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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. 
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 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. 
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