, 66.5 and 40.0 (high OLR). Individual sludge samples of each 

level and a composite sludge sample from the three levels for each condition were 

used. The collected sludge was homogenized and centrifuged at 10.000 x g for 10 

min. After removing the supernatant, the resultant pellets (0.25-0.30 g) were used for 

the following steps. Total DNA was extracted using the QIAGEN's DNeasy PowerSoil 

Kit – Sil Life. The quality was assessed by Nanodrop ND-1000 (Thermo Scientific, 
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Wilmington, DE, USA) and visualization on 1% (w/v) agarose gel with 1x TAE buffer, 

respectively. The quantification was assessed using the Qubit dsDNA HS Assay Kit 

(Invitrogen, Carlsbad, California, USA), following the manufacturer's instructions. The 

genomic DNA was stored at -20 ºC until the assays were conducted. 

 

2.5.2 Sequencing and data analysis 
  
  The microbial composition was examined from composed sludge samples of 

each level of R1 considering the two OLR conditions. DNA libraries for NGS were 

prepared using the TruSeq Nano DNA LT Sample Prep Kit (Illumina, USA), following 

the manufacturer’s instructions. The samples were sequenced on a single lane on an 

Illumina HiSeq 2500 (Illumina, San Diego, CA) in paired-end mode (2 x 100 bp). For 

the bioinformatic analysis, the raw data were initially submitted to a quality control 

using the SeqClean software (v1.9.10), and then low-quality regions were trimmed. 

From this point only reads above 80 pb were considered. A quality report was 

generated using FastQC (v0.11.5, Babraham institute, UK). Subsequently, human 

contaminants were removed by aligning sequences on hg38 human reference 

genome using the FR-Hit (v0.7) software (Niu et al., 2011). Afterward, sequences 

were masked for rRNA and tRNA using the rna-hmm3.py (v3.0) and the tRNAscan-

SE (v1.3.1) software respectively. The reads were identified using NR database as 

reference with the Diamond (v0.7.12.61) software for alignment. MEGAN (v6.11.1) 

was used for subsampling taxonomic classification by the lowest common ancestor 

(LCA) algorithm (Huson et al., 2007). The metagenome was assembled using the 

IDBA-UD (v1.1.1) software (Peng et al., 2012). 

 

2.5.3 Real-time quantitative PCR analyses  
 

Real-time quantitative PCR (qPCR) was conducted with DNA samples isolated 

from the sludge collected from three different levels of the digestion compartment of 

R1 (bottom, middle and top) at low and high OLR.  The domains Bacteria and 

Archaea, and the methanogenic groups Methanobacteriales, Methanomicrobiales, 

Methanosarcinales, Methanosarcinaceae and Methanosaetaceae were quantified 
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using specific primers for the 16S rDNA region, described by Lee et al. (1996) and 

Song et al. (2010) (Appendix A).  A detailed description of the qPCR analysis 

performed in this study can be found in Duda et al. (2015). The reactions were 

conducted in the Applied Biosystems 7500 Real-Time PCR apparatus and included 

6.25 µL of Power SYBR Green® MasterMix (Applied Biosystems), primers at 

different concentrations, 10 ng of metagenomic DNA, and ultrapure water to bring the 

reaction volume to 12.5 µL.  The cycle consisted in 2 min at 50 °C; 10 min at 95 °C; 

and 40 cycles at 95 °C for 15 s, 1 min at specific annealing temperatures and 30 s at 

78 °C. To obtain a dissociation curve of the reaction products a step with increasing 

temperature (60–95 °C) was applied. The copy number of each sample was 

determined by serial dilution of the standard curve from linearized plasmid containing 

the 16S rDNA regions, 3 x 108 to 3 x 102 (1:10), except the order Methanobacteriles 

(3 x 108 to 2 x 104 (1:5)). The values Ct of the samples were compared to standard 

curves to determine the number of copies 16S rDNA per volatile solids in the 

digestion compartment of R1. 

 

3. RESULTS AND DISCUSSION 
 

3.1 Stability of UASB reactors at increasing OLR 
 

 The two-stage UASB system showed a suitable buffer capacity during the 

experimental period. The partial alkalinity (PA) in both, R1 and R2, was enough to 

neutralize the acids formed in the process, without causing a substantial drop in pH 

(Table 4). Although effluent recirculation did not completely reduced the alkalinizing 

use, allowed the increase of the PA in the influent from phase 3, and even at highest 

OLR applied the PA values reached mean levels above 4000 mg L-1 in the effluents 

of R1 and R2 (Table 4). The reduction of alkalinity requirements for the substrate in 

the anaerobic digestion process is a useful feature of effluent recirculation strategy, 

which allows making a more economically viable operation (Yamada et al., 2013). 

Besides, this alternative has shown good results in UASB systems of one or two 

stages, and also may be used to maintain appropriate OLR in the system, especially 

when substrates with high concentrations of organic matter are being processed 
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(Barros et al., 2017). In this study, we have found that the effluent recirculation is an 

effective method to maintain the buffer capacity in a two-stage UASB system when a 

broad range of OLR is applied in the CPW treatment.   

Anaerobic digestion is considered to be stable at IA/PA ratio less than 0.3 

(Ripley et al., 1986).  Despite the increase in VFA concentration, IA/PA ratio was 

maintained within acceptable levels, with similar values for all phases evaluated in 

each reactor (Table 4). This indicates operational stability (with a low risk of 

acidification), including phases 4 and 5, which had the highest OLR and the lowest 

hydraulic retention times (HRT). Consequently, alkalinity supplementation in the 

influent by effluent recirculation allowed generating fair conditions for anaerobic 

digestion.  

 TAN concentrations were greater in phases 4 and 5, evidencing an increase 

up to 50% with an increase in the OLR from 10.1 to 14.4 g COD (L d)-1 (Table 4). 

This difference is possibly caused by increase of TAN concentration in the influent of 

the UASB system, effluent recirculation and major protein hydrolysis. Although the 

TAN (released during the anaerobic hydrolysis of organic nitrogen compounds), may 

cause an increase in the pH value, counteracting its reduction by the acidification 

step, it may cause an adverse effect on anaerobic digesters, usually between 1300–

6000 mg L-1 (Yenigün and Demirel, 2013). Accordingly, concentrations of TAN were 

found in tolerable levels in all phases evaluated. 

 Since the concentrations of TAN were slightly higher in R2 compared to R1, 

we have determinate the theoretical concentration of free ammonia nitrogen (N-NH3), 

a chemical form of ammonia nitrogen suggested to be the primary cause of inhibition. 

Concentrations of N-NH3 were found in the range of 10.9 to 17.1 mg L-1 and 6.5 to 

25.6 mg L-1 for R1 and R2, respectively (Table 4). This indicates that the detected 

concentrations of TAN and N-NH3 did not represent a risk to the stability of the 

process, mainly for R2, which is a compartment majorly exposed to higher 

concentrations. Additionally, considering that a positive effect has been established 

between the gradual increase of the OLR and the tolerance to high concentrations of 

N-NH3 (Bayr et al., 2012), the operational conditions established in this work could 

ensure higher levels of tolerance to these constituents.  
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Table 4. Composition of UASB effluents, removal efficiency and biogas characteristics in phases 1-5. 

Means values followed by standard deviations. TS, VS: Total and volatile solids; COD: Chemical oxygen demand; PA, IA: Partial and intermediate 
alkalinity; VFA: Volatile fatty acids; TAN: Total ammonia nitrogen; N-NH4+: Free ammonia nitrogen; N-NH3: Ammonium; TN: Total nitrogen; TP: Total 
phosphorous; TPC: Total phenol content; SMY: Specific methane yield; MPR: Methane production rate.  

  
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 
R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 

Effluent composition (mg L-1) 
TS  1836 ± 750 1033 ± 343 1872 ± 553 1089 ± 364 1755 ± 169 1279 ± 421 3912 ± 913 3207 ± 761 4203 ± 719 3625 ± 582 
VS  902 ± 394 608 ± 402 667 ± 380 430 ± 218 968 ± 386 541 ± 125 2701 ± 381 1824 ± 212 3342 ± 514 2426 ± 417 
COD  1996 ± 774 1281 ± 368 2388 ± 1226 1575 ± 928 2549  ± 1053 1073 ± 502 5490 ± 1101 3480 ± 828 5755 ± 1405 3513 ± 899 
pH 8.0 ± 0.3 7.7 ± 0.3 7.8 ± 0.4 8.0 ± 0.3 7.7 ± 0.2 7.9 ± 0.3 8.0 ± 0.1 8.0 ± 0.1 8.1 ± 0.1 8.1 ± 0.1 
PA  1433 ± 323 1573 ± 364 2296 ± 662 2576 ± 669 1611 ± 140 2020 ± 199 3838 ± 973 4107 ± 820 4070 ± 481 4314 ± 502 
IA/PA ratio 0.22 ± 0.11 0.20 ± 0.10 0.20 ± 0.08 0.12 ± 0.07 0.30 ± 0.10 0.20 ± 0.04 0.25 ± 0.07 0.20 ± 0.07 0.30 ± 0.08 0.20 ± 0.04 
VFA 405 ± 201 273 ± 155 348 ± 189 245 ± 172 341 ± 178 127 ± 56 643 ± 166 527 ± 155 758 ± 263 514 ± 218 
TAN 177 ± 50 191 ± 52 230 ± 77 240 ± 67 136 ± 23 157 ± 25 351 ± 99 369 ± 69 382 ± 64 393 ± 67 
N-NH3  10.9 ± 1.0 6.5 ± 1.6 11.7 ± 1.1 12.1 ± 4.4 2.9 ± 0.9 7.0 ± 3.1 19.8 ± 5.6 25.9 ± 10.7 17.1 ± 4.3 25.6 ± 8.6 
TN  264 ± 120 197 ± 108 224 ± 66 174 ± 57 281 ± 20 217 ± 161 644 ± 162 534 ± 115 553 ± 108 487 ± 102 
TP  15.8 ± 2.5 9.1 ± 1.9 10.9 ± 3.4 6.0 ± 1.2 13.2 ± 8.5 7.4 ± 2.3 27.6 ± 18.6 21.7 ± 9.5 46.6 ± 11.8 22.9 ± 6.5 
TPC 156 ± 62 75 ± 35 113 ± 58 59 ± 20 133 ± 15 72 ± 10 290 ± 68 135 ± 29 290 ± 78 142 ± 65 
Removal efficiency (%) 
TS removed 80.6 ± 6.8 40.4 ± 19.6 83.0 ± 7.3 39.5 ± 10.2 89.4 ± 13.1 22.2 ± 7.0 74.8 ± 9.5 19.0 ± 7.7 68.5 ± 8.7 15.6 ± 9.6 
VS removed  86.4 ± 2.9 35.9 ± 10.1 88.8 ± 6.1 35.2 ± 10.9 93.4 ± 4.6 43.0 ± 8.8 68.1 ± 7.3 32.7 ± 10.9 69.6 ± 3.1 28.2 ± 9.7 
COD removed 87.4 ± 6.1 35.7 ± 6.6 85.3 ± 7.0 34.2 ± 7.3 88.0 ± 5.4 50.0 ± 4.2 71.2 ± 4.6 36.7  ± 5.8 74.4 ± 3.1 38.1 ± 4.4 
TN removed  38.5 ± 11.7 29.8 ± 9.7 34.1 ± 13.3 23.3 ± 8.7 30.1 ± 4.5 29.3 ± 8.7 14.4 ± 5.4 16.2 ± 5.5 16.1 ± 6.6 12.1 ± 3.7 
TP removed  91.1 ± 6.3 41.3 ± 10.1 92.5 ± 3.1 43.2 ± 8.4 90.1 ± 2.7 44.1 ± 5.3 66.1 ± 8.7 42.2 ± 4.7 52.3 ± 10.4 51.3 ± 10.8 
TPC removed  60.0 ± 17.1 51.5 ± 13.1 68.8 ± 14.1 44.7 ± 17.5 69.8 ± 14.8 45.4 ± 11.2 51.3 ± 7.8 31.9 ± 6.3 54.7 ± 10.7  53.7 ± 13.3 
Biogas characteristics 
SMY (L(gCODr)-1) 0.12 ± 0.02 0.02 ± 0.01 0.15 ± 0.04 0.02 ± 0.01 0.16 ± 0.03 0.03 ± 0.01 0.20 ± 0.04 0.10 ± 0.02 0.16 ± 0.02 0.10 ± 0.01 
MPR (L(Lreactord)-1) 0.65 ± 0.11 0.04 ± 0.02 0.92 ± 0.30 0.04 ± 0.01 1.61 ± 0.21 0.13 ± 0.02 2.01 ± 0.20 0.25 ± 0.05 2.18 ± 0.25 0.40 ± 0.03 
Methane (%) 74.4 ± 8.8 57.7 ± 22.3 61.8 ± 9.5 60.2 ± 25.7 59.6 ± 8.7 64.4 ± 8.5 59.7 ± 1.7 65.5 ± 5.4 62.8 ± 1.0 61.3 ± 1.9 
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3.2 Effect of OLR on COD removal and methane production  
 

 A high removal efficiency of organic matter was observed throughout the 

experimental period, mainly in phases 1–3 (OLR: 6.1–10.1 g COD (L d)-1), which 

showed means values for COD removal up to 88% in R1 and 50% in R2, with a 

maximum global efficiency of 94% (Figure 2a). These results were similar with the 

previously described removal efficiencies using high-rate anaerobic reactors treating 

CPW at low OLRs (Selvamurugan et al., 2010; Jung et al., 2012; Bruno and Oliveira, 

2013). The stability of the anaerobic reactors was not considerably affected by the 

HRT reduction from 90 h to 45 h, and subsequent OLR increase above 14 and 18 g 

COD (L d)-1 (phases 4 and 5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Efficiencies of COD removal and methane production rate (MPR) in the 
two-stages UASB system at different OLRs (a) Temporal variation of COD 
removal during the experimental period; (b) MPR in R1; (c) MPR in R2.  

 

At high OLR the system showed a removal efficiency of 81%. Since COD 

removal in R1 in this condition was only 74% (Table 4), R2 was responsible for 
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maintain a significant removal efficiency in the system. Thus, the configuration 

employed in this study, by using UASB reactors in series, was adequate to the initial 

purpose of achieved a high OLR with high removal efficiency. In addition it was found 

a positive correlation between the OLR applied and organic load removed in the two 

reactors (Figure 3), with significant Pearson's correlation coefficients (p < 0.001). 

Therefore, the reduction of COD removal efficiencies was also compensated with 

higher rate of organic load removal. 

 

 

 

 

 

 

 

 

 

Figure 3. Linear regression analysis for the correlation between the organic loading 
rate and rate of organic removal in R1 and R2.  

 
Even though the highest COD removal efficiencies in R1 (approximately 2-

folds greater than R2 (Figure 2a), may be influenced for a major HRT and highest 

substrate availability, it seems that, as expected, the application of high OLR in R1 

induce a positive effect in R2, improving its contribution to the overall efficiency of the 

system. This is particularly evident in the phase 3 (at OLR of 2.5 g COD (L d)-1 in 

R2), where the COD removal efficiency in this reactor was 16% higher than the 

previous phase (Table 4). Accordingly, the increment of the COD removal in R2 could 

be attributed to the increase of organic matter concentration in the influent. 

Consequently, higher amounts of precursors for the anaerobic digestion in R1 

provided larger concentration of remaining biodegradable COD for R2. 

The reactors presented a significant difference in terms of removal of organic 

load, even at similar OLR (Figure 3). This can be explained by the high consumption 

of VFAs in the methanogenic step of R1. As is well known, the VFAs are degraded 

by syntrophic associations of anaerobic bacteria and methanogenic archaea to 
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acetate, CO2, H2 and formate (Stams et al., 2012). The high concentration of VFAs in 

the influent of R1, which ranges between 1417 and 3923 mg L-1 (Table 3), suggest 

that in this reactor the anaerobic microbiota degraded directly a significant fraction of 

the COD. Meanwhile, VFAs in the R2 influent ranged between 341 and 758 mg L-1 

(Table 4), representing a low fraction of total COD of the influent. Therefore, in this 

reactor the COD removal depended mainly on the degradation of recalcitrant 

compounds. 

CPW is composed by quickly fermenting sugars, and also presents different 

constituents that become particularly difficult to degrade, coming from the mucilage 

layer, mainly proteins, sugars, and pectins. Thus, it is probably that the easily 

degraded organic matter served as a substrate for metabolic and microbial growth 

activities in R1, and more complex constituents persist in the effluent. In this way is 

incorporated to R2, which can slow down the degradation process in this reactor and 

as observed, generate lower rates of organic load removal. 

Some studies exploring anaerobic digestion of CPW have obtained different 

levels of organic matter removal, depending on operational conditions and system 

configuration. Using one-step UASB reactor, Guardia-Puebla et al. (2014), reached 

efficiencies up to 82%, with maximum OLR of 3.6 g COD (L d)-1 and HRT of 21.5 h. 

These results are in part consistent with our observations. However, this study 

provides additional support concerning to the possibility of reaching OLR five times 

higher, maintaining efficiency above 74% in stable conditions, and using an HRT of 

30 h. 

Previous works have shown that the highest OLRs that can be reached are 

obtained in a two-phase UASB system. To minimize the acidification degree in the 

anaerobic digestion of CPW, and to generate H2, Jung et al. (2012) used a two-

phase UASB system configuration. This study obtained maximum efficiencies ranged 

between 43 and 98%, at OLR of 20 and 3.5 g COD (L d)-1 for acidogenic and 

methanogenic reactors, respectively, and HRT of 54 h. In contrast to this, in the 

current study we demonstrate that gradual organic loading rate increase allows 

reaching a high efficiency of COD removal, during the CPW treatment in a series of 

two methanogenic UASB reactors. 
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 The highest methane production rates (MPR) were obtained after 306 days of 

operation, corresponding to OLR above 18 g COD (L d)-1 in R1 (phase 5) (Figures 

2b-c). In this condition, the mean value of MPR in R1 (2.18 L CH4 (L d)-1) was 5.5 

times greater in relation to R2 (Table 4), and also 3 times greater in relation to the 

phase 1. Accordingly, a strong Pearson’s correlation (p < 0.001) was evidenced 

between MPR and OLR variables in both reactors (Figure 4), which indicate that 

gradual increase of the OLR allows a satisfactory methane production. These results 

were consistent with the highest levels of organic load removal observed in the same 

period and were higher with respect to those previously reported in anaerobic 

digestion systems treating CPW (Jung et al., 2012; Guardia-Puebla et al., 2014; 

Selvamurugan et al., 2010; Villa-Montoya et al., 2017) due to the higher OLR 

reached. 

 

 

 

 

 

 

 

Figure 4. Correlation matrices of some critical variables related to methane 
production and COD removal and its respective Pearson coefficient. CH4: 
Methane content; OLR: Organic loading rate; ;MPR: Metane production 
rate; SMY: Specific methane yield; CODr: Removed chemical oxygen 
demand. 

 

The specific methane yield (SMY) calculated to each phase showed mean 

values ranged from 0.12 to 0.20 L CH4 (g CODremoved)-1 in R1, and 0.02 to 0.10 L CH4 

(g CODremoved)-1 in R2 (Table 3). The OLR increasing resulted in highest (SMY) from 

phase 1 to 4. Likewise, to obtain the overall specific methane yield of the reactors 

was plotted the methane production rate as a function of substrate consumption rate, 

obtaining determination coefficients (R2) above 0.92 (Figure 5).  
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Figure 5. Methane production rate as a function of substrate consumption rate in the     
UASB reactors (R1 and R2).  

The SMY for the anaerobic reactors were 0.16 and 0.10 L CH4 (g CODremoved)-1 

for R1 and R2, respectively. High values of SMY in the CPW treatment have been 

observed at low OLR and controlled temperature. Jung et al. (2012), treating CPW in 

a two-stage UASB system for hydrogen and methane production at 35 ºC, obtained 

values of SMY up to 0.33 L CH4 (g CODremoved)-1 at OLR of 3.5 g COD (L d)-1. 

However, when the system was submitted at highest OLRs a drastic drop of SMY 

was evidenced.  

Theoretically, the maximum SMY that may be obtained in anaerobic digestion 

corresponding to 0.35 L of CH4 (at STP) per g of COD stabilized (McCarty, 1964). 

Thus, the overall SMY achieved in this study was 46% (R1) and 26% (R2), with a 

maximum value obtained for R1 in the phase 4, corresponding to 57% respected to 

theoretically estimated. The levels of SMY obtained can be explained partly as a 

result of dissolution in the liquid phase and throw away with the final effluent. 

Besides, the use of calcium hydroxide as alkalinity source may lead to the 

precipitation of organic matter (Chen and Creamer, 2008) and consequently part of 

the removed COD is not biologically degraded. Therefore, the values of SMY 

suggests that the process can be optimized through others strategies (i.e. operation 

at constant temperature or pre-treatment of the effluent of R1). 

�
R²�=�0.92�

0��

10��

20��

30��

40��

50��

100�� 135�� 170�� 205�� 240�� 275��

L�
CH

4�
d-

1�

g�COD�removed�d-1�

0.0��

1.0��

2.0��

3.0��

4.0��

0�� 8�� 16�� 24�� 32�� 40��

g�COD�removed�d-1�

R1� R2�

R2�=�0.95�



 59 

The high methane production and organics removal obtained suggest that the 

operation of the two-stage UASB system for treating CPW was effective, allowing the 

application of high OLR and maintaining a suitable removal efficiency of organic 

matter provided by the operation of R2. 

 

3.3 Pollutant removal efficiency at increasing OLR 
 

  In order to establish the effectiveness of the serial configuration of UASB 

reactors at increasing OLRs concerning pollutant removal, we analyzed some 

environmental, well-know indicators of water quality related with the CPW pollution 

characteristics. Thus, in addition to the COD removal, discussed previously, removal 

efficiencies for total nitrogen (TN), total phosphorus (TP), volatile solids (VS) and total 

phenol content (TPC) in R1, R2 and for the global system (R1+R2) were established 

for each phase analyzed (Table 4). 

As expected, the highest removal levels were obtained at low OLRs (6.2-10.1 

g (L d)-1): 96%, 94% and 83% for VS, TP and TPC respectively (Figure 6). In the 

majority of the parameters the increase of OLR to 18.2 g (L d)-1 and consequent 

decrease of HRT to 45 h induced a reduction of the removal efficiency (Table 4). 

However, except of the TN, the reactor R2 did not present significant variations along 

the increase of OLR (p < 0.05), making possible an increase of the efficiency of the 

system in such conditions. This observation underlines that, although R2 does not 

contribute substantially to methane production, it has a critical role in the stabilization 

of CPW regardless the OLR applied, generating a better-quality effluent.  

TN removal was generally low in the two reactors, obtaining a maximum 

efficiency at low OLRs (about 55%) (Figure 6). This reduction may be associated 

mainly with the assimilation of organic nitrogen by the system microbiota. Otherwise, 

the high removal efficiencies of TP (mainly in phases 1-3, Figure 6) were influenced 

by chemical precipitation phenomena, due to application of calcium hydroxide in the 

influent. Hosni et al (2008), working with synthetic wastewater showed that 

phosphorus precipitation with calcium hydroxide to form hydroxyapatite or 

amorphous calcium phosphate is increased starting from molar ratios of Ca/P > 0.3.  

We determined the Ca and P concentrations in the influent, obtaining molar ratios of 
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Ca/P between 0.4 and 0.8, which might suggest ideal conditions to a possible 

phosphorus precipitation and abiotic removal of this parameter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Removal efficiencies in UASB reactors. Total nitrogen (TN), total 
phosphorous (TP), volatile solids (VS) and total phenol content (TPC), 
during the CPW treatment in each phase analyzed. The same letters 
show no difference at 5% probability by Tukey's test. 

   

The influent of the UASB system presented high values of TPC, showing 

concentrations between 374 and 624 mg L-1 (Table 3). These levels may be 

potentially inhibitory for an un-acclimated microbiota in systems for biological 

wastewater treatment (Veeresh et al., 2005). However, as can be seen in Figure 6, 

removal of TPC in all phases evaluated was observed. Several biochemical 

pathways have been described to explain the biodegradation of phenols under 

anaerobic conditions (Wirth et al., 2015), which lead to the generation of acetate that 

subsequently may be the substrate for acetotrophic methanogens. Therefore, the 

observed TPC removal in the UASB system indicates activity of phenol-degrading 

microorganisms. Syntrophus, Bacillus and Clostridium has been documented as 

genera involved in the anaerobic degradation of phenolic compounds (Gouvêa et al., 

2018). Biodegradation of phenolic compounds was favoured by the gradual 
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increment of the OLR and, possibly by effluent recirculation, which allows the 

reincorporation of adapted microorganisms to the system.  

Phenols may be found in CPW in variable concentrations (Fia et al., 2010; 

Bruno and Oliveira, 2013). Given its toxic characteristics, a phenol concentration of 1 

mg L-1 or greater may affect significantly the aquatic life (Veeresh et al., 2005). 

Therefore, in most cases, stringent effluent discharge limit of less than 0.5 mg L-1 is 

imposed (Torres et al., 2016). Although the UASB system showed a high efficiency of 

TPC removal, these compounds persist in the effluent. Apart from the high methane 

production, the phase 5 showed removals efficiencies above 76% for COD, TP, VS 

and TPC. Therefore, these findings highlight the advantages of the two-stage UASB 

system implemented, in which a high MPR and effective pollutant removal efficiency 

can be obtained. 

 

3.4 Effect of OLR increase on macro- and micronutrients proportion   
 

We analyzed the effect of OLR increase on the concentration of 

macronutrients (N, P, K, Ca, Mg) and the essentials trace elements (Fe, Zn, Cu, Mn). 

For a highly loaded system, a theoretical minimum ratio of 350:5:1 (COD:N:P) is 

recommended (McCarty, 1964).  The influent of R1 showed optimal nutrients 

proportion, whereas in the influent of R2 a low COD:N proportion was evidenced 

(Table 5). This can be associated with the high TAN and low COD levels in the 

influent. However, the ratio of COD:N:P obtained (up to 350:11:2 in R1 and 350:34:5 

in R2) was enough for the proper anaerobic digestion of CPW at high OLR.    

Given the CPW characteristics, in this study methanogenesis was the rate-

limiting step. Using the theoretical calculation process described by Wu et al. (2016), 

we determine the optimal theoretical ranges for the previously described elements 

and compare them with the experimental data obtained for influents of UASB 

reactors. The experimental data were found among the values calculated for most 

and analyzed elements (Table 5). Although R1 showed lows levels of K, its 

concentration in the influent ranged between 21 to 33.3 mg L-1, which is in a 

stimulatory range for anaerobic digestion (Romero-Güiza et al., 2016).  
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Table 5.  Macro and micronutrients analyzed in the effluents of UASB reactors in  
phases 1-5 and the calculated optimal values. 

 
  Optimal 

value  
Reactor Phase 

  1 2 3 4 5 
Nutrients ratio  
COD:N:P 350:5:1 R1 350:10:4 350:7:3 350:6:1 350:14:2 350:11:2 

R2 350:49:3 350:33:2 350:43:2 350:41:3 350:34:5 
Macronutrients (mg/g removed COD)      

K 3.9-
575.7 

R1 1.89 2.13 1.45 1.60 1.76 
R2 1.27 2.44 3.57 3.16 3.23 

Mg 1.4-56.5  R1 1.32 1.51 1.04 2.44 1.58 
R2 1.55 1.83 1.00 1.05 1.00 

Ca   1.3-45.4 R1 1.32 1.41 0.70 0.55 0.52 
R2 1.27 1.34 0.75 1.28 1.01 

Micronutrients (mg/g removed COD) 
Fe  1.1-30.1 R1 1.41 1.51 2.14 2.97 2.49 
  R2 0.70 1.10 3.14 5.84 7.05 

Zn   0.1-6.6 R1 1.38 1.33 1.96 1.65 1.39 
R2 0.99 1.34 1.14 1.16 1.82 

Cu  0.02-
1.69 

R1 0.72 0.66 0.61 0.50 0.29 
R2 0.85 2.44 1.00 0.35 0.23 

Mn  0.04-
0.75 

R1 1.38 1.59 1.00 0.80 0.29 
R2 1.97 2.93 0.47 0.51 0.91 

 

Regarding Mg, an indispensable macronutrient involved in the functions of 

ribosome, cell membranes and nucleic acids (MA et al., 2009), we found proper 

concentrations in the influent (Table 5). The proportion of Ca was also in the optimal 

range from phase 1 and 2 in R1, and phases 1, 2 and 4 in R2. The concentrations of 

Ca were increased by the application of Ca(OH)2, mainly in the first operational 

phases (without effluent recirculation). Consequently, although addition of this 

external source of alkalinity can increase the operational cost, this activity provides a 

stimulatory concentration of this element, which is known to be essential for the 

growth of certain strains of methanogens, and also important in the formation of 

microbial aggregates (Chen et al., 2008). 

Starting from the implementation of effluent recirculation (phase 3) and with 

the gradual increase of OLR, the proportions of Fe, Zn and Mn were adequate (Table 

5). These elements are factors required in diverse anaerobic reactions involving 

hydrogenase and methane-monooxygenase activity, among others (Takashima et 

al., 2011). Has been evidenced that Zn represents a relevant factor to achieved a 
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high productivity of methane fermentation with H2/CO2 in culturing methanogens 

(Zhang et al., 2003).  Otherwise, the role of Mn is associated to stabilizing methyl-

transferase of methanogens in redox reactions (Oleszkiewicz and Sharma, 1990).  

Several works have focused on the optimal level of these micronutrients in the 

anaerobic digestion to obtain higher rates of methane production. Nevertheless, 

these levels are highly dependent on the characteristics of the substrate and the 

operational conditions such as the OLR and temperature. Takashima et al. (2011), 

reported lowest values than the obtained in this study (0.2, 0.049 mg metal g-1 COD 

removed for Fe and Zn, respectively), using glucose as substrate and OLR of 2 g 

COD (L d)-1 in a mesophilic UASB reactor. Wu et al. (2016), working with de-oiled 

grease trap waste in anaerobic batch system reported optimal values of 47.6, 1.1 and 

11.6 mg metal g-1 COD removed for Mg, Zn and Mn, respectively.  

An increase in the proportion of Fe was also observed during the experimental 

period  (Table 5). This element can decrease the oxidative-reductive potential in the 

medium, generating proper environmental conditions for anaerobic digestion. 

Besides, it is a key cofactor of enzymatic activities of methanogens, such as 

pyruvate-ferredoxin oxidoreductase, which contains Fe-S clusters (Romero-Güiza et 

al., 2016). Consequently, previous studies have shown that supplementation of Fe 

during the anaerobic treatment of a variety of effluents plays a prominent role in the 

system efficiency, increasing the conversion rate of organics to methane (Barros et 

al., 2017; Yamada et al., 2015). In this regard, the increase of Fe at high OLRs 

evidenced in the present study is consistent with the stability and the high methane 

production obtained by the UASB system.  

The requirements of micronutrients in the anaerobic digestion are highly 

variable. Therefore additional studies are still needed to confirm the optimal 

concentrations of essential elements for the anaerobic treatment of CPW. Although 

the system performance can be improved by supplementation of adequate dosages 

of inorganic and organic additives, the gradual increase of OLR and the effluent 

recirculation constituted an important strategy to obtain values close to the optimal 

theoretical levels estimated. 
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3.5 Biomass concentration in UASB reactors  
 

 The highest concentration of biomass in the UASB reactors, expressed as 

grams of volatile solids per litters of sludge (g VS L1), was observed in the bottom 

level of R1, reaching means values between 20 and 103.6 g L-1. With the increment 

of the OLR to 10.1 g COD (L d)-1 (R1) and 3.1 g COD (L d)-1 (R2), corresponding to 

phase 3, an increase of the volatile solids on the three sludge collection points in 

both reactors was obtained (Figure 7). This may be related to a major availability of 

substrate for microbial growth. In addition, the levels of sludge loading rate (SLR) 

ranged from 0.15 to 0.26 g COD (g VS d)-1 and 0.09 to 0.37 g COD (g VS d)-1 in R1 

and R2, respectively (Table 1). Chernicharo (2007) cited that in the anaerobic 

treatment of domestic wastewater it is recommended a SLR between 0.1 to 0.4 g 

COD (g VS d)-1. In this study, the SLR was maintained in the acceptable levels in R1 

throughout the experimental period, and in R2 from phase 3. Consequently, these 

conditions are consistent with the highest removals of COD obtained by both reactors 

in the phase 3, and facilitate higher methane production in both reactors at higher 

OLRs.  

 

 

 

 

 

 

 

 

 

Figure 7. Concentration of volatile solids (VS) of sludge samples from the digestion 
compartment of UASB reactors (levels bottom, middle and top) during the 
operational period. 

 
Total biomass content in phase 3 was 60.5 (R1) and 37.8 (R2) g VS Lrector-1 

respectively. This suggests that major concentration of biomass in R1 is linked with 
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the highest efficiency. Additionally, R1 have the highest HRT and compounds of the 

substrate may afford significant energy for microbial metabolism. Therefore, HRT 

applied on the system were sufficient for to realize all the anaerobic digestion stages 

in R1. 

In phases 4 and 5, the concentration of VS in the digestion compartment of 

both UASB reactors showed a decrease, particularly due to the application of lowers 

HRTs (Figure 7). During stage 4 and 5, due to decrease of HRT, the increased flow 

of influent lead to wash out of light sludge, which may have been the main reason 

that sludge decreased. This could explain lower organic removal efficiency in this 

phases and VS increment in the final effluent (Table 4). Despite this physic limitation, 

biomass concentration in the three sludge collection points analyzed in both reactors 

showed levels constant after 330 days of operation, and sludge development 

evidenced during the experimental period allowed the generation and maintenance of 

an adapted microbiota to the conditions imposed, contributing to a better 

performance and stability of the reactors even with the application of high OLR. 

 

3.6 Microbial community composition in UASB R1 
 

3.6.1 Next generation sequencing analyses 
 

The composition of the microbial community associated with the sludge of R1 

was determined under low and high OLR conditions (6.1 and 18.2 g COD (L d)-1, 

respectively). This reactor was selected due to it was submitted to higher organic 

load variation, showing a stable performance and the higher MPR and COD removal. 

At domain level, the majority of reads were assigned to Bacteria (Figure 8a). This can 

be explained by its high growth rate and wide metabolic versatility. Archaeal reads 

were accounted in a high proportion at low OLR. The Eukaryota and Viruses did not 

represent above 0.05% of relative abundance for the analyzed conditions. 

The high OLR condition presented a low diversity and a high dominance of 

Bacteria and Archaea populations (Table 6), which suggest that the shift of 

operational conditions leaded to the selection of a more specific microbiome. This 

was additionally influenced by the influent composition, which showed increasing 
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concentrations of VFAs, COD, TPC and nitrogen compounds from low to high OLR 

(Table 3 phases 1 and 5). Therefore, the high performance evidenced in terms of 

methane production and removal efficiency of organic matter and other constituents, 

suggest that prevalent microorganisms highly adapted to the imposed conditions 

participated actively in the anaerobic digestion of CPW.  

 

 

 

 

 

 

 

 

 

 
 
Figure 8. Taxonomic distribution at domain (a) and at phylum level (b) in R1 for low 

and high OLR (6.1–18.2 g COD (L d)-1, respectively). Others: taxa with 
<1% of the total composition.  

 
Table 6. Diversity index and number of OTUs identified at low and high OLR. 

 Parameter 
OLR 
Low High 

Bacteria 

Shannon-Weaver 3.777 2.721 
Simpson 0.921 0.798 
Dominance 0.079 0.201 
OTUs 185 199 

Archaea 

Shannon-Weaver 1.236 0.944 
Simpson 0.586 0.351 
Dominance 0.414 0.648 
OTUs 35 23 

OLR: Organic loading rate (Low/High: 6.1–18.2 g 
COD (L d)-1, respectively; OTUs: Operational 
taxonomic units.  

 

The taxonomic distribution of the phylum Proteobacteria increased from low to 

high OLR (Figure 8b). The most representative genus detected in this division was 

the acetogen Syntrophus (Table 7). This microorganisms is involved in the oxidation 
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of butyrate and other fatty acids and performed a critical role in the anaerobic 

digestion process, being able to establish interactions with formate-utilizing 

methanogens (McInerney et al., 2007).  A large part of the energy requirements of 

this bacterium derive from the degradation of organic acids (McInerney et al., 2007). 

In fact, its prevalence has been documented in reactors operated at high 

concentrations of VFAs (Gulhane et al., 2017), which is consistent with the results 

obtained in the present study. An additional role of Syntrophus in the anaerobic 

digestion of CPW could be associated with the anaerobic degradation of phenol via 

benzoate to form acetate (Fang et al., 2006), which subsequently could be used by 

acetotrophic methanogens to form methane. 

 
Table 7. Relative abundance of the main genera of Bacteria detected in R1 at low 

and high OLR 
 

Phylum Family Genus 
Relative abundance (%) 
Low OLR High OLR 

Bacteroidetes Bacteroidaceae Bacteroides 2.1 2.0 

 Dysgonamonadaceae Dysgonomonas 1.2 0.4 

  Proteiniphilum 2.4 1.3 

 Porphyromonadaceae Fermentimonas 2.5 0.9 

 Prevotellaceae Prevotella 0.6 1.0 

 Tannerellaceae Parabacteroides 1.0 0.6 

Candidatus Cloacimonetes Candidatus 
Cloacimonas 0.2 14.9 

Proteobacteria Bradyrhizobiaceae Rhodopseudomonas 1.1 0.2 

 Syntrophaceae Smithella 0.7 2.0 

  Syntrophus 8.0 19.5 

 Syntrophorhabdaceae Syntrophorhabdus 0.3 1.0 
Actinobacteria Propionibacteriaceae Propionibacterium 1.0 0.6 
Chloroflexi Anaerolineaceae Longilinea 1.7 1.1 
Firmicutes Enterococcaceae Enterococcus 1.9 0.2 

 Clostridiaceae Clostridium 5.0 2.4 

 Syntrophomonadaceae Syntrophomonas 1.2 0.7 

 Tissierellaceae Sedimentibacter 0.8 2.3 
OLR: Organic loading rate – Low/High: 6.1 and 18.2 g COD (L d)-1, respectively. 

 

 The phylum candidate Cloacimonetes represented by Candidatus 

Cloacimonas showed a marked increase at high OLR (Figure 8b), with a relative 

abundance of 14.2%, being practically undetectable at low OLR. This bacterium 
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derives most of its carbon and energy from the fermentation of amino acids (Pelletier 

et al., 2008). In addition, it cannot produce polyamines and several cofactors and 

amino acids, which must be obtained from the environment. Therefore, its prevalence 

at high OLR could be associated with a higher availability of organic matter, mainly 

organic nitrogen, since the concentration of these compounds in the influent of the 

UASB reactor increased up to 2 twice from low to high OLR (Table 4).  

 Candidatus Cloacimonas can oxidize propionate as well as to produce H2 by 

fermentation or via Fe-only hydrogenases (Pelletier et al., 2008), establishing 

syntrophic interactions with hydrogen utilizers. Thus, its increase at high OLR is 

consistent with the abundance of hydrogenotrophic methanogens in this condition 

(Figure 9b). Since its different nutritional requirements, the interaction between 

Candidatus Cloacimonas and Syntrophus could be cooperative, stimulating the 

development of hydrogenotrophic methanogenesis to maintain a low hydrogen 

pressure in the system, which allows a stable operation of the UASB reactor with 

high methane production. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9. Abundance of Archaea domain in R1 at class (a) and genera (b) levels. 

Low/High OLR: 6.1 and 18.2 g COD (L d)-1, respectively. 
 

The phylum Euryarchaeota decreased about 50% with the OLR increase, and 

showed a high abundance of the families Methanosarcinaceae and 

Methanosaetaceae (Figure 9a). Considering that in these conditions were obtained 
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the higher methane production rates (Figure 2a), the stable performance of the 

anaerobic reactor can be explained by the different microbial profile evidenced, which 

presented a high abundance of syntrophic bacteria, generating proper 

thermodynamic conditions for the methanogens activity.  

The genus Methanosarcina presented the higher abundance at low OLR, 

whereas Methanosaeta was relevant at high OLR (Figure 9b). This observation has 

been evidenced in others anaerobic systems treating high-strength wastewater, and 

could be attributed to a lower affinity of Methanosarcina to form or incorporate into 

granules in contrast to Methanosaeta (Van Haandel et al., 2014). The 

hydrogenotrophic genera Methanoculleus, Methanobacterium, Methanomasiliicoccus 

and Methanospirillum presented a high abundance at high OLR (Figure 9b), 

suggesting that a wide distribution of both acetoclastic and hydrogenotrophic 

methanogens is involved into the anaerobic digestion of CPW under high OLR, 

producing high levels of methane from acetic acid, H2 and CO2. 

 

3.6.2 Real-time qPCR 
 

 Relevant microbial groups detected by next-generation sequencing were 

quantified by qPCR from sludge samples of bottom, middle and top levels of the 

digestion compartment of R1 at low and high OLR. Figure 10 shows that Bacteria 

predominated in the three levels, presenting the higher abundance at high OLR 

(ranging from 1.2x1013 to 1.4x1012 copies of 16S rDNA genes from bottom to top 

level). These values represent an increase of 2.5 folds in relation to low OLR, which 

is attributed to the high substrate availability in the influent. Therefore, bacterial 

populations quickly consumed the substrate and achieved a higher conversion of 

organic matter producing acetic acid, H2 and CO2 for methanogenesis. 

Despite of shift of the operational conditions, the relative abundance of 

Archaea populations tended to be constant (Figure 10). The proportion of Archaea to 

the total microbe amount can vary according to the substrate characteristics and 

system conditions. Although values between 5–10% have been reported (Wirth et al., 

2012; Jang et al., 2014; Cai et al., 2016), studies of anaerobic digestion of high-

strength wastewater has evidenced values as high as 22% (Duda et al., 2015; Barros 
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et al., 2017). In this study, we obtained a high proportion of Archaea, evidencing up 

to 20% and 11% for low and high OLR, respectively. The quantities detected of 

Archaea in R1 even at high OLR are in consonance with the levels of methane output 

(Figure 2b) and COD removal (Figure 2a).  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 10. Quantitative real-time PCR analyses of the Bacteria (EUB) and Archaea 

(ARC) domains, orders Methanobacteriales (MB), Methanomicrobiales 
(MM), and Methanosarcinales (MS) and families Methanosarcinaceae 
(MSC) and Methanosaetaceae (MSA) presents in samples from sludge 
collected in three levels (bottom, middle and top) of R1 at Low OLR) and 
High OLR). SV: Volatile solids concentration; M: Amount of biomass. 

 

Therefore, the stable performance of this reactor depends on the balance 

between these domains, regardless their biokinetic and environmental requirements 

differences. The predominance of the order Methanosarcinaceae at low OLR (Figure 

10) indicates that in these conditions the methane production is carried out mainly by 

acetoclastic methanogenesis. With the OLR increase, a high abundance of 

Methanosarcinales and similar 16S rRNA gene copies of the families 

Methanosarcinaceae and Methanosaetaceae were observed. Members of 

Methanosarcinaceae are metabolically versatile (able to use H2-CO2, acetate and 

methyl compounds as substrate) (Liu and Whitman, 2008). Therefore, the abundance 

of Methanosarcinaceae can be attributed to its mixotrophic metabolism. The similar 

absolute quantities of Methanosarcinaceae and Methanosaetaceae, highlight the 
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importance of both families for methane production from CPW. The presence of 

Methanosaetaceae at high OLR is an indicative of the development of the acetate 

pathway to methane production, and suggests adequate microenvironmental 

conditions for its development (i.e. presence of regions with low acetate 

concentrations into the reactor as occurs in the central region of anaerobic sludge 

granules) (Guiot et al., 1992).  

Information regarding the effect of VFAs on methanogens suggest that 

Methanosaetaceae can be dominant in anaerobic digestion systems with 

concentrations of acetic acid lower than 1000 mg L-1 (Karakashev et al., 2005).  In 

this study, the mean value of total VFAs obtained in the effluent of R1 at high OLR 

was 758 mg L-1, which indicate that acetic acid concentration is even lower. 

Therefore, it is in agreement with the prevalence of Methanosaetaceae in the UASB 

reactor treating CPW under the imposed conditions. 

A marked increase (up to 3 magnitude orders) of the hydrogenotrophic 

methanogens quantified (Methanobacteriales) was evidenced at high OLR. This fact 

can be explained mainly by the difference in the specific growth rate between 

acetoclastic and hydrogenotrophic methanogens. In addition, the metabolic activity of 

hydrogen producing syntrophic bacteria prevalent at high OLR (Syntrophus and 

Candidatus Cloacimonas), could provide fair conditions to interspecies hydrogen 

transfer, enabling the increase of hydrogenotrophic methanogens under this 

condition. 

The important fraction of hydrogenotrophic methanogens present in R1 

provides stability conditions during the CPW, favoring the methane production. This 

observation is supported by previous studies, which reported a change from 

acetoclastic to hydrogenotrophic pathway, or the relevance of hydrogenotrophic 

methanogens, mainly of the order Methanobacteriales, at high organic load during 

the anaerobic digestion of high-strength wastewaters, although operating conditions 

and substrate were different than in this study (Jang et al., 2014; Duda et al., 2015; 

Barros et al., 2017).  

 Our results suggest that the high methane production in R1, (MPR of 2.2 L 

CH4 (L d)-1 at OLR of 18.2 g COD (L d)-1), depended on the high relative abundance 

of highly specialist bacteria, mainly syntroph groups, and balanced co-existence 
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between hydrogenotrophic and acetotrophic methanogens in the digestion 

compartment. This condition, associated to the optimal levels of SLR, suggest proper 

conditions for the anaerobic digestion and operational stability at high OLR, which 

allows a high efficiency for methane generation during the CPW treatment. 

 
4. CONCLUSIONS  
 

 A system composed by two UASB reactors in series was effective for treating 

coffee processing wastewater at increasing organic loading rate (OLR). It can 

maintain a high methane production and a suitable organic matter and phenols 

removal even at high OLR. These conditions are favored by the operation of the 

second-stage reactor, effluent recirculation, proportion of nutrients (particularly 

increase of Fe) and sludge development. In addition, under high OLR and steady 

operation, the microbial diversity decreases leading to the prevalence of specialist 

microorganisms represented by syntrophic bacteria (Syntrophus and Candidatus 

Cloaciominas), and acetoclastic and hydrogenotrophic methanogens, mainly 

Methanosaeta and Methanoculleus. 
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CHAPTER 4 –   Anaerobic treatment of coffee wastewater in a horizontal-flow 
anaerobic immobilized biomass system: comparison with 
UASB technology and prevalent methanogens  

 

 

 ABSTRACT – The performance of a series of three horizontal-flow anaerobic 
immobilized biomass (HAIB) reactors (R1–R3) during the coffee processing 
wastewater (CPW) treatment was investigated. The system was operated at 
increasing organic loading rates (OLRs), from 4.9 to 9.5 g COD (L d)-1), using 
corncobs as biomass support, and was compared with a UASB reactor at similar 
operational conditions. Methanogens were quantified by MPN and qPCR at high 
OLR. HAIB system maintained stable pH, alkalinity, and volatile fatty acid levels, 
showing a chemical oxygen demand (COD) removal between 67–73%. The highest 
methane production rate was 1.88 L CH4 (L d)-1, with a methane yield of 0.19 L CH4 
(g removed COD)-1, which resulted in being higher that this obtained in the UASB 
reactor. Removal of organic matter, solids, and phenolic compounds were similar in 
both configurations. A predominance of the acetotrophic group at low and high OLR 
was evidenced. In the phase of higher methane production, quantitative PCR 
indicated a similar distribution of the order Methanosarcinales in the three reactors 
(109 copies of 16S rDNA (g VS)-1). The hydrogenotrophic orders 
(Methanomicrobiales and Methanobacteriales) were less abundant with 108 copies of 
16S rDNA (g VS)-1. The system provided ideal conditions for efficient anaerobic 
treatment and methane production from CPW. 
 
 
Keywords: acetotrophic and hydrogenotrophic methanogens; high-rate anaerobic 
reactor; methanogenesis; organic matter removal  
 
 
1. INTRODUCTION 
 

 Coffee production is one of the fastest growing agro-industrial activities in 

tropical developing countries (FAO, 2015). With an annual production of 2.6 Mton, 

corresponding to 30% of the total marketed worldwide (represented mainly by Coffea 

arabica L. or Arabica), Brazil is considerate the largest coffee producer (ICO, 2018). 

However, coffee processing generates about 10 million tons of residues or by-

products each year (Echeverria and Nuti, 2017), representing a serious threat to the 

ecosystems in producing areas. 

 Among the different post-harvest procedures realized on Arabica coffee 

beans, the wet method is widely employed since efficiently remove undesirable 
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components from the fruit, obtaining a high-quality product (Alves et al., 2017). 

However, the application of this strategy produces large volumes of coffee 

processing wastewater (CPW), which presents concentrations of chemical oxygen 

demand (COD) above 50 g L-1, represented mainly by quickly fermenting sugars 

(Rattan et al., 2015). Consequently, CPW can be anaerobically stabilized producing 

renewable energy (methane) and a better-quality effluent. 

 To improve the anaerobic digestion process of CPW, several research works 

have studied the performance of high-rate anaerobic reactors. Among the main 

technologies the use of the upflow anaerobic sludge blanket (UASB) (Bruno and 

Oliveira, 2013; Guardia-Puebla et al., 2014; Villa-Montoya et al.,  2017), hybrid 

reactors (Selvamurugan et al., 2010), expanded granular sludge bed (EGSB) (Cruz-

Salomón et al., 2017), and horizontal-flow anaerobic reactors (Oliveira and Bruno et 

al., 2013), is highlighted. These systems provide significant retention of active 

biomass and can be operated at low hydraulic retention times (HRTs), which results 

in the application of high organic loading rates (OLRs) with low treatment costs and 

low sludge production (Grady et al., 2011).   

 Although the results of these studies have been promising, work done on a 

diverse type of high-strength agricultural wastewaters have demonstrated that 

methane production could be enhanced employing a series of high-rate anaerobic 

reactor configuration, with which, the effluent can experiment a successive 

stabilization in stable conditions (Duda et al., 2015; Mazareli et al., 2016). Besides, 

considering that CPW presents high concentrations of easily hydrolysable organic 

matter, this alternative could avoid the accumulation of volatile fatty acids (VFA) 

along the digestion compartments, allowing the following activity of the microbiota 

involved in the anaerobic digestion process. 

 Since its low structural complexity and low area requirements, horizontal-flow 

anaerobic immobilized biomass (HAIB) reactor can be easily configured in series. 

Also, with this reactor, it is possible to maintain a high concentration of biomass 

immobilized on a support and good hydrodynamic characteristics (Zaiat et al., 1994). 

Given its low solids concentration, CPW can be treated in this system. However, 

literature about methane production by using this technology is relatively scarce. In 

fact, studies realized about this topic has only focused on the startup period (Borges 
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et al., 2009; Oliveira and Bruno, 2013). Thus, the study of this alternative could 

amplify the energy recovery from CPW, contributing to the development of more 

sustainable processes within the coffee production activities. 

 In recent years there has been considerable interest in to study the microbial 

populations associated with anaerobic digestion process (Traversi et al., 2011; Kim 

et al., 2013). In this regard, a general relation between the monitored 

physicochemical parameters and predominant Bacteria and methanogenic archaea, 

constitute a useful tool for improving the understanding of the system performance 

under specific conditions. Consequently, this knowledge can be used to determine 

the most favorable conditions for enhance methane production and improve the 

efficiency of an anaerobic process. 

 Therefore, the purpose of this study was to evaluate the anaerobic conversion 

of CPW in a series of three HAIB reactors. The system was submitted to increasing 

OLRs (from 4.6 to 9.5 g COD (L d)-1), with supplementation of alkalinity by effluent 

recirculation, and using corncobs as biomass support. To determine the 

effectiveness of this alternative against a consolidated process, the performance of 

HAIB system was compared with a UASB reactor at similar operational conditions. 

Also, to gain valuable insight on the anaerobic microbiota, the quantification of 

methanogenic groups as well as Bacteria and Archaea domains associated to the 

system in the period of highest efficiency levels was performed. 

 

2. MATERIAL AND METHODS 
 

2.1 Wastewater 
 

 Coffee processing wastewater was collected in a producing farm located in the 

northeast of the São Paulo state (Brazil), during the harvest period (April-July) of 

2016 and 2017. The characteristics of raw CWP are showed in Table 1.  The CPW 

was diluted to reach the required organic loading rate (OLR) using a proportion of 

effluent of the same system and posteriorly the pH was adjusted to optimal levels for 

anaerobic treatment (6.8-7.2) using calcium hydroxide (Ca(OH)2) and effluent 

recirculation.  
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Table 1. Physicochemical characteristics of raw CPW. 

Parameter Value  
pH 3.41–4.28 
COD 24300–28500 
TKN 319.5–370.1 
TP 15.5–21.4 
TPC 241.6–260.5 
TS 17.9 
VS 11.4 
Acetic acid 969.6 
Propionic acid 517.2 
Isobutyric acid 36.7 
Butyric acid 238.6 
Isovaleric acid 6 
Valeric acid 39.1 

Values expressed in mg L-1 except pH. COD: 
Chemical oxygen demand; TKN: Total Kjeldahl 
nitrogen; TP: Total phosphorous; TPC: Total phenol 
content. TS: Total solids; VS: Volatile solids.  

 

 

2.2 Reactors 
 

 The experimental unit consisted of a horizontal-flow anaerobic immobilized 

biomass system, composed of three reactors (R1, R2 and R3) installed in series 

(Figure 1). HAIB reactors were built according to Oliveira and Bruno (2013), using 

PVC tubes of 80 cm, with an internal diameter of 4.5 cm, obtaining a total volume of 

1.27 L. Each HAIB reactor was provided with three outlets adapted to gasometers for 

the collection and measurement of biogas. Besides, sludge sampling and spatial 

profile analysis were performed employing registers installed on the digestion 

compartment. 

 Units of corncobs with a volume of 5 cm3 and 67% of porosity provided the 

support medium for the biomass. These particles were submerged during 48 h into 

anaerobic sludge (obtained from a UASB reactor treating CPW), with total solids (TS) 

of 56.7 g L-1 and volatile solids (VS) of 42.1 g L-1. The reactors were inoculated at 

30% of its volume, obtaining an effective volume of 0.95 L. 
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Figure 1. Experimental setup. (a) Horizontal-flow anaerobic immobilized biomass 

(HAIB) system (R1-R3) in series; (b) Upflow anaerobic sludge blanked 
(UASB) reactor. 

 

 After a startup period of 20 days, which was gradually increase the OLR in the 

system from 1.9 to 4.7 g COD (L d)-1, the operation of HAIB system was conducted in 

four phases (I–IV) operated at increasing OLRs (Table 1). The shift of OLR was 

established once stable conditions were evidenced in the system (continuous 

methane production and COD removal, with variation coefficients < 20%). The 

performance of the HAIB system was compared with a UASB reactor with a total 

volume of 20 L, operated simultaneously at similar conditions (Table 2), using the 

same CPW, and the evaluation was achieved concerning biogas production and 

pollutant removal.  

 The UASB reactor (Figure 1) was inoculated at 30% of its volume with 

anaerobic sludge of identical characteristics to that used for the HAIB system. This 

experiment was achieved to determine the efficiency of HAIB against the process 

usually employed for an anaerobic treatment of CPW. The characteristics of UASB 

reactor used in this research had been previously described (Villa-Montoya et al.,  

2017). The dependency of an alkalinity source for to neutralize the pH value of the 

substrate was not totally reduced, being necessary the use calcium hydroxide in all 

the phases of operation.  
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Table 2. Operational conditions of the HAIB system and the UASB reactor   during 
the experimental period (startup and phases I–IV). 

 
Parameter Startup Phase I Phase II Phase III Phase IV 
HAIB System 
OLR  (g COD (L d)-1):      
R1 5.7–13.9 14.7 18.1 23.0 28.2 

R2 4.1–7.3 9.6 11.4 15.8 21.0 

R3 3.6–4.9 6.8 7.4 10.5 12.9 

Global OLR 1.9–4.7 4.9 6.1 7.7 9.5 

HRT (h) – Reactor 9.5 9.5 9.5 9.5 9.5 

Global HRT (h) 28.5 28.5 28.5 28.5 28.5 

CPW: Effluent ratio 1:4–1:3 1:1 2:1 3:1 5:1 

Ca(OH)2 (g L-1) 1.3 ± 0.4 1.9 ± 0.8 2.3 ± 0.4 3.1 ± 1.1 3.9 ± 1.7 

Temperature (oC) 25.2 ± 1.1 23.5 ± 2.0 20.1 ± 1.9 19.4 ± 2.7 24.8 ± 2.4 

Days in operation 20 70 60 60 60 

UASB reactor 
OLR  (g COD (L d)-1) 2.6–6.8 8.0 10.1 – – 

HRT (h) 30 30 30 – – 

CPW: Effluent ratio 1:3 1:1 3:1 – – 

Ca(OH)2 (g L-1) 2.0 ± 1.4 2.3 ± 0.8 3.3 ± 1.8 – – 

Temperature (oC) 22.9 ± 2.1 19.4 ± 2.7 24.8 ± 2.4 – – 

Days in operation 30 60 60 – – 
OLR: Organic loading rate; HRT: Hydraulic retention time. 
 

2.3 Analytical methods  
 

 The reactors performance was evaluated using physicochemical 

determinations on the influent (inlet of R1) and effluents (output of R1, R2 and R3). 

Parameters determined twice weekly included: total and soluble chemical oxygen 

demand (COD, SCOD), pH, total, partial, and intermediate alkalinity (TA, PA, and IA), 

volatile fatty acids (VFA), total ammoniacal nitrogen (TAN), and total phenol content 

(TPC). Determinations were realized as stated in APHA et al. (2005), Ripley et al. 

(1985), Dilallo and Albertson (1961) and Singleton et al. (1998). The concentration of 

total suspended and volatile solids (TSS, VSS), total phosphorus (TP) and total 

nitrogen (TN) were determined weekly according to APHA et al. (2005). Biogas 

production volume was assessed daily in gasometers, and biogas composition was 

analyzed weekly by gas chromatography (APHA et al., 2005). The results of the 

methane production were reported at standard temperature and pressure (STP. 
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101.325 kPa. 273.15 K). Samples of resultant sludge in the bottom of the reactors 

were collected at the end of each phase (at intervals of 60 days, approximately) from 

different sludge collection points (Figure 1), to measure the total solids (TS) and 

volatile (VS), according to standard methods procedures (APHA et al., 2005). 

 Profile analyses were performed at 60 and 244 days of operation of the HAIB 

system, from the sampling points along the digestion compartment (Figure 1). The 

parameters determined were pH, alkalinity and VFA. At day 244 of the experiment, 

when the OLR applied in the system was the higher, quantification of the acetic, 

propionic, isobutyric, butyric, isovaleric, and valeric acids of the influent and effluent 

of the reactors was performed by gas chromatography according to the methodology 

described by (Van Cleef et al., 2015). Comparison of HAIB system and UASB reactor 

was performed considering removal of total and soluble COD, VFA, methane 

production rate (MPR) and specific methane yield (SMY). Whenever statistically 

significant differences between the systems were detected, differences between 

means were assessed by Tukey test (p<0.05). 

 

2.4 Scanning electron microscopy  
 

 To verify the cellular adherence to the support material used, units of corncobs 

were taken from the three HAIB reactors at day 35 of operation and subjected to 

scanning electron microscopy (SEM). These samples were fixed in 0.1 M phosphate 

buffer (pH: 6.8) containing 5% glutaraldehyde for 12 h at 4 °C. After fixation, samples 

were rinsed six times in 0.1 M phosphate buffer (pH: 6.8) in intervals of 10 min and 

dehydrated gradually after successive immersions in ethanol solutions at increasing 

concentrations (30–95% v/v). The samples were washed three times in 100% v/v 

ethanol (PA grade) before immersion in hexamethyldisilazane for 30s. Drying was 

completed by keeping the samples for 2 h at 30 °C. The particles were then coated 

with gold powder and attached on to the microscope supports with silver glue. SEM 

analyses were performed using a scanning microscope LEO VP 1430. 
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2.5 Methanogens enumeration in HAIB system  
 

 A composed sample of anaerobic sludge was taken from sludge collection 

points of each reactor in conditions of operational stability (phase I and phase IV at 

90 and 244 days in operation, respectively). A part of this material was stored to -

20ºC for achieved molecular probes. Samples were processed immediately in the 

laboratory for methanogens enumeration by the most probable  number (MPN), 

according to the procedure stated by Wagner et al. (2012), by using a modified 

minimal medium containing (per L 

distilled water): 0.50 g KH2PO4, 0.40 g MgSO4.7H2O, 0.40 g NaCl, 0.4 g NH4Cl, 0.05 

g CaCl2.2H2O, 0.002 g FeSO4.7H2O, 1.0 g yeast extract, 1.0 g Na-acetate (for 

acetate–utilizing methanogens) or 2.0 g Na-formate (For formate–utilizing 

methanogens), 4.0 g NaHCO3, 0.001 g resazurin, 0.50 g cysteine, 2 mL NaS 

solution, 1 mL vitamin solution, 1 mL trace element solution prepared according to 

Wagner et al. (2010), and 5% of anaerobic sludge supernatant. The medium was 

autoclaved and allowed to cool down under a gas flow (100% nitrogen) before to 

further treatment. All incubations were at 30°C in an anaerobic chamber by at least 

30 days. The Analysis of the results were achieved according to Wagner et al. 

(2012), and the MPN values were calculated using the MPN Calculator 

(http://www.i2workout.com/mcuriale/mpn/). 

 

2.6 Sampling and genomic DNA extraction  
 

Sludge samples collected from the three reactors were homogenized and 

centrifuged at 10.000 x g for 10 min. After removing the supernatant, the resultant 

pellets (0.25-0.30 g) were used for the following steps. Total DNA was extracted 

using the PowerSoil DNA Isolation Kit (MOBIO Laboratories Inc.), and stored at -20 

ºC until the PCR assay was conducted. The assessments of quality and integrity of 

DNA were realized by Nanodrop ND-1000 (Thermo Scientific, Wilmington, DE, USA) 

and visualization on 1% (w/v) agarose gel with 1x TAE buffer, respectively. The 

quantification of the genomic DNA extracted was assessed using the Qubit dsDNA 
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HS Assay Kit 100 assays, 0.2–100 ng (Invitrogen, Carlsbad, California, USA), 

following the manufacturer's instructions. 

 

2.7 Real-time quantitative PCR analyses  
 

 Real-time quantitative PCR (qPCR) was used to quantify the Bacteria and 

Archaea domains, as well as different methanogens frequently found in anaerobic 

reactors, belonging to the orders Methanobacteriales, Methanomicrobiales and 

Methanosarcinales, and the families Methanosarcinaceae and Methanosaetaceae 

(both belonging to the order Methanosarcinales). The qPCR was performed as 

reported by Duda et al. (2015), using the specifics primers for 16S rDNA region 

described by Song et al. (2010) and Lee et al. (1996).  

 

3. RESULTS AND DISCUSSION 
 

3.1 Stability of HAIB system treating CPW  
 

 The HAIB reactors showed a proper buffer capacity during the experimental 

period, keeping a pH value in an optimal range for methanogenic microbiota (Table 

3). The values of partial alkalinity (PA) increased from R1 to R3 and were enough to 

neutralize the acids formed in the process. This was confirmed by the spatial 

variation analysis realized on the HAIB system at 60 and 244 days in operation 

(Figure 2). The high levels of PA presented during the experimental period (up to 

50% higher in comparison with the PA present in the effluent), can be explained by: 

(i) self-produced alkalinity, generated by oxidation of organic matter containing N, 

which release ammonia nitrogen that reacts with carbon dioxide to produce 

ammonium bicarbonate (Khanal, 2008), corroborated by the total ammonia nitrogen 

(TAN) increase from influent to effluent of HAIB reactors (Table 3), and (ii) effluent 

recirculation strategy, which contributed with a fraction of the alkalinity generated by 

the same system. Therefore, under the operational conditions achieved in the 

present study, the treatment of CPW in a system based on in-series HAIB reactors 

can present a stable performance even when high OLR are applied.  
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 Intermediate and partial alkalinity ratio (IA/PA) showed values between 0.3 

and 0.6 in R2 and 0.2 and 0.5 in R3. Although R1 presented the higher IA/PA values 

(0.5–0.9), mainly in the phases with higher OLR (III and IV), no significant alteration 

of pH values was evidenced under these conditions. According to Ripley et al. 

(1985), to avoid disturbances in the anaerobic digestion of domestic sewage, values 

of IA should not exceed the 30% of PA concentration. However, several studies 

suggest that higher values of IA/PA in the anaerobic digestion of high-strength 

effluents do not represent a risk for the process stability (Mazareli et al., 2016; Barros 

et al., 2017). In addition, the decrease of IA/PA from R1 to R3, imply that a 

configuration in series allows a more stable operation during the treatment of CPW. 

 

Table 3 – Parameters associated with anaerobic treatment stability determined in the 
HAIB system during the startup and phases I – IV. 

 
Phase Reactor OLR pH PA IA/PA VFA TAN 

Startup 

Influent – 7.1 ± 0.1 708 ± 279 1.2 ± 0.4 824 ± 420 80 ± 13 

R1 5.7–13.9 7.8 ± 0.4 902 ± 275 0.6 ± 0.3 587 ± 283 81 ± 12 

R2 4.1–7.3 8.0 ± 0.3 1056 ± 340 0.3 ± 0.2 437 ± 180 79 ± 15 

R3 3.6–4.9 8.1 ± 0.4 1066 ± 356 0.2 ± 0.2 299 ± 76 82 ± 16 

I 

Influent – 6.6 ± 0.3 293 ± 140 5.1 ± 1.9 1119 ± 173 49 ± 19 

R1 14.7 7.4 ± 0.4 791 ± 133 0.5 ± 0.3 705 ± 178 74 ± 17 

R2 9.6 7.8 ± 0.3 1061 ± 187 0.5 ± 0.2 584 ± 203 98 ± 26 

R3 6.8 8.1 ± 0.4 1199 ± 152 0.4 ± 0.2 324 ± 165 114 ± 25 

II 

 – 6.7 ± 0.4 349 ± 182 5.0 ± 1.4 1301 ± 692 90 ± 27 

R1 18.1 7.2 ± 0.2 769 ± 186 0.7 ± 0.3 873 ± 190 106 ± 25 

R2 11.4 7.4 ± 0.3 1034 ± 179 0.4 ± 0.2 578 ± 103 117 ± 26 

R3 7.4 7.8 ± 0.2 1268 ± 118 0.4 ± 0.1 339 ± 80 145 ± 20 

III 

Influent – 7.1 ± 0.3 866 ± 312 1.8 ± 0.7 1685 ± 89 139 ± 14 

R1 23.0 7.7 ± 0.2 1103 ± 409 0.9 ± 0.2 1347 ± 639 152 ± 16 

R2 15.8 7.8 ± 0.2 1484 ± 391 0.4 ± 0.2 866 ± 154 175 ± 18 

R3 10.5 8.0 ± 0.1 1772 ± 497 0.4 ± 0.2 595 ± 125 212 ± 21 

IV 

Influent – 7.1 ± 0.3 626 ± 350 3.4 ± 1.0 1770 ± 133 165 ± 27 

R1 28.2 7.4 ± 0.2 1058 ± 387 0.9 ± 0.2 1721 ± 195 186 ± 21 

R2 21.0 7.6 ± 0.1 1503 ± 259 0.6 ± 0.1 1225 ± 77 216 ± 19 

R3 12.9 7.8 ± 0.2 1557 ± 190 0.5 ± 0.1 857 ± 106 257 ± 39 

PA: Partial alkalinity, IA/PA: Intermediate and partial alkalinity ratio; VFA: Volatile fatty 
acids; TAN: Total ammonia nitrogen. Means values followed by standard deviation. 
Units– OLR: g COD (L d)-1; PA: mg CaCO3 L-1; VFA: mg CH3COOH L-1.  
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 In contrast with the first phases of operation, a moderate VFA accumulation 

was evidenced in the system, concentrating mainly in R1 (phase IV) (Table 3). Profile 

analysis revealed that VFA present no reduction in this reactor at high OLR (28.2 g 

COD (L d)-1 (Figure 2). However, values of VFA were significantly lower than the PA 

in R2 and R3 during the experimental period, indicating that acids are efficiently 

consumed with the series system of HAIB reactors.  

  

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Spatial variation of pH, volatile fatty acids (VFA) and partial alkalinity (PA) 

along the HAIB system (R1–R3). Profiles obtained in phase I (a) and 
phase IV (b) at 60 and 244 days in operation, respectively. L/D: length to 
diameter ratio.  

 

 The analysis of the VFA composition showed that the acids profile in raw CPW 

is mainly represented by acetic acid (46.5%) followed by propionic and butyric acids, 

with 30.6% and 16.8%, respectively. Accordingly, the rapid consumption of VFA by 

the HAIB system suggests an essential role of acetotrophic methanogens, which can 

use acetate for methane production. Besides, propionate and butyrate, which are 

necessary intermediates for methanogenesis, can be being degraded by syntrophic 

associations of anaerobic bacteria and methanogenic archaea producing acetate, 

CO2, H2 and formate (Stams et al., 2012).  Consequently, since the concentration of 

these products must be kept low, the results indicate the process provides a 
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thermodynamic equilibrium, allowing a proper interaction between these microbial 

communities. 

 The results obtained in this work confirm that CPW presents a significant 

concentration of VFA and organic matter easily hydrolysable, and that anaerobic 

digestion of these effluents must be carried out under proper operational conditions. 

These considerations constitute a critical topic in order to avoiding problems of acid 

accumulation, which eventually may inhibit the activity of microorganisms involved in 

anaerobic digestion, especially methanogens, which are highly sensitive to 

environmental variations. Accordingly, a series of HAIB reactors represents a 

practical solution to these issues, since it avoids VFA accumulation by means of 

physic compartmentalization, allowing the application of high OLR, and, as described 

below, to obtain a good efficiency of organic matter removal and a high methane 

production. 

 

3.2 Removal of organic matter and methane production 
 

 The HAIB system presented mean values of total COD removal between 67% 

and 73% (Table 4). Although the three reactors contributed to the reduction of this 

parameter, efficiencies obtained during the experimental period showed several 

differences, mainly associated with the OLR applied. Is evident from Figure 3a that 

after startup period, R1 presented the higher consumption of COD, achieved a 

removal up to 34%. In contrast, in this phase R2 and R3 presented means removals 

of 29% and 28% respectively. Afterwards, with the OLR increase  (phase IV), 

removal efficiency in R1 drops to 25%, whereas in R2 and R3 increased to 39% and 

40% respectively. Consequently, despite these changes in the organic matter 

removal pattern, the global system maintained a stable reduction of organic matter 

throughout the experimental period, which highlights the importance of using a 

system in series for CPW treatment.   

 The concentration of VSS was 69–77% of TSS in the influent of the system, 

thus indicating that organic suspended solids were predominant. VSS reduction in 

the HAIB system was affected by the OLR increase, showing a similar behavior 

concerning total COD removal, with removals up to 75% in phase II to 68% in phase 
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IV. Removal of SCOD ranged from 56–65% (Table 4). SCOD represented an 

essential fraction of total COD contained in CPW, ranged between 55–60% of the 

influent used in the different phases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Removal of total COD (a) and methane production rate (MPR) (b) 
obtained in the HAIB system (R1-R3) during the startup and phases I-IV.  

 

 A significant proportion of SCOD persisted in the effluent obtained, suggesting 

the presence of challenging biodegradation compounds. Besides, a low removal 

efficiency of total nitrogen, total phosphorous and phenols was observed (Table 4). 

This tendency has been evidenced in others studies, working with similar effluents 

(Beyene et al., 2014; Villa-Montoya et al.,  2017), and implies the need to implement 

post-treatment systems, to perform a proper disposition in hydric systems 

considering the environmental regulations.  

 As can be seen in Figure 3b, the system presented an MPR increase 

associated with the application of higher OLRs. This was particularly evident to R2 

and R3, in which the MPR reached up to 1.96 and 1.98 L CH4 (Lreactor d)-1, 

respectively, at the higher OLR applied.  
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Table 4 – Concentration of COD, SCOD, TSS, TN, TP and TPC in HAIB system and global removal efficiencies during the 
experimental period (Startup and phases I–IV).

Phase Reactor OLR COD SCOD  TSS VSS TN TP TPC 

Startup 

Influent – 2438 ± 187 1609 ± 124 307  ± 58 239  ± 82 200 ± 84 16.3 ± 0.1 22.6 ± 5.9 

R1 5.7–13.9 1929 ± 160 1306 ± 199 229  ± 34 166  ± 41 183 ± 84 11.7 ± 7.9 18.8 ± 3.4 

R2 4.1–7.3 1519 ± 229 1157 ± 192 185  ± 7 138  ± 18 172 ± 79 13.7 ± 4.5 13.7 ± 1.7 

R3 3.6–4.9 1262 ± 218 976 ± 181 106  ± 12 52  ± 13 148 ± 71 11.7 ± 5.5 10.6 ± 3 
R1+R2+R3 1.9–4.7 48 ± 10 39 ± 11 65  ± 13 76  ± 14 25 ± 7 31 ± 15 56 ± 18 

I 

Influent – 5889 ± 324 3461 ± 191 426  ± 74 322  ± 55 236 ± 58 17.3 ± 4.5 39.2 ± 3.1 

R1 14.7 3858 ± 239 2739 ± 170 313  ± 56 174  ± 60 194 ± 78 14.4 ± 6.3 33 ± 3.6 

R2 9.6 2731 ± 218 1756 ± 140 210  ± 10 157  ± 61 174 ± 88 12.3 ± 6 20.9 ± 2.6 

R3 6.8 1959 ± 150 1503 ± 115 139  ± 34 86  ± 35 166 ± 38 11 ± 5.2 17.3 ± 2.4 
R1+R2+R3 4.9 67 ± 13 56 ± 11 66  ± 14 72  ± 16 26 ± 14 39 ± 25 55 ± 9 

II 

Influent – 7229 ± 990 4248 ± 582 631  ± 188 482  ± 141 289 ± 111 19.4 ± 6.4 47.9 ± 10.9 

R1 18.1 4567 ± 503 3461 ± 382 440  ± 63 238  ± 41 228 ± 79 14.5 ± 2.8 38.1 ± 17.1 

R2 11.4 2958 ± 399 2626 ± 354 306  ± 36 228  ± 67 203 ± 85 13.2 ± 2.7 29.9 ± 9.6 

R3 7.4 1937 ± 225 1465 ± 170 188  ± 12 121  ± 25 179 ± 57 12.2 ± 3.1 23.3 ± 12.5 
R1+R2+R3 6.1 73 ± 12 65 ± 23 69  ± 17 75  ± 12 37 ± 19 35 ± 18 53 ± 19 

III 

Influent – 9214 ± 301 5427 ± 115 774  ± 34 539  ± 40 409 ± 51 23 ± 4 73.5 ± 19.1 

R1 23.0 6331 ± 225 5065 ± 180 526  ± 94 301  ± 49 342 ± 88 18 ± 4 56.1 ± 16.8 

R2 15.8 4192 ± 140 3773 ± 126 350  ± 16 219  ± 67 333 ± 83 16 ± 3 45.3 ± 15.1 

R3 10.5 2600 ± 79 2340 ± 96 249  ± 71 147  ± 11 286 ± 93 14 ± 4 32.6 ± 12.9 
R1+R2+R3 7.7 72 ± 14 57 ± 12 68  ± 8 73  ± 21 33 ± 19 38 ± 14 49 ± 7 

IV 

Influent – 11273 ± 668 6234 ± 369 1011  ± 137 732  ± 81 446 ± 84 25 ± 6 95.9 ± 8.4 

R1 28.2 8407 ± 490 5170 ± 301 889  ± 61 664  ± 45 382 ± 101 22 ± 7 77.4 ± 16.9 

R2 21.0 5142 ± 172 4615 ± 154 642  ± 137 516  ± 40 312 ± 122 20 ± 6 61.6 ± 15.7 

R3 12.9 3086 ± 105 2704 ± 92 355  ± 186 232  ± 35 274 ± 112 18 ± 7 59.8 ± 4.8 
R1+R2+R3 9.5 73 ± 18 56 ± 13 66  ± 14 68  ± 10 39 ± 11 28 ± 17 38 ± 14 

Means values following by standard deviations.  OLR: Organic Loading rate (g COD (L d)-1; COD: Chemical oxygen demand; SCOD: Soluble 
chemical oxygen demand; TSS, VSS: Total and volatile suspended solids; TN: Total nitrogen; TP: Total phosphorous; TPC: Total phenol content.  
Units: mg L-1 except removal efficiency (R1 + R2 + R3). 
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 R1, on the other hand, maintained a relatively constant MPR, despite OLR 

increase, mainly from phase III (Table 4). This condition, added to VFA accumulation 

and COD removal decrease suggests an overload in R1. Consequently, under this 

operational condition, R2 and R3 present a more active role, overcoming the 

reduction efficiency of R1 and maintaining a stable performance.  

 The highest global MPR obtained was 1.88 L CH4 (L d)-1, with a specific 

methane yield (SMY) of 0.19 L CH4 (g removed COD)-1 (Table 5), indicating a good 

HAIB reactors performance. Regarding SMY, a strong negative Pearson’s correlation 

(p < 0.001) in relation to OLR increase was evidenced, which could be associated 

with the reduction of methane production with simultaneous reduction of COD 

removal efficiency. SMY is an overall kinetic coefficient of anaerobic digestion, which 

represents reactor performance in terms of methane production. Theoretically the 

maximum SMY that may be obtained in anaerobic digestion is 0.35 L of CH4 (at STP) 

per g of COD stabilized (McCarty, 1964). Thus, the SMY achieved in this study 

represented a maximum efficiency of 77%, obtained in phase I, ranged from 63–89% 

between reactors, implying that system configuration can reach a high methane 

production in stable conditions.  

 The use of a series of HAIB reactors has showed to be an efficient alternative 

for energy recovery during the anaerobic treatment of high-strength wastewaters, 

enhancing methane production and obtaining a high COD removal efficiency. 

However, its application for CPW treatment is scarce. In fact, in the open scientific 

literature only one study has applied a serial configuration, which involved the use of 

a horizontal anaerobic sludge blanket reactor (HASBR), and two HAIB reactors 

(Oliveira and Bruno, 2013). These authors applied HRTs as high as of 90 h, and low 

OLR (4.2 g COD (L d)-1), obtaining mean values of MPR of 1.71 L CH4 (Lreactor d)-1, 

SMY of 0.20 L CH4 (g removed COD)-1 and a total COD removal efficiency of 79%. 

The serial HAIB system evaluated in this study obtained higher MPR and comparable 

SMY and COD removal, which suggest that an improvement of the serial system can 

be obtained by the operation of HAIB reactors, even at high OLRs and low HRTs.   

 Regarding the application of others high–rate anaerobic reactors for CPW 

stabilization, efficiency levels obtained presents a high variability. The most studies 

about this topic have been developed applying the UASB reactor, operated in single 
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or two stages, obtaining MPR from 0.19 L CH4 (Lreactor d)-1 (by using OLR of 2.6 g 

COD (L d)-1) (Guardia-Puebla et al., 2014), to 2.06 L CH4 (Lreactor d)-1 at OLR of 3.5 g 

COD (L d)-1 (Jung et al., 2012), with COD removal efficiencies of 85% to 98%, 

respectively. Consequently, the levels of organic matter reduction and methane 

production obtained in this study can be compared with others authors working with 

similar effluents. However, our strategy suggests that CPWs can be efficiently 

stabilized using a structurally simple configuration, and therefore reducing space and 

technical requirements, which is necessary for the field conditions. In addition, 

reactor overloads can be overcome by using a series of reactors, achieving an 

additional reduction of COD with enhanced methane production. 

   

Table 5.  Methane production obtained in the HAIB system during the experimental 
period (Startup and phases I-IV). 

Phase Reactor OLR MPR SMY % CH4 

Startup 

R1 4.6–10.3 0.75 ± 0.53 0.23 ± 0.1 74.5 ± 24.8 

R2 2.2–7.1 0.53 ± 0.36 0.2 ± 0.08 72.2 ± 22.1 

R3 1.6–3.6 0.34 ± 0.24 0.18 ± 0.09 68.7 ± 29.6 

 R1–R2–R3 1.9–4.7 0.52 ± 0.35 0.2 ± 0.13 – 

I 

R1 12.6 1.61 ± 0.07 0.22 ± 0.03 77.3 ± 1.2 

R2 9.8 1.27 ± 0.12 0.31 ± 0.04 76.9 ± 1.2 

R3 7.0 1.05 ± 0.12 0.3 ± 0.04 77 ± 0.8 

 R1–R2–R3 4.9 1.32 ± 0.07 0.27 ± 0.05 – 

II 

R1 14.3 1.75 ± 0.08 0.19 ± 0.04 74.7 ± 0.9 

R2 11.8 1.75 ± 0.15 0.3 ± 0.05 74.5 ± 1.1 

R3 8.5 1.53 ± 0.12 0.28 ± 0.05 74.2 ± 1.1 

 R1–R2–R3 6.1 1.67 ± 0.09 0.24 ± 0.04 – 

III 
R1 18.2 1.71 ± 0.06 0.16 ± 0.02 72.9 ± 0.7 

R2 12.9 1.72 ± 0.14 0.22 ± 0.03 72.3 ± 1.3 

R3 10.4 1.62 ± 0.17 0.28 ± 0.04 73.2 ± 0.9 

 R1–R2–R3 7.7 1.68 ± 0.11 0.21 ± 0.02 – 

IV 
R1 22.4 1.72 ± 0.17 0.16 ± 0.03 69.4 ± 0.5 

R2 17.0 1.96 ± 0.09 0.16 ± 0.02 71.7 ± 0.4 

R3 11.3 1.98 ± 0.22 0.26 ± 0.03 72.6 ± 0.3 
 R1–R2–R3 9.5 1.88 ± 0.19 0.19 ± 0.05 – 

OLR: Organic loading rate (g COD (L d)-1); MPR: Methane production rate (L CH4 
(Lreactor d)-1; SMY: Specific methane yield (L CH4 (g removed COD)-1).   
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3.3 Comparison between HAIB system and UASB reactor performance 
 

We compare the performance of the HAIB system with a UASB reactor at 

similar operational conditions to determine the efficiency of the horizontal in series 

system proposed in this study constrains the widely employed anaerobic technology, 

The concentration of VFA, alkalinity and pH values in the effluent of UASB reactor 

indicated a stable performance of this anaerobic system (Table 6). Nevertheless, an 

increase in the IA/PA ratio about OLR increase was evidenced.  

Although these values were lower than the obtained in the HAIB system, is 

essential to considerate that the individual reactors in the horizontal series 

configuration were submitted to highest OLRs, keeping stability during the 

experimental period. For example, R1 was submitted up to 28.2 g COD (L d)-1, with 

which the increase of VFA and high a IA/PA ratio in this condition is reasonable.  

Consequently, HAIB system can tolerate high OLRs, and due to its 

compartmentalization, the series configuration can eventually provide an effect of 

protection against acid overloads. In contrast, although the UASB reactor seems to 

be better equipped to tolerate high acid concentration in the influent at the OLR 

evaluated in this study, with excessively high organic loads the entire biomass in this 

reactor will be instantly affected by the resulting low pH values and this may lead to a 

total reactor failure. This was evidenced in the work of Villa et al. (2017), which the 

authors reported an acid overload in UASB reactor treating coffee effluent, above 

OLR of 10 g COD (L d)-1, leading to an instable performance and decrease of 

removal efficiency and methane production. 

As the levels of VFA evidenced in the effluent of UASB reactor were lower 

than those obtained by the HAIB system, we verify the acids balance in the anaerobic 

systems employing a profile analysis of VFA at the highest OLRs tested. The results 

showed a similar proportion of VFA in the influent and effluent in both systems 

(Figure 4). The concentrations obtained in the effluents of HAIB system and UASB 

reactor for acetic, propionic and butyric acids were respectively, 61%, 27% and 7%, 

and 66%, 26% and 5%. These values were highly consistent with previous results 

obtained by Guardia et al. (2014), which worked with a similar CPW effluent 
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maintaining stable conditions by using a UASB reactor in single and two stages. 

Consequently, despite VFA increase in the effluent of HAIB system, acids profile 

showed typical levels observed in the CPW treatment. 

 

Table 6. Influent/effluent characteristics, removal efficiency and methane production 
of UASB reactor (startup and phases I–II). 

 

 Startup (OLR: 2.6–6.8)  Phase I (OLR: 7.9) Phase II (OLR: 10.2) 

 Influent Effluent Influent Effluent Influent Effluent 
Parameter 
pH 7.1 ± 0.1 8.1 ± 0.3 6.9 ± 0.3 7.9 ± 0.4 7.0 ± 0.3 7.7 ± 0.2 
PA (mg L-1) 269 ± 76 1331 ± 228 613 ± 206 1436 ± 272 1082 ± 355 2108 ± 534 
IA/PA 1.1 ± 0.5 0.2 ± 0.1 1.3 ± 0.9 0.3 ± 0.2 1.2 ± 0.6 0.4 ± 0.2 
VFA (mg L-1) 461 ± 131 140 ± 40 1280 ± 594 449 ± 238 1671 ± 468 526 ± 253 
TAN (mg L-1) 40 ± 16 47 ± 18 64 ± 21 132 ± 37 129 ± 30 218 ± 43 
COD (mg L-1) 5489 ± 2191 2791 ± 323 10004 ± 1870 2491 ± 474 12640 ± 2594 3010 ± 904 
SCOD (mg L-1) 4091 ± 1691 2218 ± 201 6610 ± 1176 2402 ± 481 8174 ± 613 2855 ± 894 
TSS (mg L-1) 1695 ± 134 958 ± 139 2135 ± 516 713 ± 373 2581 ± 97 916 ± 141 
VSS (mg L-1) 1345 ± 163 458 ± 11 1060 ± 127 251 ± 57 1600 ± 53 463 ± 202 
TN (mg L-1) 130 ± 76 96 ± 55 200 ± 22 133 ± 28 446 ± 84 317 ± 53 
TP (mg L-1) 17.8 ± 10.1 10.5 ± 3.3 24.2 ± 6.7 14.9 ± 3.9 40.3 ± 4.9 26.8 ± 3.7 
TPC (mg L-1) 43.5 ± 29.2 22.7 ± 17.6 49.2 ± 10.6 49.2 ± 12.3 76.5 ± 17.3 40.7 ± 11.3 
Removal efficiency (%) 
COD 41 ± 18 74 ± 6 76 ± 9 
SCOD 38 ± 23 63 ± 10 66 ± 13 
TSS 44 ± 4 69 ± 19 65 ± 12 
VSS 64 ± 14 76 ± 5 71 ± 12 
TN 25 ± 18 34 ± 13 28 ± 13 
TP 31 ± 23 37 ± 12 32 ± 12 
TPC 51 ± 26 48 ± 12 45 ± 11 
Biogas characteristics 
MPR 0.44 ± 0.41 1.59 ± 0.14 1.77 ± 0.17 
SMY 0.22 ± 0.09 0.20 ± 0.04 0.17 ± 0.04 
% CH4 79.7 ± 2.9 76.9 ± 1.0 70.3 ± 1.6 
Means values following by standard deviations.  OLR: Organic Loading rate (g COD (L d)-1; PA: Partial alkalinity; 
VFA: Volatile fatty acids; TAN: Total ammonia nitrogen; COD: Chemical oxygen demand; SCOD: Soluble 
chemical oxygen demand; TSS, VSS: Total and volatile suspended solids; TN: Total nitrogen; TP: Total 
phosphorous; TPC: Total phenol content; MPR: Methane production rate (L CH4 (Lreactor d)-1; SMY: Specific 
methane yield (L CH4 (g removed COD)-1). 
 
 

The ratio between propionate/acetate can be used as an indication of process 

imbalance if the rate exceeds 1.4 (AHRING; SANDBERG; ANGELIDAKI, 1995). In 

this work, we obtained propionate/acetate ratios of 0.42 (HAIB system) and 0.39 

(UASB) with highest OLR evaluated, indicating an acceptable balance of acids in the 
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anaerobic reactors, which suggest a rapid propionate consumption and acetic acid 

generation even if high OLRs are applied. Thus, the conditions established in this 

study allow for high OLR input and optimal conditions for methanogenesis. 

 

Figure 4.  Concentrations of volatile fatty acids (VFAs) in the influent and effluent of 
the reactors. HAIB: Day 244 in operation, OLR: 9.5 g COD (L d)-1; UASB: 
Day 135 in operation, OLR of 10.2 g COD (L d)-1. 

  

 The results of Table 6 indicate that the UASB reactor showed a slightly 

superior removal efficiency of the organic matter about HAIB system, obtaining levels 

up to 76% and 66% for total COD and SCOD, respectively. Removal of solids was 

similar in both configurations.  Despite these differences, both systems showed rapid 

adaptation to sharp changes in the OLR without significant loss in the COD removal 

efficiency apparently due to the easily biodegradable components such as sugars 

easily fermentable in CPW (Rattan et al., 2015). However, OLR increase leads to a 

reduction of removal efficiency in both systems, especially for phenolic compounds, 

TN, and TP. Consequently, as aforementioned, for higher efficiency concerning 

pollutant removal, anaerobically digested coffee effluent must be submitted to post-

treatment systems. 

Figure 5 shows the profile of MPR about the last two phases tested in HAIB 

system (R1–R3) and the two phases implemented in UASB reactor. Means values 

obtained for MPR presented significant differences (p< 0.05) between the two 

anaerobic systems considering the tested stages and between the applied OLR. In 

relation to SMY, the systems also showed significant differences (p< 0.05). However, 
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as observed, values were lower than the theoretical level. This condition can be 

explained by the establishment of the microbial biomass in anaerobic reactors, which 

requires organic matter, reducing the proportion of the substrate converted to 

methane, probably reduced methane yield. Another possible explanation could be 

the accumulation of organic matter entered in reactors, which can settle by the effect 

of calcium hydroxide used as alkalinity source, not being represented in the effluent 

sampled resulting in the underestimation of the methane yield. This condition can be 

attributed especially to the UASB reactor, which presented lower levels of SMY. 

 

 
Figure 5.  Methane production rate (MPR) during similar operational conditions in 

HAIB system (a) and UASB reactor (b).  
 

Therefore, according to the results obtained in this work, under comparable 

operational conditions, HAIB system and UASB reactor presented a similar efficiency 

of pollutant removal. However, HAIB system showed the best performance regarding 

methane production, indicating the feasibility of this technology for CPW stabilization 
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and energy recovery. In addition, a serial configuration can eventually tolerate 

organic overloads, which can be appropriately identified by monitoring of individual 

compartments (reactors), without affect significantly the performance of the whole 

system.  

 

3.4 Biomass in HAIB reactors and methanogens quantification 
 

 The electron microscopic examination showed an association of diverse 

microbial structures on the surface of the support material, morphologically similar to 

filamentous and spherical microorganisms, as well as sludge aggregates (Figure 6 a-

d). This observation indicates a proper microbial adherence to the support material, 

which is highly desirable in fixed bed reactors, to increase the biomass retention 

inside to reactor and to compensate the low maximum specific growth rates of 

methanogens.  This mechanism also minimizes the accumulation of inhibitory 

reaction intermediates and allow the process to respond better to fluctuations in 

wastewater flow and composition (Grady et al., 2011).  

  Given the high range of OLRs applied at relatively short operational times 

(4.6–10.3 g COD (L d)-1 in 30 days for R1), the strategy used to inoculate the support 

material proved to be effective, obtaining a good response regarding stability and 

performance of the anaerobic system. This condition was facilitated by the use of a 

highly adapted anaerobic sludge to the CPW characteristics, which is essential for 

the rapid startup of anaerobic reactors (KhanaL, 2008). Besides, as observed in 

Figure 6, the support material used in this study proved to be efficient concerning 

biomass retention. 

 The potential use of raw materials obtained from agro-industrial waste for cell 

immobilization or biomass support has been used in diverse biotechnological 

applications (Genisheva et al., 2011; Escobar et al., 2012). Maize cobs, particularly, 

is dense and relatively uniform material, and its filamentous structure may cause 

rapid attachment and development of the microbial community, as evidenced in the 

present study. Additionally, this medium is readily available and at no cost (Roth and 

Gustafson, 2014). In relation to study of effluent stabilization, the use of this material 

has been applied mainly during the operation of filtration processes (Etkisi, 2011), as 
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well as potential adsorbent for sequestering heavy metal ions (Sud et al., 2008) and 

nitrate removal (Cameron and Schipper, 2010) among others. Although its 

application for biofilms growth in wastewater treatment systems has generated 

promising results (Ali et al., 2016), there are no reports on its application in HAIB 

reactors. Consequently, this study constitutes the first related approach in this 

regard, and considering the efficiency levels obtained, this alternative presents a 

potential to replace more expensive or technologically complex materials for 

anaerobic treatment of CPW based on fixed biomass processes, and it could be 

explored for the stabilization of others high-strength effluents. 

 

 
Figure 6. Morphological observation with scanning electron microscope of support 

material used in HAIB system (Day 35 in operation). (a) Inoculum; (b-d) 
R1-R3, respectively. (Resolution of 10 μm).  

 Despite corncobs were partially degraded during the experiments, no notable 

impact was observed on COD removal efficiencies and methane production. This can 

be explained by the keeping of a high biomass concentration in the HAIB reactor, 

evidenced by the VS increase in the anaerobic sludge present in the digestion 

compartments. As showed in Figure 7, this condition was associated to the 
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operational time and OLR increase. Consequently, under long times of operation, 

anaerobic sludge associated at the reactors achieved a more relevant role, allowing 

to compensate the losses of biomass generated by the degradation of the support 

material.  

 

 

 

 

 

 

 

 

Figure 7. Volatile solids concentration in the anaerobic sludge associated to HAIB 
reactors.  

 
The VS/TS ratios obtained during the experimental period were below or 

about 0.7 in the three reactors (Table 7). As stated in the Brazilian legislation, the 

sewage sludge or derived product is considered stable for agriculture use if VS/TS < 

0.70 (CONAMA, 2005), which avoids high organic matter concentrations in the soil. 

In this regard, stabilized sludge was observed in the operation of HAIB system, 

suggesting that sludge derivate from this technology (in relation with this parameter) 

could be potentially useful for fertilization purposes.  

We quantify the microbiota associated using classical and molecular 

approaches  to determine the relevant methanogens in the process. MPN 

quantification showed a prevalence of acetotrophic methanogens in the reactors, 

obtaining concentrations (in MPN (g VS)-1) of 6.7 x 108, 7.3 x 107 and 5.1 x 107 in 

phase I, and 7.4 x 108, 1.9 x 109 and 1.8 x 109 in phase IV, for R1, R2 and R3, 

respectively. As expected, the high concentrations of acetate in the influent favor the 

significant concentrations of this methanogenic group in the HAIB system. 

Consequently, the successive increase of OLR results in major concentrations of 

these microorganisms, mainly in R2 and R3 (up to two magnitude orders superior to 
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this obtained at low OLR), which is consistent with the higher methane production 

achieved in this condition.  

 

Table 7. Volatile and total solids in HAIB reactors and VS/TS ratio obtained during 
the experimental period from anaerobic sludge.  

 Startup Phase I Phase II Phase III Phase IV 
Volatile solids 
R1 15.8 ± 2.8 21.6 ± 4.1 26.7 ± 2.2 32.7 ± 1.8 32.6 ± 3.7 
R2 12 ± 5.2 16.6 ± 5.2 28.6 ± 5.3 31.9 ± 2.9 26.3 ± 3.9 
R3 8.4 ± 4.4 13.6 ± 5.5 21.6 ± 4.6 32 ± 5.2 28.6 ± 4.8 
Total Solids      
R1 22.4 ± 5.6 33.6 ± 5.3 42.5 ± 4.2 56.9 ± 1.8 60.1 ± 3.1 
R2 17.2 ± 6.3 30.2 ± 4.8 43 ± 6.9 46.5 ± 1 48.9 ± 4.7 
R3 14.3 ± 7.4 19.4 ± 2.8 29.6 ± 1.2 45.1 ± 0.5 59.8 ± 4.6 
VS/TS      
R1 0.7 ± 0.1 0.6 ± 0.4 0.6 ± 0.2 0.6 ± 0.1 0.5 ± 0.1 
R2 0.7 ± 0.1 0.5 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 0.5 ± 0.2 
R3 0.6 ± 0.1 0.7 ± 0.4 0.7 ± 0.1 0.7 ± 0.1 0.5 ± 0.1 

Means values followed by standard deviations.  
Units for volatile and total solids: g L-1. 

 

These results were confirmed by real-time PCR analyses, which were realized 

at 255 days in operation at the higher OLR applied, obtaining a prevalence of the 

acetotrophic order Methanosarcinales in the three reactors, with 109 copies of 16S 

rDNA (g VS)-1, and the families Methanosarcinaceae and Methanosaetaceae, with a 

similar proportion in the reactors (Figure 8). Members of the order 

Methanosarcinales, particularly corresponding to Methanosarcinaceae, are 

methanogens widely versatile (able to use H2-CO2, acetate and methyl compounds 

as substrate) (Liu and Whitman, 2008). Thus, its mixotrophic metabolism ensures a 

high capacity of colonizing environmental conditions as the observed in this study. 

The presence of Methanosaetaceae in the anaerobic reactors suggests that 

concentrations of acetate do no affects the development of this strictly acetotrophic 

family. Consequently, since HAIB system maintained high levels of methane output 

at high OLRs (Figure 2b), reduction of acetate to methane can be performed using 

acetotrophic pathway by these microorganisms. 

As can be seen in Figure 8, the proportion of Methanosarcinaceae is slightly 

superior that Methanosaetaceae in the first reactor. This proportion presents a shift of 
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pattern in R2 and R3, probably by the reduction of VFA concentrations during the 

anaerobic treatment. These results are consistent, since R1 support higher OLR, and 

this family is more adept at overcoming high organic loads experienced with treating 

this type of high-strength wastewater (Ma et al., 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 8. Real-time PCR results of Bacteria and Archaea domains and 

methanogenic groups in the HAIB system (R1–R3) at 255 day of 
operation. OLR (g COD (L d)-1) – R1: 28.2; R2: 21; R3: 12.9. 

 

When MPN technique was used to estimate the concentration of formate-

utilizing methanogens, the following concentrations were obtained (in MPN (g VS)-1): 

8.6 x 105, 3.1 x 104 and 1.4 x 104 in phase I, and 1.4 x 105, 1.3 x 105 and 1.7 x 105 in 

phase IV, for R1, R2 and R3, respectively. As observed, formate-utilizing 

methanogen remained practically constant in R1 during the experimental period, 

while in R2 and R3 an increase of these populations was evidenced, which can be 

attributed to organic matter and VFA increase in the influent of this reactors. Thus, 

formate-utilizing methanogens also represented an important fraction of 
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methanogens associated with HAIB system in this study. Although formate was not 

determined in this study, relative abundance of formate-utilizing methanogens can 

indicate that formate also can be an important substrate in the system, even though 

its concentrations in methanogenic environments are low since it is rapidly produced 

and consumed (Demirel and Scherer, 2008). 

Hydrogen is used as an electron acceptor to form 

methane, by hydrogenotrophic methanogens, while many H2-using 

(hydrogenotrophic) methanogens can also use formate as an electron donor for the 

reduction of CO2 to CH4 (Demirel and Scherer, 2008). Thus, the presence of these 

microorganisms is also associated to the abundance of hydrogenotrophic 

methanogens (Garrity et al., 2004). The qPCR data showed that hydrogenotrophic 

orders Methanobacteriales and Methanomicrobiales were found in concentrations of 

107 and 108 copies of 16S rDNA (g VS)-1, respectively (Figure 8).   

Therefore, the HAIB system requires relatively high concentrations of 

hydrogenotrophic methanogens, mainly, as expected, in the first reactor, procuring 

for an efficient interspecific transfer of H2 and its utilization with 

CO2 to form methane. This condition maintains a low H2 partial pressure in the 

reactors and promotes the equilibrium of degradation reactions for the formation of 

more oxidized final products (i.e. acetate), ensure the proper balance of 

methanogenic populations in the system and obtaining a high methane production by 

the combined activity of these microorganisms.  

At domain level, concentrations of Archaea and Bacteria were about 1010 and 

1011 copies of 16S rDNA (g VS)-1, respectively (Figure 8). Proportions of domains in 

R1 were different in relation to R2 and R3, presenting a significant concentration of 

Archaea domain. Despite these differences, anaerobic reactors presented the 

stability requires for tolerate high OLRs. Also, despite that in this study specific 

bacterial groups do no were quantified, it is probably that a major proportion of the 

bacterial population in the reactors that produce higher of methane is related to the 

presence of syntrophic microorganisms, which participates more actively in the 

anaerobic degradation at this level of the system of treatment.  
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4. CONCLUSIONS 
 

 A series of HAIB reactors provide proper conditions of stability for treatment of 

CPW, which removal efficiencies of total COD between 67% and 73% can be 

achieved in a wide range of OLRs. The use of alternative material support showed to 

be an effective strategy for biomass retention, leading to obtaining a maximal 

methane production of 1.88 L CH4 (L d)-1 with a 54% of total COD removed 

converted into methane, which was comparatively superior concerning the 

conventional UASB option. Classical and molecular analyzes showed a high 

abundance of Bacteria and Archaea domains associated to the anaerobic sludge of 

HAIB reactors operated at high OLR, with the prevalence of the order 

Methanosarcinales, including the Methanosarcinaceae and Methanosaetaceae 

families. Also, was found that hydrogenotrophic methanogens, mainly corresponding 

to the order Methanomicrobiales, performed an important role in the series of the 

anaerobic reactors during the CPW treatment, creating a proper microbial balance for 

methanogenesis. 
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CHAPTER 5 – Treatment of biodigested coffee processing wastewater by 
biological and chemical processes     

 

 

 Abstract – Coffee processing wastewater (CPW) is a highly polluting effluent 
usually treated by anaerobic digestion. However, for meeting with discharge or reuse 
standards, the implementation of subsequent post-treatment systems is required. 
This study describes the performance of three different strategies for pollutant 
removal from biodigested CPW: i) biological treatment using a sequencing batch 
reactor (SBR) operated at single (SBR-1) and continuous (SBR-2) feed mode and a 
24-h cycle including an anaerobic/aerobic/anoxic scheme; ii) Fenton process, 
optimized regarding the reaction time and initial pH; and iii) an integrated treatment 
using the more effective SBR mode plus Fenton process. In the biological strategy, 
the SBR-1 reached the highest removal efficiencies of total Kjeldahl nitrogen (TKN) 
(80%), total phosphorous (TP) (70%) and total phenol content (TPC) (95%). The 
Fenton process showed high removal of chemical oxygen demand (64%), TP (75%), 
TPC (99%), and solids (83%). Individually, these two post-treatment strategies can 
be applied in reuse activities, such as recirculation into the anaerobic systems. In this 
regard, partial Fenton effluent recirculation improved the performance of two 
independently operated anaerobic reactors. Finally, in order to meet with the 
discharge standards, the integrated process (SBR followed by Fenton process) 
proved to be the best alternative, obtaining removal efficiencies for COD, TKN and 
TP of 91%, 86% and 87% respectively, with no detectable phenolic compounds, 
representing a suitable alternative for CPW post-treatment.  
 
 
Keywords: activated sludge, biological nutrient removal, effluent recirculation, 
feeding pattern, fenton oxidation, SBR 
 

 

1. INTRODUCTION 
 

 Coffee production represents one of the fastest growing agro-industries, 

concentrating mainly in tropical countries such as Brazil, Vietnam and Colombia 

(FAO, 2015). As part of the post-harvest activities, the producers have increasingly 

adopted the wet coffee processing method, which is an effective way to improve the 

quality of final product. Nevertheless, in this activity a large amount of by-products 

such as coffee processing wastewater (CPW) is produced. CPW contain high 

concentrations of organic pollutants like pectins, proteins and sugars and phenolic 

compounds (Dadi et al., 2017; Rattan et al., 2015). Therefore, due its high pollutant 
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potential, discharge of untreated CPW in water bodies may have a huge impact on 

the producing areas, representing a source of eutrophication and producing an 

adverse effect on the aquatic life (Dadi et al., 2017).  

 The anaerobic digestion process is one of the most promising treatment 

alternatives of CPW (Beyene et al., 2014; Villa-Montoya et al.,  2017). Although in 

this strategy both pollution control and energy recovery can be achieved, removal of 

nutrients and others recalcitrant compounds is not satisfactory (Bruno and Oliveira, 

2013). Therefore, to meet the everyday stricter discharging standards, or for reuse 

purposes (i.e. recirculation into the anaerobic reactor as alkalinity source or influent 

COD dilution), diverse biological and physicochemical methods have been evaluated 

as post-treatment alternatives, including anaerobic-aerobic schemes, wetlands and 

advanced oxidation processes (AOPs) (Kondo et al., 2010; Rossmann et al., 2012, 

2013; Fia et al., 2013).  

 Despite the application of these approaches has allowed obtaining a better-

quality effluent from biodigested CPW (DCPW), remaining key issues such as the 

simultaneous removal of organic matter, nutrients and phenolic compounds, and the 

study of reuse alternatives for the effluent obtained must be considered. To 

overcome these drawbacks, a possible approach consists in the optimization of the 

more viable and cost-effective technologies employed for this purpose, within which 

is the sequencing batch reactor (SBR) and the Fenton process (Kondo et al., 2010; 

Asha and Kumar, 2016).  

 The SBR offers different treatment options through the incorporation of 

aerobic, anaerobic or anoxic stages within an operational cycle (Dezotti et al., 2018). 

This system is usually operated using a single feeding mode, in which high 

nitrification rates can be obtained (Gerardi et al., 2010). However, it presents several 

limitations, such as the need of periods of effluent storage (or incorporation of a 

second reactor in parallel), flow and loading variations and interruption of the carbon 

source necessary for denitrification process. In this regard the application of a 

continuous feed mode has been considered (Hossein et al., 2004). Although several 

studies have employed this strategy regarding CPW treatment, the results obtained 

have not been consistent particularly by the operation in variable conditions of the 

influent employed in terms of organic loading rate (OLR) and COD/N ratio (Bruno and 
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Oliveira, 2013; Villa-Montoya et al.,  2017). Otherwise, experiences using the single 

feed mode have been realized only on raw CPW (Asha and Kumar, 2016). 

Therefore, the effect of the feeding pattern is a variable that need major 

consideration in order to establish the scope of this technology concerning treatment 

of DCPW. 

 Previous studies have successfully used AOPs as such Fenton process for 

the treatment of a varied type of effluents containing recalcitrant compounds, 

increasing its biodegradability at low treatment costs (Lucas and Pires, 2009; Yalfani 

et al., 2009; Nieto et al., 2011). This method involves different oxidation states of Fe 

reacting with H2O2 to generate others reactive oxygen species (ROS), especially the 

hydroxyl radical (-OH) (Pignatello et al., 2006), oxidizing organics and intermediary 

compounds to CO2 and H2O (Guerreiro et al., 2016). Fenton oxidation represents an 

feasible method for raw CPW stabilization (Zayas et al., 2007; Kondo et al., 2010). 

However, there is still considerable ambiguity with regard to application of this 

technology as post-treatment strategy. 

 Effluent recirculation is a strategy commonly used on anaerobic reactors to 

stabilize its alkalinity. In addition, has been evidenced that Fe also induce a greater 

efficiency in these systems in terms of energy recovery (Barros et al., 2017). Given 

the effluent of the Fenton process may contain residual concentrations of Fe and 

usually presents a high biodegradability (Guerreiro et al., 2016), we hypothesize that 

recirculation of the Fenton effluent in anaerobic reactors can be an effective reuse 

strategy, which could improve the performance of these systems.  
 Therefore, this work aimed to determine the best operating conditions for 

DCPW treatment regarding nutrients (N, P), organic matter and phenols removal, 

using SBR and Fenton processes. The SBR was assessed in continuous and single 

feeding modes at similar operational conditions. Fenton process was assessed under 

different reaction times and initial pH. An integrated treatment (SBR plus Fenton) was 

then achieved to determine the possibility of to meet the discharge standards, and to 

reduce the sludge generation. Finally, to establish a potential strategy for reuse, we 

analyzed the performance of two anaerobic reactors treating CPW submitted to 

partial Fenton effluent recirculation.   
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2. MATERIAL AND METHODS 
 

2.1 Wastewater 
 

 The CPW used in this study was collected in a producing farm in the in the 

northeast of the São Paulo State, Pedregulho (Brazil) (latitude: 20°15'27'' S, 

longitude: 47°28'39'' W), during the harvest period of 2015 and 2016 (April-July). The 

raw CWP presented the followings characteristics: pH: 3.6–4.3; chemical oxygen 

demand (COD): 28500–34000 mg L-1; biological oxygen demand (BOD5): 13000–

17500 mg L-1; total Kjeldahl nitrogen (TKN): 320–370 mg L-1; total phosphorous (TP): 

17.2–21.4 mg L-1; Total phenol content (TPC): 242–261 mg L-1 and total and volatile 

solids (TS, VS): 11200–15800 mg L-1 and 8000–11400 mg L-1, respectively. After pH 

adjustment and dilution to required COD, the effluent was initially treated on a 

continuously operated up-flow anaerobic sludge blanket (UASB) reactor (Figure 1) 

submitted at OLR of 10–12 g COD (L d)-1 and hydraulic retention time (HRT) of 30 h.  

 

 

 

 

 

 

 

 

Figure 1. Scheme of CPW treatment by anaerobic digestion 

 Anaerobic digestion was achieved in stable conditions during the experimental 

period (Appendix B), maintaining a COD removal of 75–80%, with means values in 

the effluent of 1210–1320 mg L-1. To take advantage of the alkalinity generated 

during the AD, a fraction of the effluent was recirculated. The effluent of this system, 
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namely digested CPW or DCPW, was used directly as a substrate for the biological 

and physicochemical post-treatment process implemented. We analyze the nutrients 

and trace elements in the influent of the biologic systems, finding a proper COD:N:P 

ratio (about 100:19:1). In addition, all the micronutrients analyzed showed 

concentrations close to the theoretical requirements for biological treatment systems 

(Table 1), indicating that DCPW constitutes a suitable substrate without any need to 

supplement these compounds or risk of inhibition of biological activity. 

 

Table 1. Nutrients concentrations in the influent of SBR systems 

  SBR-1 SBR-2 Reported 
requirements (a) 

Nutrients ratio 
COD:N:P 100:19.07 100:19.05 100:5:1 (b) 
Micronutrients (mg L-1) 
K 2.34  ± 1.20 1.66 ± 0.72 0.8-3.0  
Mg 6.62  ± 3.68 7.81 ± 3.33 0.4-5.0  
Ca 29.12  ± 6.83 24.9 ± 5.74 0.4-1.4 
Fe 10.41  ± 3.70 11.71  ± 5.41 0.1-0.4  
Zn 0.80  ± 0.46 0.57  ± 0.11 0.1-0.5 
Cu 3.12  ± 1.23 4.08  ± 2.12 0.01-0.5 
Mn 0.06  ± 0.03 0.05  ± 0.04 0.01-0.5 
(a) Reported requirements values estimated for an activated sludge system treating 
domestic wastewater (BURGESS; QUARMBY; STEPHENSON, 1999). (b) 
METCALF & EDDY (2003). 
 

2.2 Biological treatment of DCPW 
 

2.2.1 Sequencing batch reactor 
 

 A sequencing batch reactor (SBR) with an effective volume of 22 L was used 

for biological treatment of DCPW under both short fill and continuous inlet flow mode 

(SBR-1 and SBR-2, respectively). System configuration is showed in Figure 2. A 

volume exchange ratio of 40% was provided throughout the experiment, maintaining 

a feeding and discharging volume of 8 L. The HRT was 2.5 d using a sequencing 

scheme based on a cycle of 24 h. The phases implemented and duration of the 

cycles in SBR-1/SBR-2 systems were: fill (0.3 h/23 h), anaerobic (5 h/5 h), aerobic (9 
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h/9 h), anoxic (9 h/ 9h), settle (0.4 h/0.7 h) and decant (0.3 h/ 0.3h). The sequence 

was controlled by an auto-timer. The reaction phases were mechanically stirred at 35 

rpm. The dissolved oxygen (DO) concentration in the aerobic phase was controlled 

above 3.0 ± 1.0 mg L-1 through air injection in the bottom of the reactor. The 

operational parameters are summarized in Table 2. 

 

 

 

 

 

 

 

 

Figure 2.  Experimental setup. DPCW: Anaerobically digested coffee processing   
wastewater; P1-P3: Sludge collection points. 

 
Table 2. Operational parameters of SBR-1 and SBR-2 systems. 

 
SBR-1 SBR-2 

OLR (g COD (L d)-1) 0.48 ± 0.10 0.43 ± 0.12 
F:C 0.01 0.96 

SLR  (g COD (g VS d)-1) 0.07 0.06 

Temperature (oC) 22.9 ± 1.7 20.5 ± 2.0 

Days in operation 92 115 

OLR: Organic loading rate; F:C: Feed to cycle time ratio; 
SLR Sludge loading rate.  
 

 The seed sludge of SBR-1 was obtained from an activated sludge system 

treating domestic wastewater (TS: 20.8 g L-1, VS: 12.3 g L-1). This inoculum was 

acclimated to the DCPW characteristics for a period of 30 days under the operational 

conditions showed in Table 2. The SBR-2 system was already in operation (210 

days), and the sludge characteristics in this condition were: 18.5 g L-1 TS and 11.1 g 

L-1 VS. Both feeding strategies were operated maintaining a concentration of the 
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mixed liquor suspended solids (MLSS) of 4–5 g L-1. Thus, the systems performance 

was analyzed using similar initial conditions and an activated sludge highly adapted 

to the DCPW proprieties.  

 The estimation of removal efficiency was achieved considering the 

establishment of stable conditions (relatively constant COD removal, with variation 

coefficients < 20%). Therefore, the days of operation in each process showed in 

Table 1 corresponded to this period of operational stability. 

 

2.2.2 Sludge proprieties and microbiological analysis 
 

 Samples of activated sludge from SBR-1 and SBR-2 were collected from 

sludge collection points (Figure 2) at intervals of 30 days to determinate the 

concentrations of mixed liquor suspended solids (MLSS), mixed liquor volatile 

suspended solids (MLVSS), total and volatile solids (TS, VS) and the sludge volume 

index (SVI), according to APHA (2005) and Kanimozhi and Vasudevan (2013).  

Cultivation-based analysis from the activated sludge of the SBR systems was 

performed to establish the abundance of heterotrophic, nitrifying (ammonium and 

nitrite oxidizers) and denitrifying bacteria employing the most probable number 

method (MPN).  

 A sample composed from the three sludge collection points was taken in 

sterile 50 mL tubes, at day 0 and 90 for SBR-1, and at day 0 and 115 for SBR-2. 

Afterwards, an aliquot of 10 mL of the mixed material was suspended in 100 mL 

sterile 0.9% sodium-chloride solution. The sludge suspensions were shaken for 30 

minutes on a gyratory shaker (130 rpm) at room temperature (20 ºC) for desorption of 

bacterial cells. The sludge suspension obtained was allowed to settle for 1 min. and 

subsequently a serial dilution was performed. The MPN enumeration involved a five-

tube procedure. Culture media and growth conditions for each physiological group 

were realized as described by Koops and Pommerening-Röser (2001) and Elbanna 

and Atalla (2011). The MPN values were calculated using the MPN Calculator 

(http://www.i2workout.com/mcuriale/mpn/) 
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2.3 Fenton process  
 

2.3.1 Reaction time and initial pH  
 

 Fenton process was carried out by using the reaction conditions for CPW 

treatment recommended by Kondo et al. (2010), consisting of a H2O2:Fe+3 molar ratio 

of 0.47 to 0.063. The final volume for each reaction was 300 mL of DCPW. Initially 

was added the required quantity of iron (as FeCl3.6H2O), followed for a pH adjust to 

the desired value with 1 M H2SO4 or 1 M NaOH.  Fenton oxidation started by adding 

H2O2, and was maintained during the required period. A stirring bar at 200 rpm 

provided the agitation of the system. Afterwards, appropriate amount of lime 

(Ca(OH)2 was added to adjust the pH of the medium to an alkaline value (pH 9.0) 

and stop the reaction, followed by 60 min of settling. Supernatant was withdrawn for 

physicochemical analysis. Initially, reaction performance was tested at three initial pH 

values (3.0, 4.0 and 5.0), and three reaction times (30, 60 and 90 min) by using a 

composed sample obtained from the UASB system effluent. The more efficient 

condition was selected and then compared with SBR technology and applied in the 

strategy integrated (SBR plus Fenton).   

 

2.3.1 Reuse of Fenton effluent (recirculation) 
 

 The effect of Fenton effluent recirculation on the performance of two high-rate 

anaerobic reactors was assessed as reuse strategy. For this, an upflow anaerobic 

sludge blanked (UASB) reactor (20 L), and a horizontal anaerobic immobilized 

biomass (HAIB) reactor (3.9 L) were employed. The reactors were already in 

operation at organic loading rate (OLR) of 5 and 9.3 g COD (L d)-1 (UASB and HAIB, 

respectively). A fraction of the effluent of each system was individually submitted to 

optimized Fenton process. The operation was achieved continuously at room 

temperature (25.3 ºC). Initially, the systems were operated without recirculation by 34 

days. After this period, reactors were submitted to partial Fenton effluent 

recirculation, employing a proportion of CPW : Fenton of 3:2 by a period of 40 days. 

This dilution was used considering the necessary operational OLR, trying to maintain 
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low coefficient variations (< 20%). The performance was assessed in terms of 

methane production and organic matter removal efficiency. 

 

2.4 Analytical methods  
 

 Samples of influent and effluent of the SBR-1 and SBR-2 systems were 

collected twice weekly, and after of the Fenton process, in order to analyze the total 

and volatile solids (TS, VS), chemical oxygen demand (COD), pH, total, partial, and 

intermediate alkalinity (TA, PA, and IA), total volatile acids (VFA), total ammonia 

nitrogen (TAN), total Kjeldahl nitrogen (TKN) and total phenol content (TPC), 

according to the methodologies described in APHA (2005), Ripley et al. (1985), 

Dilallo and Albertson (1961) and Singleton et al. (1998). The concentrations of total 

phosphorus (TP) and the micronutrients potassium (K), magnesium (Mg), Calcium 

(Ca) iron (Fe), zinc (Zn), cupper (Cu) and manganese (Mn) were determined weekly, 

after acid (nitric-perchloric) digestion of the sample and measurement by atomic 

absorption spectrophotometer, as described by APHA (2005). For the statistical 

analysis were considered the initial (influent) and final (effluent) values for each 

parameter assessed in the SBR-1 and SBR-2 system. An analysis of variance was 

then performed using the Tukey test. The statistical data analysis was carried out 

using R software (version 3.1.3). Biogas production volume was assessed daily in 

gasometers, and biogas composition was analyzed weekly by gas chromatography 

(APHA et al., 2005). The results of the methane production were reported at standard 

temperature and pressure (STP. 101.325 kPa. 273.15 K). 

 

3. RESULTS AND DISCUSSION 
 

3.1 Biological treatment  
 

3.1.1 SBR performance at single and continuous mode 
 

 A stable performance in both feeding modes was observed throughout the 

experimental period. This condition was favored by the not VFAs accumulation and 
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the presence of enough alkalinity in the influent, which provides a strong buffering 

capacity keeping neutral levels and low variation of pH values (Table 3). 

Consequently, an optimal pH range for the microbial activity in the systems was 

observed. A significant COD reduction was obtained, representing mean removal 

efficiencies of 74% and 65% in SBR-1 and SBR-2, respectively (Figure 3) (Appendix 

C). This suggests that the organic matter present in the DCPW can be properly 

stabilized on SBR reactor independently of the F:C ratio.  

   

Table 3. Physicochemical parameters of the influent and effluent of SBR systems 
 

Parameter 
SBR-1 SBR-2 
Influent Effluent Influent Effluent 

pH 8.12 ± 0.25 a  8.04 ± 0.13 bc 7.90 ± 0.25 c 8.17 ± 0.25 ab 
TA  2528 ± 492 ab 2133 ± 641 b 2802 ± 651 a 2354 ± 683 b 

VFA  262 ± 105 a 93 ± 22 b 220 ± 94 a 104 ± 41 b 

TS   2224 ± 386 a 592 ± 110 c 1156 ± 324 b 797 ± 301 c 

VS  733 ± 124 a 192 ± 21 c 452 ± 166 b 281 ± 92 c 

COD  1320 ± 115 a 346 ± 97 d 1218 ± 106 b 431 ± 118 c 

TAN    212.1 ± 16.5 a 32.9 ± 12.2 c 199.1 ± 51.2 a 82.5 ± 45.9 b 

TKN  243.1 ± 14.5 a 39.9 ± 22.0 c 254.9 ± 51.4 a 117.7 ± 52.9 b 

TP  5.8 ± 1.7 ab 1.7 ± 0.7 c 6.90 ± 2.1 a 4.69 ± 2.0 b 

TPC  87.5 ± 11.4 a 4.0 ± 1.7 d 63.4 ± 12.8 b 36.5 ± 12.7 c 
Units: mg L-1 except pH. Means values followed by the same letters on the lines do not 
differ significantly by the Tukey test (p < 0.05). TA: Total alkalinity; VFA: Volatile fatty 
acids; TS: Total solids; VS: Volatile solids; COD: Chemical oxygen demand; TAN: Total 
ammonia nitrogen; TKN: Total Kjeldahl nitrogen; TP: Total phosphorous; TPC: Total 
phenol content.  

 

 Since the CPW characteristics, it is probably that a significant proportion of 

organic matter of difficult degradation persists after anaerobic treatment, becoming 

available for aerobic phase in the SBR cycle. However, despite the relatively high 

HRT imposed in this study, remaining concentrations of COD in the effluent of the 

SBR systems were evidenced (Table 3). Considering these results, it can thus be 

reasonably assumed that DCPW contain recalcitrant compounds, which may 

influence that higher removal efficiencies cannot be achieved. This observation is 

consistent with others authors, which have reported persistence of remaining 

concentrations of organic matter in treated CPW using various methods, including 
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post-treatment systems. In this regard, working with a SBR reactor treating raw and 

diluted CPW, Asha and Kumar (2016), obtained a COD removal up to 92%, using 

diluted raw CPW in cycles of 24h and HRT of 48h. Moreover, Bruno and Oliveira 

(2013) working in continuous feed mode in cycles of 24h with HRT of 106 h obtained 

a maximum COD removal of 57% from DCPW.   

 

  

 

 

 

 

 

 

 

 

 

Figure 3.  Removal efficiencies obtained by the SBR systems in batch and fed-batch 
modes (SBR-1, SBR-2, respectively). COD: Chemical oxygen demand, 
TKN: Total Kjeldahl nitrogen; TP: Total phosphorous; TPC: Total phenols, 
VS: Volatile solids. The points indicate the mean values obtained for each 
parameter. 

 

 Removal efficiencies obtained in this study, concerning to organic matter 

contained in the digested effluent from coffee wastewater, suggest that SBR 

technology using both short and continuous inlet flow, is a feasible alternative for 

DCPW post-treatment and highlight the effectiveness of an anaerobic-aerobic 

configuration for the stabilization of this type of effluents, indicating that an 

important fraction that can not be degraded by anaerobic digestion, can be 

successfully oxidized by the aerobic process. 
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3.1.2 Nitrogen and phosphorous removal  
 

 Average values of TKN removal were 84% and 54% for SBR-1 and SBR-2, 

respectively (Figure 3). These results were enabled by the incorporation of the 

aerobic and anoxic phases in the SBR cycle and suggest that, as expected, nitrogen 

removal in SBR-2 is primarily influenced by the continuous integration of the 

anaerobic effluent to the system.  

 The significant reduction of TAN and alkalinity concentrations, associated with 

the presence of NOx species (NO2–N/NO3–N), evidenced nitrifying activity (Figure 4). 

Means concentrations of nitrate were 30.0 ± 15.8 mg L-1 and 22.3 ± 6.1 mg L-1, and 

of nitrite were 0.74 ± 0.22 mg L-1 and 3.21 ±1.03 mg L-1, for SBR-1 and SBR-2, 

respectively. Therefore, a high fraction of TAN was oxidized in the system during the 

experimental period. 

 Means values of total nitrogen (TN) concentration and its relative proportions 

of nitrogen forms such as organic nitrogen and nitrate/nitrite compounds in the 

influent and effluent of the SBR systems are showed in Figure 6. The means values 

of total nitrogen removal were 71% and 44% for SBR-1 and SBR-2, respectively. The 

accumulation of TAN and the low removal of organic nitrogen (N-org) in the SBR-2 

system indicate that the leading cause of the differences between the feeding 

strategies can be associated to an insufficient aerobic period of the influent submitted 

to treatment in the continuous mode. To analyze this trend, we evaluate the 

performance of an operational cycle, determining the transient concentration of 

significant parameters in defined time intervals. The profile obtained showed a 

definite difference in the concentrations of nitrogen compounds determined through 

the process between each of the feeding strategies evaluated. 

 The analysis of the operational cycle evidenced the nitrifying and denitrifying 

activity in both systems, which was defined explicitly by the scheme implemented. In 

the SBR-1 system (Figure 5a), the aerobic phase showed a marked decrease of the 

TAN concentrations, which can be associated with the increasing concentrations of 

nitrate and nitrite evidenced. Also, the alkalinity concentration presented a marked 

reduction from the beginning of the aerobic phase (from 2.1 to 1.4 g L-1), whereas in 

the anoxic stage the alkalinity level of the system increased to 1.7 g L-1. This result 
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was expected due to nitrate reduction by denitrifying microorganisms is an alkalinity 

produce process.  

 

 

 

 

 

 

 

 

Figure 4. Average values obtained for total nitrogen, organic nitrogen (N-org) and 
nitrate/nitrite compounds (NOx) in SBR-1 and SBR-2. 

 
 Even though the aerobic phase showed a decrease of TAN concentration in 

the continuous flow mode (Figure 5b), the continuous substrate incorporation 

induced the maintenance of concentrations of ammonia in the system, which failed to 

be effectively oxidized in the subsequent anoxic phase, due to mainly to the reduced 

concentrations of dissolved oxygen in the mixed liquor. Moreover, was evidenced 

that in the SBR-2 system, nitrate concentrations were maintained in higher 

proportions that the SBR-1 process, indicating a possible impairment of the 

denitrifying activity in this process.  

 Although recent literature has focused mainly in the organic matter removal 

from raw coffee processing wastewater (Guardia-Puebla et al., 2014; Asha and 

Kumar, 2016; Villa-Montoya et al.,  2017), some authors using a variety of treatment 

systems has reported values of TN removal at similar levels to those obtained in the 

present study. Rossman et al. (2012), using a system of wetlands treating pre-

aerated CPW with HRT of 12 days, obtained efficiencies between 57 and 69%. 

Beyene et al. (2014), working with an anaerobic batch reactor with HRT of 70 days 

and initial concentrations of TN of 350 mg L-1 reported removal efficiencies between 

15–70%. Whit the SBR technology used in the present study, a significant removal of 

TN was obtained with HRT of 2.5 days from anaerobically digested CPW in both 

feeding patterns evaluated. 
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Figure 5. Cycle analysis of the sequencing batch reactor (SBR) in short-fill mode 
(SBR-1) at 90 days of operation (a), and continuous fill mode (b). TA: Total 
alkalinity; DO: Dissolved oxygen; TAN: Total ammonia nitrogen; VFA: 
Volatile fatty acids; TPC: Total phenol content. An, Aer and Anox: 
Anaerobic, aerobic and anoxic phases, respectively.  

  

 The removal efficiencies obtained can be associated additionally to the 

wastewater characteristics. Anaerobically digested wastewater presents high 

concentrations of total ammonia, produced during the anaerobic degradation of 

organic nitrogenous compounds such as proteins or amino acids (Khanal, 2008). In 

this study, these concentrations ranged from 199 to 212 mg L-1 (Table 3). Thus, the 

ammonia constitutes a readily bio-available nitrogen form, which is used as substrate 

for nitrifying activity, and subsequently removed as molecular nitrogen during the 

denitrifying reactions. Consequently, in terms of nitrogen removal, SBR reactor 

integrated with anaerobic systems is a feasible alternative for CPW stabilization. 
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 The MPN method showed increasing concentrations of nitrifying microbiota in 

the activated sludge of the reactors (Table 4). A predominance of ammonia-oxidizing 

bacteria (OAB) was evidenced, with 7 and 6 magnitude orders after 90 and 115 days 

of operation in SBR-1 and SBR-2, respectively. Enumeration of nitrifying and 

denitrifying bacteria was higher in short fill mode than continuous mode, which was 

consistent with the total nitrogen removal obtained by both systems. In addition, 

enumeration of heterotrophic bacteria in SBR-1 system was superior in 2 magnitude 

orders (Table 3). These results imply that the operational conditions imposed 

stimulating the microbial growth involved in nitrogen and organic matter removal of 

the anaerobically digested CPW, mainly with low F:C ratio. 

 
Table 4. Heterotrophic and nitrifying/denitrifying numbers by MPN method in the      

activated sludge from SBR systems.  
 

Day in operation TH OAB NOB DN 
SBR-1 

    
0 7.5 x 107 6.4 x 106 1.1 x 105 4.5 x 104 

90 1.6 x 109 2.08 x 107 2.1 x 106 2.9 x 105 

SBR-2 
    

0 1.1 x 108 2.29 x 105 1.5 x 103 2.0 x 103 

115 2.4 x 107 4.58 x 106 2.4 x 104 4.3 x 103 

Values showed as MPN mL-1. TH: Total heterotrophs, OAB: Oxidizing ammonia 
bacteria, NOB: Nitrate Oxidizing bacteria, DN: Denitrifying bacteria.  
 

 The mean values of TP removal were 70% and 33% for SBR-1 and SBR-2, 

respectively (Figure 3). These results indicate that the operational conditions 

established allowed the accumulation of phosphorus in the biomass, being 

subsequently removed from effluent by sedimentation and washed of the excess 

sludge. In order to provide proper conditions for the activity of phosphate 

accumulating microorganisms (PAOs), and considering the presence of low 

molecular weight organic compounds such as VFAs in the influent (Table 3), we used 

an anaerobic-aerobic scheme in the operational cycle. VFAs represents a readily 

carbon source for PAOs, which are uptake mainly in anaerobic conditions and 

subsequently transformed in storage products such as polyhydroxybutyrate (PHB). 
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 In aerobic conditions, the energy released from PHB oxidation can be used to 

form polyphosphate, which helps to remove the soluble orthophosphate present in 

the mixed liquid (Metcalf and Eddy, 2003). The analysis of an operational cycle 

performed on SBR-1 (Figure 5a) showed an increase of the orthophosphates 

concentrations in the anaerobic period, associated with a significant VFAs reduction. 

Subsequently, the aerobic period was characterized by an enhanced reduction 

soluble orthophosphates, which suggests phosphorous uptake in the biomass. 

However, low concentrations of orthophosphates persist in the final effluent, which 

suggest that removal of this parameter in the SBR-1 system is feasible of 

optimization.  

 The phosphorous removal in the SBR-2 system suggests that a fraction of the 

soluble orthophosphates were uptake in aerobic phase. However, given the 

continuous feeding strategy, the initial VFAs concentration was not high enough at 

the beginning of the anaerobic phase, being its reduction of only 14% in this period 

(Figure 5b). These conditions drastically reduced the activity of PAOs, causing a 

lower uptake of orthophosphates in the aerobic phase. Continuous incorporation of 

phosphorus with the influent did not allow achieving greater removal efficiencies.  

 The results obtained in this study concerning nutrients removal (N and P) 

highlight the feasibility to use the SBR technology as post-treatment alternative of 

anaerobically digested CPW. Therefore, the biological treatment of this effluent in 

SBR reactor can significantly reduce chemical species that remain unchanged during 

the anaerobic digestion. Despite the fact that SBR-1 system presented the higher 

removal efficiencies, was found that SBR operated with a continuous inlet flow can 

reduce significantly these constituents, improving the quality of the effluent with the 

added benefit of reducing operational and treatment area requirements. 

 

3.1.3 Removal of phenolic compounds 
 

 The initial concentrations of TPC in the influent were 87.5 mg L-1 and 63.4 mg 

L-1 in the SBR-1 and SBR-2 systems, respectively (Table 3). Phenol represents an 

important environmental pollutant, which is present in raw CPW between levels 

usually ranging from 15 to 280 mg L-1 (Fia et al., 2012; Rossmann et al., 2012; Bruno 
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and Oliveira, 2013). Therefore, the means values of TPC detected in the 

anaerobically digested CPW used comprised an important fraction of these 

compounds, which persist in the wastewater at high concentrations even after of the 

anaerobic treatment (Villa-Montoya et al.,  2017).  

 The SBR-1 process showed a mean phenol removal about 95%. This level of 

efficiency was much higher with respect to others stabilization strategies using raw 

CPW treatment at similar initial concentrations (Rossmann et al., 2012; Fia et al., 

2013). Given the influent characteristics, these results suggest that phenolic 

compounds can be used as substrate by phenol degrading microorganisms, which 

would use phenolic compounds as carbon source due to the reduction of the 

bioavailability of other substrates, and to the predominance of compounds with more 

difficult degradation.  

 The biological mechanisms of phenol degradation can be performed under 

anaerobic and aerobic conditions (Basha et al., 2010). In this study, the performance 

analysis of an operational cycle of the SBR system showed that the higher levels of 

TPC removal were obtained in the aerobic phase in both feeding strategies (Figure 5 

a-b). Therefore, it is probable that a significant percentage of the removal efficiency 

obtained in the experimental period is associated with aerobic degradation pathways. 

This is consistent with previous observations obtained by Raikar et al. (2015), which 

determined that with the increase in the aeration rate, there is an increase in the 

degradation rate of phenol during the operation of a SBR system treating synthetic 

wastewater. These observations would explain the lower efficiency of TPC removal 

obtained in the SBR-2 system, which was 41% (Figure 2). Thus, insufficient aeration 

period of the substrate during the operational cycle would reduce the probability of 

obtaining higher levels of efficiency in relation to TPC removal in this feeding 

strategy.  

 Mean values of the final concentrations of TPC obtained were 4.0 mg L-1 and 

36.5 mg L-1, which presented a significant difference regarding the initial 

concentrations (Table 3). Although the Brazilian regulation prescribed 0.5 mg L-1 as 

the maximum permissible concentration of phenol as release pattern in water bodies 

(CONAMA Resolution No. 357, 2005), the results obtained in this study suggest that 

a biological post-treatment system with a highly adapted microbiota to CPW 
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proprieties is a feasible technology for TPC reduction from anaerobically digested 

CPW. Consequently, this approach has features to optimize the efficiency levels of 

phenols removal, maintaining a simultaneous stabilization of other critical parameters 

such as COD, N and P.  

 

3.1.4 Sludge characteristics 
 

 The feeding pattern affected the sludge quality during the experimental period. 

As can be seen in Table 5, the SBR-1 system was found to retain more of its 

biomass in solution, increasing the concentration of the MLVSS. In the SBR-2 

system, these values increase slightly, and at 116 days in operation the 

concentration obtained was inferior that these evidenced in the SBR-1.  

  

Table 5. Activated sludge characteristics during the experimental period  

Day Parameters   
VS/TS MLTSS (g L-1) MLVSS (g L-1) SVI (mL g-1) 

SBR-1 
    0 0.72 4.64 3.33 112.1 

30 0.79 5.19 4.08 98.3 
60 0.8 5.26 4.22 95.1 
90 0.81 5.31 4.29 91.9 

SBR-2 
    0 0.72 4.31 3.11 133.4 

30 0.74 4.39 3.23 136.7 
60 0.74 4.63 3.43 140.4 
90 0.77 4.54 3.5 138.8 
116 0.76 4.73 3.73 133.2 

Values estimated from three sludge collection points located at different 
heights of the reactor compartment.  VS: Volatile solids, TS: Total 
solids; MLSS: Mixed liquor suspended solids; MLVSS: Mixed liquor 
volatile suspended solids. 

  

 Regarding VS/TS ratio, values obtained showed an increase in the biomass 

content of sludge in the SBR-1 system, and a maintaining of its concentration in the 

SBR-2 system during the experimental period. However, both systems presented 

values above 0.7 during the experimental period, indicating a stable biomass 

generation in the system. The feeding mode presented additionally different patters 

regarding sludge settleability. Usually, values of SVI < 100 mL g-1 are indicators of 
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good settleability characteristics and high biomass concentration in the reactor 

compartment (Kanimozhi and Vasudevan, 2013). 

 The single feed mode showed good settleability characteristics throughout the 

experimental period, while that SBR-2 presented values of SVI ranged from 133 to 

140 mL g-1 (Table 5), indicating poor settling proprieties. Martins et al. (2003), using 

an easily degradable substrate, showed that increasing the length of the feed in a 

SBR system creates a low substrate concentration, which can negatively affect the 

settling properties of the activated sludge. When the fill time is short, a high substrate 

gradient is evidenced, which promotes the substrate intake close to the maximum 

specific rate of bacteria, leading to good settleability. In addition, the presence of 

substrate gradients in the system are thought to select for a sludge with better 

settling properties, due to the selection of floc-forming microorganisms against 

filaments (Dionisi et al., 2006). 

 Sludge quality in SBR-1 system was also excellent, with complete flocculation 

of the sludge particles, leaving a clear supernatant. This was evidenced by a higher 

VS removal, obtaining mean values of 74% and 59% in SBR-1 and SBR-2 systems, 

respectively (Figure 2). Therefore, the results obtained in the SBR-1 system 

(regarding settling properties and biomass concentration) are consistent the 

operational conditions implemented and with the highest levels of efficiency obtained. 

 

3.2 Fenton process  
 

3.2.1 Optimization of the reaction time and initial pH 
 

 Fenton reaction was employed as chemical post-treatment strategy. We used 

the dose of H2O2:Fe+3 established by Kondo et al. (2010), which worked with a CPW 

of similar characteristics that the employed in this study. To reduce the reaction time 

and operational procedures, we determined the most efficient conditions at three 

different Fenton's reaction times (between 0.5–1.5 h), and three different initial pH 

values (3.0, 4.0 and 5.0). The process performance was evaluated considering the 

COD removal, Ca(OH)2 requirements, settled sludge and turbidity obtained after 

Fenton- process. The results of Table 6 shows that an initial pH of 5 leads to obtain 
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the higher removal of COD. Besides, this condition reduces the application of 

Ca(OH)2 required by the pH increase. 

 

Table 6. Effect of initial pH and time of Fenton's reaction on the performance of 
Fenton process for DCPW treatment 

 
Initial
pH 

Time Fenton's 
reaction (h) 

COD removal 
(%)  

Ca(OH)2 
(g L-1)  

Settled sludge 
(mL L-1)   

Turbidity 
(NTU) * 

3 
0.5 43.9 2.2 10.8 30.5 
1.0 47.7 2.0 12.5 27.0 
1.5 53.8 2.0 13.0 25.0 

4 
0.5 39.0 2.1 6.7 28.5 
1.0 44.3 1.8 6.7 25.5 
1.5 46.2 1.8 8.0 24.5 

5 
0.5 62.0 1.9 12.5 25.0 
1.0 62.4 1.6 13.3 25.5 
1.5 63.1 1.7 13.3 24.0 

 Parameters determined after Fenton C-F process. * Initial turbidity: 420 NTU. 

 As seen in Table 6, the time of Fenton's reaction did not affect the efficiency 

levels obtained. Despite these advantages and the reduction of the effluent turbidity, 

the higher generation of settled sludge was evidenced in this condition. The sludge 

treatment and subsequent disposal it is beyond the scope of this study. However, it is 

a pertinent criterion to be considered for the development of eventual real-scale 

operation using this technology. Regarding an eventual effluent recirculation into the 

anaerobic treatment, we determined the concentrations of H2O2 residual in the 

effluent, obtaining not detectable levels for all treatments. Thus, levels of this reagent 

would not represent a risk for the biological activity for the anaerobic systems. 
 

3.2.2 Integrated strategy: Fenton plus SBR system 
 

 Given the high removal efficiencies of COD obtained (> 62% at pH= 5), we 

compared the performance of this post-treatment strategy in front of the SBR-1 

system treating the same influent. In addition, to optimize the removal efficiencies 

both strategies were integrated (Table 7). The application of Fenton process allowed 

obtaining high removal efficiencies, mainly for phenols, solids (TS and VS) and 

organic matter (COD and BOD). Regarding phenolic compounds, Fenton's process 

has proved to be particularly efficient in the removal of this parameter (Yavuz et al., 
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2007; Bakir et al., 2007; Yalfani et al., 2009). Thus, this method results to be more 

effective than the biological strategy in the treatment of DCPW, obtaining removal 

efficiencies about 99%. 

 

Table 7. Comparison of biological, chemical and a combination of the two DCPW 
post-treatment strategies  

 
 

 

DCPW SBR-1 Fenton process SBR-1 + Fenton 
process  

pH 8.11 ± 0.07 8.02 ± 0.09 7.01 ±  0.04** 7.03 ± 0.02** 
TA  2633 ± 152 2198 ± 322 186 ±  52 121 ± 15 
VFA  257 ± 93 93 ± 22 77 ±  23 56  ±  11 
Turbidity 420 ± 15 34.1 ± 7.2 25.0 ± 5.4 23.4 ± 3.8 
TS   2121 ± 244 592 ± 110 (72) 352 ± 120 (83) 104 ± 26 (95) 
VS  692 ± 95 222 ± 21 (67) 197 ± 19 (72) 96 ± 17 (86) 
COD  1418 ± 121 550± 94 (61) 522 ± 104 (64) 127 ± 34 (91) 
BOD 440 ± 38 248 ± 12.3 (44) 262 ± 25 (41) 41 ± 12 (91) 
TAN    240 ± 15 23 ± 5 (90) 206 ± 14 (14) 16 ± 2 (93) 
TKN  279 ± 12 55 ± 7 (80) 224 ± 52 (20) 38 ± 8 (86) 
TP  5.7 ± 1.2 1.6 ± 0.7 (70) 1.4 ± 0.6 (75) 0.7 ± 0.2 (87) 
TPC  75.0 ± 9.1 4.0 ± 1.7 (95) 0.9 ±  0.4 (99) nd 

* Operated in stable conditions at short-fill mode; ** after neutralization. Units: mg L-1 except pH and 
Turbidity (NTU). nd: Not detected. Means values following by standard deviation of three replicates. 
Removal efficiencies (%) are shown between brackets. Maximum permitted values for effluent 
discharge according to Brazilian National Environmental Council (CONAMA 430/2011): pH: 5-9, 
BOD: Minimal removal of 60%, TAN: 20 mg L-1, TPC: 0.5 mg L-1. 
 
 

 As expected, Fenton was not effective for the removal of nitrogen compounds. 

However, a removal up to 75% for total phosphorous was obtained. This level of 

efficiency can be influenced by the chemical precipitation mechanism, which occur 

mainly by the application of Ca(OH)2 to stop the reaction. Consequently, this strategy 

represents an interesting option to be applied on the anaerobic effluents. Since the 

application of both methods individually does not meet the established discharge 

criteria according to the Brazilian National Environmental Council (CONAMA 

430/2011), we determined the efficiency level integrating both post-treatment 

strategies, utilizing the scheme SBR plus Fenton process (Table 7). This strategy 

allowed obtaining a better-quality effluent, with high removal of organics and nutrients 

(N and P), and with no detectable levels of phenolic compounds. Consequently, if the 

main objective of the post-treatment process consists in the effluent discharge, the 

integration of both processes is the most effective strategy.  
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3.3 Reuse of Fenton effluent (recirculation) 
 

 As the resultant Fenton effluent was not totally satisfactory to meet the 

discharge standard, we analyze the effect of the partial Fenton effluent recirculation 

on anaerobic reactors, aiming to establish an application of reuse for this effluent and 

a possible anaerobic performance improvement. As can be seen in Table 8, a 

recirculation of 40% of the Fenton effluent showed a significant increase in the 

methane production and COD removal in the anaerobic reactors. This suggests that 

probably, the residual content of Fe, the high biodegradability (BOD/COD=0.5, Table 

7), and the reduction of recalcitrant compounds realized in the Fenton process favor 

the anaerobic microbiota colonizing these systems. 

 

Table 8. Methane production and COD removal efficiency in anaerobic reactors 
without and with Fenton effluent recirculation   

 

  Withouth recirculation With recirculation 
UASB (OLR: 5 g COD (L d)-1) 
MPR 0.60 ± 0.08 a 0.89 ± 0.10 b 
SMY 0.17 ± 0.03 a 0.21 ± 0.02 b 
%CH4 77.2 80.2 
COD removal (%) 76.2 ± 3.2 a 82.7 ± 1.7 b 
HAIB (OLR: 9.3 g COD (L d)-1) 
MPR 0.99 ± 0.07 a 1.31 ± 0.09 b 
SMY 0.12 ± 0.03 0.15 ± 0.03 
%CH4 75.4 76.8 
COD removal (%) 67.3 ± 5.9 a 72.7 ± 2.4 b 

UASB: Upflow anaerobic sludge blanket; HAIB: Horizontal anaerobic 
immobilized biomass reactor; MPR: Methane production rate (L CH4 
(L d)-1; SMY: Specific methane yield (LCH4 (g COD removed)-1. 
Means values followed by the different letters on the line differ 
significantly by the Tukey test (p < 0.05). 

  

 Fe constitutes a relevant cofactor of enzymatic activities of methanogens, 

such as pyruvate-ferredoxin oxidoreductase (Romero-Güiza et al., 2016). 

Consequently, supplementation of Fe during the anaerobic treatment of a variety of 

effluents plays a prominent role in the system efficiency, increasing the conversion 

rate of organics to methane (Barros et al., 2017; Yamada et al., 2015). 
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 As aforementioned, residual concentrations of H2O2 were not detected. Thus, 

the DCPW treated by Fenton process did not represent a risk for the biological 

activity. The partial recirculation of this effluent generated promising results in relation 

to the increase in methane production of high-rate anaerobic reactors, which can 

eventually to constitute a strategy for reuse of these effluents. However, additional 

studies estimating the Fe content in these effluents and other variables such as 

optimal proportions of CPW:Fenton effluent should be considered to optimizing this 

process.   

 

4. CONCLUSIONS 
 

  Simultaneous removal of critical pollutants from anaerobically digested CPW 

was obtained by both biological (SBR operated under short or continuous fill mode) 

and chemical methods. The applicability of these treatment alternatives is dependent 

of the main purpose of the use of the final effluent obtained (i.e. effluent recirculation 

or discharge into the environment). Thus, on the basis of the above results, the 

following general conclusions can be drawn: 

 

i) Substrate characteristics and application of an anaerobic-aerobic-anoxic scheme in 

a SBR favored the generation of optimal biological treatment conditions. Despite the 

fact that continuous mode showed significant removal efficiencies for COD, TKN, TP, 

TPC and VS, constituting a more attractive strategy, its performance was 

considerably altered by the continuous flow of substrate, resulting in unsatisfactory 

evolution of the activated sludge proprieties and lower abundance of relevant 

microbiota associated to biological nutrient removal.  

 

ii) The use of a short-fill period in the SBR operation was found to be highly efficient 

for the COD, TN, TP and TPC removal, representing a suitable biotechnological 

approach for the post-treatment of CPW. 

 

iii) Fenton process is an efficient alternative for chemical treatment of DCPW mainly 

for organics, solids and phenolic compounds removal, obtaining an effluent with 
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proper characteristics for effluent recirculation into the anaerobic system. Optimal pH 

values and reaction time obtained allowed simplifying the operational requirements. 

 

iv) An integrated configuration (SBR plus Fenton) is an effective strategy for proper 

stabilization of DCPW, with which high efficiency levels can be obtained (about 91%, 

86% and 87% for organic matter, N and P, respectively), with non-detectable levels 

of phenolic compounds. Consequently, the effluent obtained under these conditions 

presents optimal levels of pollutant indicators for discharge, in accordance with the 

requirements of the Brazilian legislation. 

 

v) Partial Fenton effluent recirculation improved the methane production and organic 

matter removal of two independently operated anaerobic reactors. Consequently, this 

method represents a promising alternative for its reuse. 
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CHAPTER 6 - Final considerations  
 

 

1. PERFORMANCE OF HIGH-RATE ANAEROBIC REACTORS 
  

 In this study, the performance of three different configurations of high-rate 

anaerobic reactors concerning pollutant removal and biogas production from coffee 

processing wastewater (CPW) was evaluated. The systems were submitted to 

gradual increasing of organic loading rates (OLRs) and the effluent obtained was 

partially recirculated to take advantage of the alkalinity generated during the 

anaerobic digestion process.  Although CPW presents a high trend to the 

acidification (due to its high concentration of readily fermentable sugars), it was 

demonstrated that proper operational conditions provide a stable performance of the 

anaerobic reactors, ensuring the rapid consumption of volatile fatty acids (VFAs) and 

maintaining a high concentrations of anaerobic biomass into the digestion 

compartments of anaerobic reactors. 

 Regarding methane production and organic load stabilization, the two-stage 

upflow anaerobic sludge blanked (UASB) reactor system showed the best 

performance. This configuration provided proper conditions for anaerobic treatment 

of CPW, favored by the incorporation of a second UASB reactor in the line of 

treatment. Thus, COD removal was high despite OLR increase. Besides, it was 

evidenced that the gradual OLR increase and effluent recirculation allowed reaching 

optimal proportions of micronutrients (mainly Fe), which was consistent with the high 

methane production rate (MPR) obtained.  

 We also analyzed the operation of a horizontal-flow anaerobic immobilized 

biomass (HAIB) system (with reactors in series), obtaining highest results of MPR 

and specific methane yield in comparison with a single-stage UASB reactor. This 

configuration showed operational stability and proper biomass development. The 

alternative support material employed in this system (corn cobs) evidenced a good 

cellular adhesion, leading to obtaining an effective start-up period allowing, 

additionally, to establish a strategy for the treatment of this agricultural by-product. 

Moreover, the sludge obtained in the digestion compartment presented high stability 

and concentration of volatile solids (VS). This alternative demonstrated, also, that a 
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compartmentalized anaerobic system reduces the risk of inhibition of the 

methanogenic microbiota in the system by compartmentalization, which has an 

advantage compared to other processes using another type of hydraulic regime.  

 These results suggest that the high-rate anaerobic reactors employed where 

useful for achieving the dual role of the anaerobic treatment process (production of 

energy and removal of organic matter), which would make possible its application in 

the field, improving the quality of the effluent generated in the various activities post-

collection made in the coffee industry. However, although the anaerobic reactors 

showed an exciting potential in terms of removal of various pollutants, mainly 

phosphorus (facilitated probably by chemical precipitation phenomena), volatile 

solids and phenolic compounds, it was determined that the substantial increase in 

organic load results in lower levels of efficiency, finding high final concentrations of 

various compounds, requiring the application of post-treatment systems. 

 

2. MICROBIAL POPULATIONS IN ANAEROBIC REACTORS TREATING CPW 
 

 Microbial populations analyzed by using molecular and classical approaches 

from sludge samples of the high-rate anaerobic reactors showed a balance between 

acetate and H2 utilizers methanogens at high OLRs. Therefore, independently of the 

system configuration, methane production from CPW is associated with a relative 

equilibrium and balanced co-existence between these populations. It was evidenced 

that at low OLRs, acetoclastic methanogenesis has seen to be prevalent in these 

systems, and the load increase leads to a shift of the microbial structure, which 

favors the increase of hydrogenotrophic methanogens in the system. This condition 

is in agreement with the maintaining of proper thermodynamic equilibrium of the 

process, ensuring a low hydrogen pressure and provides stable conditions for 

methanogenesis.  

 A more detailed analysis of the predominant microbiota was performed from 

UASB reactor submitted to low and high OLR applying new generation sequencing 

(NGS). The findings revealed a marked increase of syntrophic bacteria, mainly 

represented by Syntrhophus and Candidatus Cloacimonas. Since these 

microorganisms can generate H2 employed as a substrate of hydrogenotrophic 
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methanogens, it was evident its critical role in the anaerobic digestion of CPW. Also, 

the substrate characteristics such as high VFAs, COD, organic nitrogen and phenolic 

compounds influenced the microbial diversity,  reducing the diversity present in the 

anaerobic environment and providing the conditions for the prevalence of specialized 

microorganisms adapted to the imposed conditions. Thus, these populations 

guaranteed the stability of the system, generating a high methane production. 

 

3. POST-TREATMENT OF BIODIGESTED CPW AND REUSE 
 

 The biological and chemical processes were effective alternatives for the 

treatment of biodigested CPW. The SBR system fed continuously showed the 

simultaneous removal of various constituents, which has particular relevance 

concerning improving the quality of the anaerobic effluent. Therefore, although other 

post-treatment systems were more efficient, the continuous feeding system could be 

a proper solution to the management of biodigested CPW, reducing the operational 

requirements, with which these effluents could be conducted to other treatment 

systems or to be applied in reuse purposes. 

 The batch-fed reactor proved to be particularly useful for the development of 

conventional nitrification/denitrification processes, and biological removal of 

phosphorus and phenols. Additionally, the phases applied in the implemented cycle 

made it possible to obtain a high removal of organic matter. In this study, this system 

proved to be the most efficient biological strategy, generating an effluent of better 

quality, facilitated by a better evolution of the activated sludge and reducing the 

disadvantages presented by the continuously operating  strategy.  

 The Fenton process was used as a chemical post-treatment strategy for the 

anaerobic effluent obtained from a UASB reactor treating CPW. The optimization of 

the control parameters such as initial pH and reaction time allowed evidenced that it 

is an exciting strategy to remove recalcitrant compounds from CPW, mainly COD, 

solids, and phenols. Additionally, the application of Ca(OH)2 to stop the reaction, 

showed an interesting effect in terms of phosphorous removal. However, this method 

also results in high production of residual sludge, which should be considered in 

treatment systems. 
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 Since the effluent of the Fenton process presented a high biodegradability, we 

tested its partial recirculation in anaerobic systems to determine a reuse strategy. 

This activity increased the efficiency in terms of COD removal and methane 

production in two independently operated anaerobic reactors. Thus, beyond of 

obtaining a better-quality effluent, chemical post-treatment is a method potentially 

useful to obtain an effluent with potential proprieties of reuse, which have real 

implications on the performance of anaerobic treatment systems.  

 Finally, the integrated biological and chemical methods showed high removal 

efficiency, obtaining an effluent with proper characteristics of discharge, in 

consonance with the Brazilian legislation. All these results suggest that effective 

treatment of CPW can be obtained, applying high-rate anaerobic reactors, followed 

by appropriate post-treatment strategies (biological/chemical or integrated 

processes), which could provide impressive results in larger scale systems, providing 

real implications for achieved a more sustainable coffee production activities.  

   

4. PERSPECTIVES  
 

 According to the results obtained in the present study, the following 

perspectives were identified: 

 

i. To evaluate the performance of high-rate anaerobic reactors at constant 

temperature (i.e. 35ºC), using differet OLRs to determinate if higher levels of 

efficiency can be obtained. 

 

ii. To obtain a more detailed description of the microbiota associated to the HAIB 

reactors by metagenomic analysis, to determine possible effects of the series 

configuration on the microbial diversity in this system. 

  

iii. Perform functional analysis from the information obtained by NGS in the UASB 

reactor (R1), to determine the predominant metabolic pathways associated with the 

system under low and high OLR conditions. 
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iv. To evaluate the effect of the micronutrient supplementation (i.e. Fe) in anaerobic 

systems treating CPW to demonstrate the stability with the system and possible 

efficiency improvement. 

 

v. To evaluate different operational cycles in the SBR reactor fed continuously or 

intermittently to study the feasibility of reducing the operational requirements. 

 

vi. To establish the effect of Fenton effluent recirculation in the performance of 

anaerobic systems, considering different OLR conditions, the proportion of 

recirculated effluent, and the concentration of Fe residual and the biodegradability 

index. 
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Appendix A.  Characteristics of the primers used in the present study. 
 

Name Target group Primer sequence (5'-3') Tm* 
(ºC) 

Concentration in 
PCR reaction (nM) 

Song et al. (2010) 
 ARC787F Archaea ATTAG ATACC CSBGT AGTCC 

62 100 
ARC1059R  GCCAT GCACC WCCTC T 

MBT857F Methanobacteriale
s CGWAG GGAAG CTGTT AAGT 

57 300 
MBT1196R  TACCG TCGTC CACTC CTT 

MMB282F Methanomicrobial
es ATCGR TACGG GTTGT GGG 

64 600 
MMB832R  CACCT AACGC RCATH GTTTA C 

MSL812F Methanosarcinale
s GTAAA CGATR YTCGC TAGGT 

62 300 
MSL860R  GGTCC CCACA GWGTA CC 

Msc380F Methanosarcinace
ae GAAAC CGYGA TAAGG GGA 

57 300 
Msc828R  TAGCG ARCAT CGTTT ACG 

Mst702F Methanosaetacea
e TAATC CTYGA RGGAC CACCA 

62 600 
Mst753R  CCTAC GGCAC CRACM AC 
Lee et al. (1996)  
SRV3-1 Bacteria CGGYCCAGACTCCTACGGG 

62 100 
SRV3-2   TTACCGCGGCTGCTGGCAC 

* Tm: Annealing temperature. 
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Appendix B.  Performance of anaerobic system employed for generation of 
DCPW used in the post-treatment strategies. Arrows indicate the 
period in which the effluent was collected for achieved the 
Fenton experiments. 
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Appendix C. Temporal variation of COD, nitrogen compounds, phosphorous and 
phenols during SBR performance. Black squares: Influent; gray 
triangles: Effluent; white circles: NOx; X: Removal efficiency. 
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