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RESUMO 
 

Bruna Luiza Managó. Tratamento de águas residuais de celulose por biorreator 

de membranas. 

  

O tratamento de efluentes da indústria de celulose e papel é geralmente um desafio, 

principalmente devido a rápidas mudanças em sua composição e presença de 

grandes variedades de compostos tóxicos e inibidores como enxofre, taninos, lignina, 

compostos orgânicos clorados, matéria orgânica e compostos orgânicos refratários. 

Biorreatores de membrana (BRM) estão sendo adotados no tratamento de efluentes 

de celulose e papel para a obtenção de efluentes de alta qualidade, a fim de atender 

a um rigoroso limite de descarga ou para a reutilização sustentável do efluente tratado. 

A estrutura microbiana da biomassa está diretamente correlacionada ao tipo de 

sistema de tratamento, o que melhora a eficiência e a estabilidade do processo. Neste 

estudo, foi realizado o monitoramento em escala de bancada dos sistemas anaeróbio 

(SAnBRM) e aeróbio de BRM tratando o efluente resultante da produção de celulose. 

O foco foi avaliar o desempenho operacional para a investigação dos mecanismos de 

remoção de compostos e comparar os resultados deste estudo com dados obtidos de 

um reator anaeróbio convencional (AR) em escala industrial, tratando o mesmo 

efluente. Avaliando as diferenças na comunidade bacteriana, bem como a utilização 

de ozônio e nanofiltração (NF) como pós-tratamento, visando atingir parâmetros de 

qualidade da água para reutilização. O SAnBRM teve 79% de eficiência de remoção 

de DQO, comparado a 20% do AR. A maior eficácia de remoção de sólidos em 

suspensão do SAnMBR foi o resultado da separação dos biossólidos pelas 

membranas sendo independente das características da biomassa. A alta e estável 

eficiência de remoção de DQO mostra que o SAnBRM apresenta robustez para 

variações no afluente e para problemas operacionais, quando comparado com o 

digestor anaeróbio em escala industrial. Análises taxonômicas indicaram que 

Bacteroidetes, Proteobacteria, Euryarchaeota e Firmicutes, são as quatro populações 

microbianas mais abundantes nas amostras de lodo do SAnMBR, sendo responsáveis 

por 77,6% de toda a população. Para o AR, os quatro principais filos, representando 

60,4% do total de taxa, foram Proteobacteria, Firmicutes, Actinobacteria e 

Bacteroidetes. As diferenças nas principais configurações operacionais entre AR e 

SAnMBR e a adição de módulos de membrana influenciaram a eficiência global, bem 

como na diversidade de biomassa. SAnBRM+NF, SAnBRM+BRM e BRM+NF são 

métodos atrativos para purificar águas de descarga para reutilização, ao comparar os 

resultados de efluentes finais com as diretrizes de reutilização de água para 

reutilização de águas residuais em todo o mundo. Experimentos com efluentes do 

SAnBRM e BRM com e sem aplicação de ozônio como pós-tratamento indicaram que 



 

 
 

o efeito fitotóxico em sementes de Lactuca sativa final foi reduzido (GI> 50%). O 

efluente final também mostrou um bom potencial para sua reutilização, e poderia ser 

como água de processo ou uma finalidade menos nobre. 

 

Palavras-Chave: digestão anaeróbia; biorreator de membrana; efluente de papel e 

celulose; sequenciamento de DNA de nova geração; reutilização de água. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

ABSTRACT 
 
 

Bruna Luiza Managó. Treatment of pulp wastewater by membrane bioreactor. 

  

Treatment of pulp and paper industry wastewaters is usually a challenge mainly due 

to rapid changes in their composition and presence of large varieties of toxic and 

inhibitors compounds such as sulfur, tannins, lignin, chlorinated organic compounds, 

organic matter and organic refractory compounds. Membrane bioreactors (MBR) are 

being adopted in the treatment of pulp and paper wastewater to obtain high quality 

effluents in order to meet a strict discharge limit or for the sustainable reuse of the 

treated effluent. Biomass microbial structure is directly correlated on the type of 

treatment system hence that enhances process efficiency and stability. Within this 

study, bench-scale monitoring of anaerobic (SAnMBR) and aerobic MBR systems 

treating effluent resulted from pulp production was performed. The focus was on the 

evaluation of the operational performance for the investigation of the mechanisms of 

removal of compounds and compare the outcomes of this study with data obtained 

from a full-scale conventional anaerobic reactor (AR) treating the same effluent. 

Assessing differences in bacterial community, as well as the suitability of ozone and 

nanofiltration (NF) as post treatment, aiming to achieve water quality parameters for 

reuse. SAnMBR had 79% removal efficiency of chemical oxygen demand (COD), 

compared to 20% from AR. The higher SAnMBR suspended solids removal 

effectiveness was the result of the separation of biosolids by membranes being 

independent of the biosludge characteristics. The stable and high COD removal 

efficiency shows that the SAnMBR presents operational robustness for variations in 

the feed strength and for operational problems, when compared with the full-scale 

anaerobic digester. Taxonomic analysis indicated Bacteroidetes, Proteobacteria, 

Euryarchaeota and Firmicutes, are the four most abundant microbial populations in 

SAnMBR sludge samples, being responsible for 77.6% of the whole population. For 

full-scale AR, the four main phyla, representing 60.4% of the total taxa, were 

Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes. The differences in the 

main operational configurations between AR and SAnMBR and the addition of 

membrane modules influenced the global efficiency, herewith the biomass diversity. 

SAnMBR+NF, SAnMBR+MBR and MBR+NF are attractive methods to purify 

discharge waters for reuse, when comparing final effluents results to water reuse 



 

 
 

guidelines for wastewater reuse around the world. Experiments with SAnMBR and 

MBR effluents with and without ozone application as a post-treatment, indicated that 

the final phytotoxic effect was reduced (GI >50%). The final effluent also showed a 

good potential for water reuse, and could be as process water or a less rigorous finality. 

 

Keywords: anaerobic digestion; membrane bioreactor; pulp and paper wastewater; 

DNA next-generation sequencing; water reuse. 
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GENERAL INTRODUCTION 

 

Pulp and paper mills generate a large volume of effluents, which has alerted 

to an advance in the water reuse technologies used in forest-based industries, thus 

allowing this important natural resource to have other uses.  

Treatment of pulp and paper wastewaters is usually difficult mainly due to rapid 

changes in their composition and presence of large varieties of toxic and inhibitors 

such as sulfur, tannins, lignin, sterols, chlorinated organic compounds, organic matter 

and a large amount of organic bio refractory compounds, which contribute to its 

reduced degradability (Ordaz-Díaz et al., 2016).  

The membrane bioreactor (MBR) is among the promising technologies 

capable of removing several pollutants found in industrial effluents (Yang et al., 2006; 

Neoh et al., 2016). To this end, MBR technologies are being adopted in the treatment 

of pulp and paper wastewater to obtain high quality effluents in order to meet a strict 

discharge limit or for the sustainable recovery and reuse of the treated effluent (Lerner 

et al., 2007; Sousa et al., 2011; Amaral et al., 2012; Qu et al., 2012; Amaral et al., 

2014).  

 MBR systems consist essentially of a combination of membrane units 

responsible for physical separation, and systems of biological reactors responsible for 

the biodegradation of organic and biodegradable residuals (Lin et al., 2012). This 

technology allows to achieve high concentrations of biomass in the biological reactor, 

intensifying the process of degradation of the carbonaceous matter and increasing the 

treatment efficiency (Santos et al., 2011). 

Other advantages of the process are the low sludge production, high organic 

volumetric loads, short hydraulic retention time and higher solid retention times of 

biomass (Schneider and Tsutiya, 2001), resulting in less space required and a higher 

quality of the generated effluents in terms of turbidity, bacteria density, suspended 

solids and organic matter when compared to conventional technologies (Metcalf and 

Eddy, 2016).  

Research and commercial applications of MBR technology for industrial 

wastewater treatment with potential for reuse are advancing rapidly around the world. 

Fundamental aspects studied in academic research predominantly involve issues 

related to membrane fouling, microbial characterization and optimization of operational 

performance (Lin et al., 2012; Judd, 2016; Neoh et al., 2016). 
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Biomass microbial structure is directly correlated on the type of treatment 

system hence by the selection of a specific method we can favor certain species of 

biomass belonging in the sludge, that enhances process efficiency and stability 

(Cydzik-Kwiatkowska and Zielińska, 2016). For industrial applications, as influent 

seasonal variations in feed strength are often encountered, it is always desirable to 

improve the treatment efficiency and biological stability (Gao et al., 2016). 

At present, in Brazil, there is no knowledge of wastewater treatment plants, of 

pulp and paper industries, that operate a MBR system. Few studies are done with this 

type of effluent, especially regarding the observation and monitoring in the long term, 

addressing the microbial conversions taking place in the reactors, assessed by high-

throughput sequencing. 

The aim was to monitor the operational performance of the anaerobic 

(SAnMBR) and aerobic (MBR) membrane bioreactor systems at bench-scale for the 

investigation of the mechanisms of compound removal and to compare the results with 

data obtained from a conventional anaerobic reactor at a full-scale, treating effluent 

from the productive process of pulp. 

In order to achieve the general aim, the study is organized in three chapters, 

where each chapter had the purpose of covering a specific objective. 

The specific objectives are:  

1. To study main differences between the performance of pulp wastewater 

treatment by bench-scale SAnMBR and a full-scale anaerobic reactor. 

2. To identify differences in bacterial community between the bench-scale 

SAnMBR and a full-scale anaerobic reactor. 

3. To propose post-treatments and analyze the possibility of final treated 

effluent reuse according to the standards.  
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CHAPTER I - Submerged anaerobic membrane bioreactor and conventional 

anaerobic horizontal flow reactor for pulp wastewater treatment 

 

Abstract: A bench-scale submerged anaerobic membrane bioreactor 

(SAnMBR) treating pulp processing wastewater was investigated for the evaluation of 

its treatment efficiency. The key focus of the study was to compare the outcomes of 

this study with data obtained from a full-scale conventional anaerobic reactor (AR) 

treating the same effluent. SAnMBR was operated for five months and fed with 

wastewater from an Australian pulp processing factory, characterized by  inhibitory 

sulfate concentration (803 mg L-1) and low biodegradability (BOD/COD 0.19). The 

SAnMBR operational parameters were chosen to be similar to the configuration 

already stipulated for the AR at the wastewater treatment plant that was used in this 

case study: temperature (25 and 35 °C), HRT (2.8 and 2.9 days), pH (7.0 and 7.4), 

OLR (1.7 and 1.2 kg COD m-³ d-¹), MLSS (13.8 and 7.4 g L-1) for AR and SAnMBR, 

respectively. SAnMBR had 79% removal efficiency of chemical oxygen demand 

(COD), compared to 20% from AR. The higher SAnMBR suspended solids removal 

(87%) effectiveness was the result of the separation of biosolids by membranes being 

independent of the biosludge characteristics. High molecular weight (MW) (>148,0000 

Da) compounds persisted through the AR and SAnMBR and can be attributed as a 

result of microorganisms releasing high MW molecules during cell lysis and decay or 

they were produced during substrate metabolism. The stable and high chemical 

oxygen demand (COD) removal efficiency shows that the SAnMBR presents 

operational robustness for variations in the feed strength and for operational problems, 

when comparing with conventional anaerobic digesters. In this way, SAnMBR can be 

a promising alternative for large-scale operation in pulp and paper mills. 

 

Keywords: anaerobic digestion; anaerobic membrane bioreactor; pulp and paper 

wastewater; chemical oxygen demand. 
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1. Introduction 

 

Pulp and paper mills generate a large volume of effluent, which has identified 

the need to advance water reuse technologies used in forest-based industries, thus 

allowing this important natural resource to have other uses. Large varieties of 

compounds are generated during different stages of the pulp and paper production 

process (Dvořák et al., 2016). These effluents are generally characterized by high 

organic matter, color and odor, as well as containing toxic inhibitor compounds, such 

as sulfur, resin acids, tannins, lignocellulosic material, chlorinated organic compounds, 

and a large amount of organic bio refractory compounds that contribute to its reduced 

degradability (Lin et al., 2013a; Amaral et al., 2014). The large daily variation of the 

volumetric flow rate and composition of the wastewater are also limitations to its 

effective treatment (Meyer and Edwards, 2014). 

Pulp processing wastewater from Victoria, Australia was investigated for the 

evaluation of its treatment efficiency. The main characteristics of this wastewater are 

high sulfate concentration (803.5 mg L-1) and low biodegradability (BOD/COD 0.19), 

which originates from the ozone bleaching effluent, pulp mill effluent, and wood yard 

effluent. Currently, the wastewater treatment plant (WWTP) process flow sheet 

consists of primary clarification, two anaerobic horizontal flow reactors (AR), and 

aerobic membrane bioreactor (MBR). The ARs are experiencing operational issues, 

such as low removal (20%) of chemical oxygen demand (COD) and the release of 

solids to the downstream MBR process of the WWTP.  

The submerged anaerobic membrane bioreactor (SAnMBR) system combines 

the advantages of both anaerobic digestion and membrane filtration (Hubbe et al., 

2016). Anaerobic processes are considered more suitable to treat high strength 

organic effluents (Meyer and Edwards, 2014), whereas can offer advantages in terms 

of low energy requirements, process stability and energy production (Ashrafi et al., 

2015). In the meantime, membrane separation technique is capable of high organic 

matter removal performance such as absorbable organic halides, COD, and color from 

pulp and paper mills (Savant et al., 2006; Qu et al., 2012; Amaral et al., 2014), 

providing an equal or superior permeate quality and simultaneously eliminated the 

sludge deflocculation and separation issues associated other treatments configuration 

(Lerner et al., 2007; Neoh et al., 2016).  
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Although anaerobic digestion is a process frequently applied for the treatment 

of various industrial wastewaters (Lin et al., 2013a), it is not used as widely as the 

aerobic biological treatment process for the pulp and paper industry (Ashrafi et al., 

2015; Hubbe et al., 2016). A few studies for SAnMBR system treating pulp and paper 

wastewaters has been studied for membrane fouling, operational conditions, and 

organic matter removal (Lin et al., 2009; Liao et al., 2010; Xie et al., 2010; Gao et al., 

2016; Kamali et al., 2016).   

A long term study encompassing the acclimation and stabilization phases 

assessing the efficiency of the SAnMBR treating pulp and paper mill wastewater, 

including a molecular weight distribution and fluorogenic fractions profile, has not 

previously been investigated. In this study, a bench-scale SAnMBR treating real 

pulping processing wastewater was operated for five months, and the performance 

was compared with an existing full-scale anaerobic horizontal flow reactor, treating the 

same wastewater during similar period of time. 

 

2. Materials and Methods  

 
2.1 Feed wastewater characteristics 

 

Wastewater samples were taken from a large pulp and paper mill from Victoria, 

Australia. It currently consists of two wood lines, three pulp mills, one bleach plant, five 

papermaking operations, a large chemical recovery facility, steam and electrical power 

generation and a water and effluent treatment system. The source water is constituted 

of higher strength mill wastewater, including bleach plant effluent, pulp mill effluent and 

wood yard effluent. The raw pulp wastewater main characteristics are color 2,800 Pt-

Co, turbidity 1,700 NTU, COD 1,508 mg L-1, total phosphate 0.55 mg L-1, total nitrogen 

10 mg L-1, and total suspended solids (TSS) 285 mg L-1.  

The  effluent  undergoes  primary  clarification  at  the pulp and paper mill  

before  it  is  treated  by  anaerobic reactors at the WWTP. Samples were taken after 

primary clarification for this study, being used as the feed, to compare the efficacy 

between the bench-scale SAnMBR and the full-scale anaerobic reactors at the WWTP.  

Wastewater samples were sent in sealed containers by courier every two 

weeks. The containers were refrigerated at 4 °C until prior use. The experimental 

process and data analysis were carried during the period of July until December 2017. 
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Data about the treatment system and quality parameters was provided by the 

company.  

 

2.2 Submerged anaerobic membrane bioreactor experimental setup 

 

A bench-scale SAnMBR of 5.6 L working volume, made of glass, was used in 

this study and operated with a hydraulic retention time (HRT) of 2.8 days. A level 

sensor was connected to a feed pump, to control the flow rate and HRT. The bioreactor 

was connected to a Bio Console (ADI 1035/Applikon, Holland), which controlled a 

mechanical stirrer (200 rpm) used to suspend the biomass. The temperature was 

maintained at 35 ± 1 °C by recirculating hot water through the bioreactor water jacket. 

The C:N:P ratio of feed was maintained at 100:2.5:0.5 and nutrient supplement (NH4Cl 

and KH2PO4) was added to adjust to this ratio depending on the quality of the feed 

(Rajeshwari et al., 2000). The pH (7.4 ± 2) control was done manually whenever 

needed, adding 0.1 mol L-1 HCl solution. The schematic diagram of the SAnMBR is 

shown in Fig. I - 1. 

 

Fig. I - 1. Schematic diagram of SAnMBR. 

 
The SAnMBR operational parameters were chosen to be similar to the 

configuration already stipulated for the AR at the WWTP that was used in this case 

study. The main parameters were temperature (25 and 35 °C), HRT (2.8 and 2.9 days), 

pH (7.0 and 7.4), OLR (1.7 and 1.2 kg COD m-³ d-¹), MLSS (13.8 and 7.4 g L-1) for AR 

and SAnMBR, respectively.  

The bench-scale SAnMBR was operated for a total of 20 weeks, divided into 

2 weeks of start-up, 8 weeks of acclimation period including the stabilization of the 

biomass concentration and chemical oxygen demand removal, and 10 weeks of 



 

7 
 

experimental phase. The company data from the same period of time was used for the 

comparison. Removal efficiency results are shown after two weeks of start-up phase 

of operation for the bench-scale SAnMBR. 

 

2.2.1 Start-up process to acclimatize the bench-scale submerged anaerobic 

membrane bioreactor   

 

SAnMBR was acclimatized using anaerobic sludge brought from the full scale 

AR at the WWTP treating pulp wastewater. Following the wet-seeding procedure, a 

mixture of 20% of sludge and 80% of water was used as the start-up mixed liquor for 

the bioreactor. SAnMBR was fed with pulp wastewater brought from the same WWTP 

and operated for two weeks to acclimatize the bioreactor to the new operational 

conditions. Nitrogen gas was added during the two first weeks to ensure that favorable, 

strict anaerobic conditions were maintained in the bioreactor during the acclimation 

process. The C:N:P ratio of feed was maintained at 100:2.5:0.5 and 

nutrient supplement (NH4Cl and KH2PO4) was added to adjust to this ratio depending 

on the quality of the feed (Rajeshwari et al., 2000). During the entire period of operation 

of the reactor, no sludge was discharged except for sludge sampling (180 ml weekly). 

 

2.3 Operatinal conditions of anaerobic reactors at full-scale 

 

The company has two parallels AR (Fig. I - 2), that were designed to pre-treat 

industrial wastewater discharged from the pulp mill (flow 17 ML d-1) and hence to 

control the sludge production in the central municipal wastewater treatment plant. 

Sludge removed from the AR was dewatered using centrifuges, while liquid effluent 

was treated in the industrial aerobic membrane bioreactor (MBR) plant.  

Each reactor consisted of a lined earthen bund with a flexible, floating cover. Each 

reactor was divided by a bund into reactor and clarifier zones. The top of the bund 

around the reactors had a width of 4.5 metres and the exterior earthen slopes had a 

grade of 3H:1V, while interior slopes had a grade of 2H:1V. The depth of the reactors 

was 6 m, and the maximum water depth was 5.6 m.  
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Fig. I - 2. Diagram indicating the Australian pulp and paper mill influent and the site 
waste stream to the anaerobic reactor. APST - Primary sludge from the activated primary 

sedimentation tank; CFAT - centrifuge feed averaging tank. Source: (Gippsland Water Factory).  

 

2.4 Water quality analyses and characterization 

 

Feed, permeate and mixed liquor suspended solids (MLSS) samples were 

collected three times a week and stored at 4 °C for analysis The quality of wastewater 

samples before and after treatment were routinely measured for: COD, total organic 

carbon (TOC), MLSS, mixed liquor volatile suspended solids (MLVSS), volatile 

suspended solids (VSS), and TSS.  

TOC was measured using a total organic carbon analyser (TOC-VCPH/CPN) 

(Shimadzu, Japan). COD was measured using the Standard Method 5220 D (APHA, 

2012). A HACH DR 5000 spectrophotometer was used for measuring COD parameter. 

MLSS, MLVSS, VSS, and TSS were performed according to Standard Methods 2540 

D/E (APHA, 2012). The pH and temperature were measured using a pH/ORP meter 

(HI221-HANNA).  

 

2.4.1 Size exclusion chromatography  
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Molecular weight (MW) distributions by size exclusion chromatography (HPLC-

SEC) analyses were performed using absorbance at 254 nm following a TSK gel 

column (GMPWXL, C-No.G3370) at room temperature using a phosphate buffer (10 

mM KH2PO4 + 10 mM Na2HPO4, 0.04 M, pH 6.8) as the mobile phase. The column 

was operated with a flow-rate of 1.0 mL min-1 and a 10 µL injection volume. 

Polystyrene sulphonate (PSS) molecular weight standards of 1,100, 98,600, 148,000 

and 960,000 Da were used to calibrate the LC column, with 5 different concentrations 

(2000, 1000, 500, 20 ppm). The samples were centrifuged for 10 minutes (3,220 rpm), 

the supernatant was then filtered (<0.45 μm) prior to analyses by HPLC-SEC. 

 

2.4.2 Fluorescence excitation-emission matrix 

 

A bench top fluorometer (Aqualog, Horiba) was used to conduct fluorescence 

excitation-emission matrix (EEM) measurements. The scans were performed from 200 

to 800 nm at increments of 3 nm. Samples were filtrated with regenerated cellulose 

syringe filter (0.20 μm) before measurement.  

 

3. Results and Discussion  

 

3.1 Submerged anaerobic membrane bioreactor start-up  

 

The MLSS used for the seeding process had a concentration of 13.8 g L-1. 

There was a decrease in the biomass during the two weeks of start-up, and this period 

was necessary to allow the biomass to acclimatize (Lin et al., 2013b).  COD removal 

during this phase was 27-36%. Throughout the 20 weeks of operation, the MLSS 

concentration in the SAnMBR was maintained at 7.4 ± 1.6 g L-1 (Fig. I - 3). This value 

was within the range of previous studies (5.7-11.3 g L-1) using lab-scale SAnMBR for 

treating pulp and paper wastewater (Lin et al., 2009; Gao et al., 2010; Lin et al., 2011). 

After the eight weeks of acclimation period, a slight increase in MLSS was 

observed, coinciding with higher influent COD concentration suggesting that increased 

substrates promoted biomass growth. During the acclimation phase period, COD 

removal efficiency gradually increased to over 79% (Fig. I - 3), and then remained at a 

relatively constant level during steady-state operation, reaching a maximum of 86% 

COD removal.  
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Fig. I - 3. SAnMBR acclimation and experimental phase, according to the stabilization 
of MLSS concentration and COD removal. 

 

In this study, the highest OLR recorded was 1.2 kg COD m-³ d-¹ and the 

average MLSS measured was 7.4 ± 1.6 g L-1. These operational conditions could not 

be increased further due to limitation of the influent COD concentration of the pulp and 

paper mill (range of 1,200-2,370 mg L-1) and the sustainable membrane flux (10.2 L m-

2 h-1) that the SAnMBR could achieve without excessive fouling of the membrane.  

Kale and Singh (2016), treating prehydrolysis liquor from a dissolving pulp mill 

by a sludge-bed anaerobic membrane bioreactor, observed an average COD removal 

of 91% irrespective of the increase in the organic loading rate in a range from 0.8 to 

10 kg COD m3 d-1.  

 

3.2 Parameters removal performance  

 

Table I - 1 summarizes the average characteristics of treated wastewater in 

the SAnMBR and in the AR process.  
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Table I - 1. Average effluent characteristics of treated wastewater in the SAnMBR and 
in the AR process and removal efficiency for COD, TOC, VSS and TSS. 

 AR (full-scale) SAnMBR (bench-scale) 

Parameter 

(mg L-1) 
Effluent Rem. (%) Effluent Rem. (%) 

COD  1,256 ± 237 20 407 ± 85 79 

TOC  494 ± 237 12 88 ± 16 63 

VSS  431 ± 204 -90 18 ± 9 93 

TSS  502 ± 258 -71 39 ± 15 87 

 

Fig. I - 4 compares the main parameters for effluent quality and removal 

efficiency of both treatment systems, during 17 weeks of operational tests, including 

acclimation and experimental phases. 
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Fig. I - 4. Comparative effluent concentrations for SAnMBR and AR treatment (primary 
axis). Comparative efficiency removal for SAnMBR and AR (secondary axis). (a) COD; 
(b) TOC; (c) TSS and (d) variation of the SAnMBR and AR soluble COD in the effluent 
related to the TSS effluent concentration. Values are mean ± SD (n = 3/week). 

 

The stable and high COD removal efficiency (79 ± 5 %) shows that the 

SAnMBR presents operational robustness for variations in the feed strength and for 

operational problems. For example, a temperature shock of less 10 °C for a period of 

five days (Fig. I - 3), due to a failure in the water bath pump, decreased the COD 

removal to 69%, but after one week the system recovered and stabilized again. The 

COD removal efficiency of the SAnMBR system was predominantly better than the AR 

system (20 ± 23 %). Account should be taken of the operational problems experienced 

by the AR during this time, as the AR released solids in to the supernatant, leading to 

an increase in effluent COD and to the effluent COD being higher than the influent on 

occasions. Similar efficiency removal behavior was found for TOC, with average 

removal values of 12% and 63% for AR and SAnMBR, respectively.  

Thompson et al. (2001) summarized typical COD removal data for the 

treatment of paper mill wastewaters using anaerobic membrane bioreactors, and 

identified that a relatively constant removal efficiency of about 80% could be achieved 

and that the treated effluent had a COD concentration of around 800 mg L-1. 

Considering this information, the results from the five months operation of the bench-

scale SAnMBR tested in this study is comparable to that of the MBR and activated 
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sludge treatment (Lerner et al., 2007), anaerobic–aerobic biological treatment (Lin et 

al., 2013b) and SAnMBR treatment (Gao et al., 2016) of pulp and paper wastewater. 

For industrial applications, as the influent tends to vary from time to time, it is always 

desirable to improve the treatment efficiency and stability. 

Data summarized in Fig. 4c indicates that, as expected, SAnMBR was more 

efficient than AR in the removal of the suspended solids. TSS removal efficiency of 

SAnMBR was close to 87% during the entire experimental period, with residual values 

varying from 10 to 50 mg L-1. The effluent TSS concentrations of AR varied from 120 

to 1,121 mg L-1, indicating high fluctuations and operational problems with the 

biosludge settling and flocculation ability. The higher SAnMBR suspended solids 

removal effectiveness was the result of the separation of biosolids by membranes 

being independent of the biosludge characteristics (Gao et al., 2016). 

Lerner et al. (2007) compared the treatment efficiency of MBR and activated 

sludge (AS) as the second bio-treatment stage following anaerobic treatment of paper 

mill wastewater. The data showed that the MBR could produce an effluent of much 

better quality in terms of suspended solids. It was presumed that the use of MBR 

process could exclude the need for a separate filtration process in order to reach more 

stringent wastewater discharge standards, due to the low and uniform TSS 

concentration in the MBR effluent. However, the other basic parameters (i.e. COD, 

BOD, TP and NH4
+- N) did not show substantial differences between AS and MBR. 

Fig. I - 4d shows the variation of the soluble COD in the SAnMBR and AR 

effluents, related to the TSS effluent concentration. Data from the WWTP indicated 

that 67% of the COD influent was in the soluble form, and that 43.5% of the soluble 

COD was removed by the AR. However, the total COD removal in the AR effluent was 

around 20%, due to organic colloids and solids that escape in the supernatant. The 

pulp and paper wastewater samples used as feed in this study had 70% of its total 

COD composition as soluble COD, the other 30% was attributed to solids and colloids 

that were retained in the bioreactor by the membrane. SAnMBR biomass and 

ultrafiltration membranes together removed 69% of the soluble COD portion and 79% 

of its total portion, resulting in a final effluent with low concentration of solids (39 ± 15 

mg L-1), with 87% removal of TSS and 93% of VSS.  

Gao et al. (2010) worked with SAnMBR treating paper production wastewater, 

with operating conditions of MLSS = 5.7 ± 0.8 g L-1 and OLR = 2.4 ± 0.4 kg COD m-³ 

d-¹ and reached 90% of COD removal. Operational configuration of MLSS = 8.3 ± 1.6 
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g L-1 and OLR = 3.1 ± 0.8 kg COD m-³ d-¹ were tested by Lin et al. (2009), while treating 

Kraft evaporator condensate with SAnMBR, reaching up to 99% of COD removal, and 

TSS were undetectable.  

 

3.3 Molecular weight distribution 

 

Data of HPLC-SEC (Fig. I - 5) show major differences in the MW distributions 

of organic compounds before and after AR and SAnMBR treatment of the pulp 

wastewater used as feed on both treatment systems. 

 

Fig. I - 5. HPLC-SEC chromatograms of UV response at 254 nm showing (I) AR 
effluent; (II) SAnMBR effluent and (III) Feed. 

 

It could be observed on the chromatogram (Fig. I - 5), that there were 

similarities of the HPLC-SEC profiles, i.e., two main peaks, between the feed, AR 

effluent and SAnMBR effluent. 

The majority (>89 %) of the UV254 absorbance present in the feed, SAnMBR 

effluent and AR effluent were in the low MW range < 1,100 Da, the second largest 

percentage (> 4 %) of UV254 absorbance was related to high MW > 976,000 Da 

compounds. 

There was a slight but gradual decrease in peak intensities in low MW 

compounds (Fig. I - 5), which can be due to biological degradation of organic 

compounds. AR was responsible for removing 5.5% and SAnMBR 1.9% of peak area 
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for compounds with 1,100 Da. Corroborating with Leiviskä et al. (2008), who stated 

that the low MW compounds (<3,000 Da) proved to be more biodegradable.   

AR was capable of decreasing 80% of the feed area in low and medium MW 

range (1,100-148,000 Da). Previous study suggested experimental evidence of 

degradation of low-molar-mass fractions as well as chemical condensation into larger 

molecules during biological treatment of effluents (Ganczarczyk and Obiaga, 1973). 

Andersson et al. (2008) suggests that low molecular compounds are removed by 

sorption to the biomass or degradation mechanisms, resulting in high MW compounds, 

which are harder to biodegrade, dissolved in the effluent. 

Leiviskä et al. (2008) characterized the changes in MW distribution in pulp and 

paper effluents before and after activated sludge treatment. Wastewater samples were 

submitted to microfiltration and ultrafiltration, in the range of 8–0.22 μm and 100–3 

kDa, respectively. HPLC-SEC was used to determine the MW distribution of pre and 

post-treatment samples. Results indicated that most of the material present in both the 

influent and effluent was in the medium MW range (i.e. MW< 10 kDa) with three main 

MW subfractions. Medium molecular weight (MW= 6 kDa fraction) was highlighted with 

50% reduction, probably due to the biological process.  

Data originated by the HPLC-SEC chromatograms (Fig. I - 5) shows that high 

MW (>148,0000 Da) compounds persisted through the AR and SAnMBR treatment 

process and increased in relative abundance compared to the feed. Laspidou and 

Rittmann, (2002) inferred that microorganisms released the high MW molecules during 

cell lysis and decay and/or they were produced during substrate metabolism. Biological 

processes condensing the lignin-like material, typical in pulp and paper wastewater, 

thereby increasing the molar mass, can also explain the changes in the MW in the 

SAnMBR treatment effluent. Lignin fragments typically consisted of phenyl propane 

chains with molecular weight of 1,000–10,000 Da (Leiviskä et al., 2008).  

  

3.4 Fluorescence excitation-emission matrix 

 

The spectra obtained for the feed, AR and SAnMBR effluent is presented in 

Fig. I - 6. Distinct fluorescent peaks were seen characterized into four groups (P1, P2, 

P3 and P4) based on the excitation/emission wavelengths and correlated to the 

fluorescence regional integration excitation (Ex.) and emission (Em.) regions (Singh et 

al., 2009). Peak P1 is assigned as aromatic protein (region I Ex. 220-250/Em. 280-
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332). Peak P2 is related to common chemical characteristics of pulp mill effluent such 

as lignin sulfonates, lignin, and degraded lignin, which show similar fluorescence 

maxima near excitation Ex. 280 nm/Em. 320 nm (region IV Ex. 250-400/Em. 280-380) 

(Santos et al., 2000). Peak P3 originated from humics, comprising of humic and fulvic 

acids, designated as humic-like peaks (V region Ex. 250-400/Em. 380-500) (Chen et 

al., 2003). A distinct peak P4 was observed at the range Ex. 450-600 nm/Em. 550-700 

nm and is expected to be contributed by chlorophyll-like compounds (Mazel and Fuchs, 

2003).  

 

 

 

Fig. I - 6. FEEM spectrums for (a) Feed; (b) SAnMBR effluent and (c) AR effluent. 
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Both treatments removed various fluorogenic fractions as indicated by the 

decrease in the fluorescent intensity. The peaks P1 and P2 were significantly removed 

in all instances (Fig. I - 6a, b and c). Clearly, SAnMBR treatment acted on some of the 

organic matter fractions present in the untreated water, represented by peak P3. 

However, peak P4 was more concentrated after the SAnMBR treatment (Fig. I - 6a and 

b). Further investigations need to be done to identify the origin of the chlorophyll-like 

peak. AR treatment increased the fluorescent intensity of P3 (Fig. I - 6a and c) 

attributed from microbial by-products derived humic-like fluorescence in the range Ex. 

370/Em. 450 nm (Chen et al., 2003), probably due to organic compounds released 

during the cell lysis and decay, and/or they were produced during substrate 

metabolism. 

 

4. Conclusion  

 

During the SAnMBR acclimation phase period, COD removal efficiency 

gradually increased to over 86%, and then remained at a relatively constant level 

during steady-state operation. 

SAnMBR removed 79% of COD, compared to 20% from AR, where 43.5% and 

69% of the soluble COD was removed by the AR and SAnMBR, respectively.   

High MW (>148,0000 Da) compounds persisted through the AR and SAnMBR 

and can be attributed as a result of microorganisms releasing high MW molecules 

during cell lysis and decay or they were produced during substrate metabolism. 

SAnMBR reduced considerably the fluorescent peaks groups P1, P2 and P3. 

P4 was more concentrated after the SAnMBR treatment. 

AR increased the concentration of the fluorescent peak P3, due to microbial 

by-products released during the biological treatment and had a satisfactory removal of 

the spectra related to P1, P2 and P4.  

The stable and high COD removal efficiency shows that the SAnMBR presents 

operational robustness for variations in the feed strength and for operational problems, 

when compared with the full-scale anaerobic digester. In this way, SAnMBR can be a 

promising alternative for large-scale operation in pulp and paper mills. 
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CHAPTER II - Comparative microbial profiling of submerged anaerobic 

membrane bioreactor and conventional anaerobic horizontal flow reactor 

treating pulp wastewater 

 

Abstract: Investigations of microbial communities profiling and biodiversity can be a 

helpful tool to indicate the main important groups for efficient degradation of recalcitrant 

compounds, which are common in industrial streams. Submerged anaerobic 

membrane bioreactor (SAnMBR) offers complete retention of slow-growing biomass, 

with the addition of membranes, which can be one of the keys to successful treatment 

of recalcitrant compounds, high effluent quality, and small footprint. The article 

compares the pulp and paper wastewater treatment performance of a bench-scale 

SAnMBR and a full-scale anaerobic horizontal flow reactor (AR), and identifies 

differences in bacterial diversity between the treatment systems. The diversity index 

parameters like Reciprocal Simpson Index and Shannon Index, revealed that 

community in the AR sludge was more diverse. SAnMBR had higher abundance of 

Bacteroidia that produces chlorophyll a and is efficient at removing high molecular 

weight compounds. The higher abundance of Bacteroidetes may be related to a 

number of differences in operating conditions between the AR and SAnMBR, including 

the membrane preventing Bacteroidetes being washed from the reactor. AR sludge 

had a dominance of Proteobacteria, their presence can be related by their ability to 

biodegrade specific components of the high strength industrial wastewater, such as 

the pulp and paper mill. The higher abundance may be attributed to the longer 

operational period in the wastewater treatment plant, therefore having a more 

stabilized bacterial community, adapted to the cellulosic composition of the feed. 

  

Keywords: anaerobic digestion; anaerobic membrane bioreactor; pulp and paper 

wastewater; DNA next-generation sequencing.  
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1. Introduction 

 

Submerged anaerobic membrane bioreactors (SAnMBR) combine the 

advantages of anaerobic process and membrane technology, being highly efficient in 

reducing chemical oxygen demand, resulting in an effluent free of solids (Meyer and 

Edwards, 2014), along with the possibility of energy production (Lin et al., 2013). In 

this way, SAnMBR can be a promising alternative for large-scale operation in pulp and 

paper mills (Ashrafi et al., 2015; Gao et al., 2016). 

Despite the advantages of SAnMBR technology in pulp and paper wastewater 

treatment, improvements in the stability of the process, in methane yields and 

regarding inhibition problems are still necessary to enhance the SAnMBR 

performance. Improvements are especially important when dealing with inhibitory 

substances typically present in pulp and paper wastewater such as dissolved sulfide 

(100-800 mg L-1), undissociated H2S (50-400 mg L-1) (Parkin et al., 1990), ammonia 

(1.7-14 g L-1) (Chen et al., 2008), chlorophenols (0.5-10 mg L-1) (Sikkema et al., 1995) 

and other pollutants including non-biodegradable compounds and relatively low 

quantities of biodegradable organics (Kamali et al., 2016).  

Several studies have been conducted for the anaerobic treatment of pulp and 

paper wastewater, but the focus of those studies were limited to operating conditions 

and membrane fouling (Lin et al., 2010; Meyer and Edwards, 2014; Gao et al., 2016).  

However, it is noted that very limited effort has been reported for the 

optimization of operating parameters of anaerobic treatment based on the composition 

of biomass in the bioreactor, because the microorganisms responsible for the 

biodegradation of recalcitrant substances have relatively slow growth. Therefore, 

complete retention of slow-growing biomass, with the addition of membranes can be 

one of the keys to successful treatment of recalcitrant compounds, high effluent quality, 

and small footprint (Chaparro and Pires, 2011).  

Investigations of microbial communities profiling and biodiversity can be a 

helpful tool to indicate the main important groups for efficient degradation of recalcitrant 

compounds, which are common in industrial streams (Cydzik-Kwiatkowska and 

Zielińska, 2016). This information would be vital for achieving the desired performance 

and facilitating transfer of SAnMBR from laboratory-scale research to full-scale 

application. 
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The article compares the pulp wastewater treatment performance of the 

bench-scale SAnMBR and an existing full-scale anaerobic horizontal flow reactor, and 

identifies differences in bacterial diversity between the two treatment systems.  

 

2. Materials and Methods 

 

2.1 Feed wastewater characteristics 

 

Wastewater samples were taken from a large pulp and paper mill located in 

the eastern region of Victoria, Australia. The paper manufacturing plant has a 

papermaking capacity of 560,000 tonnes per year. It currently consists of two wood 

processing lines, three pulp mills, one bleach plant, five papermaking operating plants, 

a large chemical recovery facility, steam and electrical power generation process, 

water treatment plant and a WWTP. The physicochemical characteristics of the raw 

wastewater used in this study are listed in Table II - 1. 

  

Table II - 1. Major characteristics of pulp and paper wastewater (data received from 
this case of study industry). 

 

 

 

 

 

 

 

 

 

 

 

 
 

                     ¹(Pt–Co); ²(NTU) 

 

The main characteristics of the source wastewater are low biodegradability 

(BOD/COD 0.19) and are high sulfate concentration (803 mg L-1), which originates 

Parameter (mg L-1) Value 

COD  1,508 ± 518 

TOC  535 ± 147 

BOD  420 ± 95 

TP  0.55 ± 0.4 

TN  10 ± 3.5  

TSS  285 ± 179 

SO4  803 ± 198 

H2S  29 ± 10  

Color1  2,800 ± 931 

Turbidity²  1,700 ± 120 

pH 7.3 ± 0.3 
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from the bleach plant effluent, pulp mill effluent, and wood yard effluent. The raw 

effluent discharged from the plant flows through a primary clarification process located 

at the pulp and paper mill manufacturing plant premises before it is treated by 

anaerobic reactors at the wastewater treatment plant (WWTP). Samples were taken 

after primary clarification for this study, to compare the efficacy between the bench-

scale SAnMBR and the full-scale anaerobic reactors (AR) at the WWTP.  

Wastewater samples were sent from the WWTP to the laboratory in sealed 

containers by courier every two weeks. The containers were refrigerated at 4 °C during 

storage and the feed was pumped from the refrigerated containers to the SAnMBR. 

The experimental process and data analysis were carried out over a period of five 

months. Information on the AR treatment system and water quality parameters were 

provided by the company. 

 

2.2 Operating conditions of anaerobic reactors at full-scale 

 

The anaerobic treatment system includes two equally sized reactors (ARs), 

with ancillary mechanical, electrical, and control systems. Each reactor is covered by 

an air-sealed flexible membrane floating cover to contain and collect biogas from the 

reactors. The ARs normally operates in parallel with pulp wastewater being fed 

continuously to both reactors. In order to improve the ARs biology, eventually, waste 

yogurt was sourced and discharged to the ARs. Each reactor is divided by a bund into 

reactor and clarifier zones. The depth of the reactors was 6 m, and the maximum water 

depth was 5.6 m.  

These ARs were designed to pre-treat industrial wastewater discharged from 

the pulp manufacturing plant (flow 17 ML d-1) and hence to control the sludge 

production in the central municipal wastewater treatment plant. Sludge removed from 

the ARs is dewatered using centrifuges, while liquid effluent was treated in the 

industrial aerobic membrane bioreactor (MBR) plant.  

Since the ARs have a high hydraulic retention time (HRT) and a long solid 

retention time (SRT), most decomposition of the waste occurred in the sludge blanket. 

The wastewater and sludge are fed into the sludge blankets through diffusion laterals 

installed along the bottom of the reactor zones to effect contact and anaerobic activity. 

Sludge is extracted periodically through separate sludge withdrawal pipelines.  
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2.3 Submerged anaerobic membrane bioreactor experimental setup 

 

A bench-scale SAnMBR of 5.6 L working volume was used in this study. A 

level sensor was connected to a feed pump, to control the flow and HRT. The 

bioreactor was connected to a Bio Console (ADI 1035/Applikon, Holland), which 

controlled a mechanical stirrer (200 rpm) used to suspend the biomass. The 

temperature was maintained at 35 ± 1 °C by recirculating hot water through the 

bioreactor water jacket. The pH control was done manually whenever needed, adding 

0.1 mol L-1 HCl solution.  

The SAnMBR operational parameters were chosen to be similar to the 

configuration already stipulated for the AR at the WWTP (Table II - 2) that was used in 

this case study. 

  
Table II - 2. Anaerobic digesters (AR) and the submerged anaerobic membrane 
bioreactor (SAnMBR) operating parameters. 

 

 

 

 

2.4 Water quality analyses and characterisation 

 

Feed, permeate and sludge samples were collected 3 times a week and stored 

at 4 °C for analysis. The quality of wastewater samples before and after treatment were 

routinely measured for: chemical oxygen demand (COD), total organic carbon (TOC), 

biological oxygen demand (BOD), total nitrogen (TN), mixed liquor suspended solids 

Parameter AR 

 (full-scale) 

SAnMBR 

 (bench-scale) 

Volume (m³) 22000 0.0056 

MLSS (g L-1) 13.8  7.4 

MVLSS/MLSS 0.82 0.81 

OLR (kg COD m−3 d−1) 0.34 - 1.77 0.57 - 1.2 

HRT (days) 2.9 2.8 

SRT (days) >45 - 

Temperature (C°) 16 - 29 35 

pH 6.6 - 7.6 7.4 - 8 
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(MLSS), volatile suspended solids (VSS), total suspended solids (TSS), sulfur, 

calcium, sodium, magnesium, and potassium. 

BOD5
20 was measured by the manometric respirometric test was carried out 

with the OxiTop Control system (WTW Weilheim, Germany). TOC and TN was 

measured using a total organic carbon analyser (TOC-VCPH/CPN) (Shimadzu, 

Japan). COD was measured using the Standard Method 5220 D (APHA, 2012). A 

HACH DR 5000 spectrophotometer was used for measuring COD parameter. MLSS, 

VSS, and TSS were performed according to Standard Methods 2540 D/E (APHA, 

2012). The pH and temperature were measured using a pH/ORP meter (HI221-

HANNA).  

Quantitative measurement of sulfur, calcium, sodium, magnesium, and 

potassium were performed using inductively coupled plasma atomic emission 

spectrophotometer (ICPE 9000-AES) (Shimadzu, Japan), samples were filtrated with 

regenerated cellulose syringe filter (0.45 μm) and diluted by a factor of 14. It was made 

the addition of nitric acid (5%) to the sample preparation and matrix.   

 

2.4.1 Size exclusion chromatography  

 

Molecular weight (MW) distributions by size exclusion chromatography (HPLC-

SEC) analyses were performed using absorbance at 254 nm following a TSK gel 

column (GMPWXL, C-No.G3370) at room temperature using a phosphate buffer (10mM 

KH2PO4 + 10mm Na2HPO4, 0.04 M, pH 6.8) as the mobile phase. The column was 

operated with a flow-rate of 1.0 mL/min and a 10 µL injection volume. Polystyrene 

sulphonate (PSS) molecular weight standards of 1,100, 98,600, 148,000, and 960,000 

Da were used to calibrate the LC column, with 5 different concentrations (2000, 1000, 

500, 20 ppm). The samples were centrifuged for 10 minutes (3220 rpm), the 

supernatant was then filtered (<0.45 μm) prior to analyses by HPLC-SEC. 

 

2.5 Diversity profiling 

 

The microbial diversity profiling from the AR and SAnMBR MLSS samples (150 

ml) were conducted by analysing bacterial 16S rRNA gene targeting V3-V4 region 

using the Illumina Sequencing platform (Table II - 3) by AGRF (Victoria, Australia). 

Samples were collected at the end of the five months experimental phase. 
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Image analysis was performed in real time by the MiSeq Control Software 

(MCS) v2.6.2.1 and Real Time Analysis (RTA) v1.18.54, running on the instrument 

computer. RTA performs real-time base calling on the MiSeq instrument computer. 

Then the Illumina bcl2fastq 2.20.0.422 pipeline was used to generate the sequence 

data. Paired-ends reads were assembled by aligning the forward and reverse reads 

using PEAR1 (version 0.9.5). Primers were identified and trimmed. Trimmed 

sequences were processed using Quantitative Insights into Microbial Ecology (QIIME 

1.8) 4 USEARCH2, 3 (version 8.0.1623) and UPARSE software.  

The Reciprocal Simpson Index and Shannon Index were calculated as 

described by Vithanage et al. (2017). 

 

Table II - 3. Sequencing details. 

Parameter Method 

Target 341F - 806R 

Forward Primer (341F)  CCTAYGGGRBGCASCAG  

Reverse Primer (806R)  GGACTACNNGGGTATCTAAT  

Application  Amplicon sequencing  

Read Length  300bpPE  

 

3. Results and Discussion  

 

3.1 Parameters removal performance 

 

It can be seen that the final concentration of COD, BOD, TOC, TN, TSS, VSS, 

sulfur and magnesium (Table II - 4) was considerably lower in the bench-scale 

SAnMBR effluent, when compared with the full-scale AR system. SAnMBR showed its 

advantages for the increased removal of these parameters, treating the same 

wastewater from a pulp industry, this superior efficiency attributed to the complete 

retention of all particulate and colloidal matter, and biomass inside the reactor by the 

membrane. 

The differences in the main operational configurations between the respective 

AR and SAnMBR tested treatments, such as the temperature (25 and 35 °C), HRT (2.8 

and 2.9 days), pH (7.0 and 7.4), OLR (1.7 and 1.2 kg COD m-³ d-¹), MLSS (13.8 and 
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7.4 g L-1), and the addition of membrane modules in the SAnMBR influenced the global 

efficiency herewith the biomass diversity, leading to the final wastewater quality 

parameters. 

 

Table II - 4. Main differences between AR and SAnMBR final effluent quality. 

Parameter (mg L-1) AR SAnMBR 

COD  1,256 ± 237 407 ± 85 

BOD  295 ± 35 93 ± 5 

TOC  494 ± 237 88 ± 16 

TN  72 ± 24 22 ± 9 

TSS  502 ± 258 39 ± 16 

VSS  431 ± 204 18 ± 9 

Ca  116 ± 36 86 ± 36 

K  39 ± 12 52 ± 34 

Na  598 ± 76 622 ± 162 

S  251 ± 27 157± 30 

Mg  11 ± 2 2.8 ± 2 

                       

3.2 Microbial community structure and diversity 

 

Metagenomic analyses conducted using the Illumina platform allowed the 

detection of a large number of bacteria and archaea in SAnMBR and AR reactors after 

five months of operation. Bacteria displayed the largest microbial diversity, of which a 

total of 35 phyla were identified, while 12-15% remained unidentified. The microbial 

relative abundance in different sludge samples (SAnMBR and AR) at phylum level is 

displayed in Fig. II - 1.   

The predominant microbial group found in the overall bacterial community in 

all sludge samples from AR and SAnMBR belonged to the phylum Bacteroidetes 

(28.5% of the total taxa), followed by Proteobacteria (18.7%), Firmicutes (10.9%), 

Actinobacteria (7.2%), Euryarchaeota (7%), Chloroflexi (6.1%), Synergistetes (4.5%) 

and Crenarchaeota (3.5%). Similar phyla have been reported in anaerobic digesters 

fed with different feed stocks (Calderón et al., 2011; Ozgun et al., 2015; Keating et al., 
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2016). Microbial community belonging to the other phyla constituted less than 3% of 

the total taxa.  

 

 

Fig. II - 1. Taxonomic diversity of microorganisms found in samples from submerged 
anaerobic membrane bioreactor (SAnMBR) and conventional anaerobic horizontal 
flow reactor (AR) for treating pulp wastewater. 

 

Bacteroidetes and Firmicutes have been reported as the two main groups 

capable of hydrolysing polymer substrates of the refractory chemicals in pulp 

wastewater, that are not degraded during the previous stages of anaerobic digestion, 

such as proteins, lipids and polysaccharides, into acetate, carbon dioxide, and 

hydrogen (Hasan et al., 2006). 

Particularly Bacteroidetes were the major phylum represented in the SAnMBR 

microbial diversity analysis with 47.6% and was the fourth largest group for AR (9.5%). 

Costa et al. (2017) while experiencing low soluble organic content during the aerobic 

phase of MBR and moving bed membrane bioreactor, attributed the relatively high 

abundance of Bacteroidetes to their ability to degrade polymeric organic matter. In 

https://link.springer.com/article/10.1007/s00253-016-7869-x#CR8
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MBRs, the phylum Bacteroidetes was quite homogenous (Hu et al., 2012), showing 

that this specific phylum is extremely favored by the MBR operational configuration.  

 In previous studies, bacteria from the phylum Bacteroidetes have been 

shown to play an important role in the fermentation of complex carbohydrates in 

mesophilic bioreactors digesting different kinds wastewaters (Wang et al., 2010). The 

fact that the temperature was maintained stable at 35 °C, during mostly all the 

operational period of the SAnMBR, can be related to the Bacteroidetes appear as the 

predominant bacterial group present in the sludge, due to optimal conditions to this 

specific group growth.   

Typically, bacteria in the phylum Bacteroidetes produce lytic enzymes and 

acetic acid during the degradation of organic material (Jang et al., 2014). 

Bacteroidetes have a major role in the fermentation system, degradating 

macromolecular substances such as cellulose, fiber, starch, and protein into small 

molecules (Nakasaki et al., 2009).  Cellulose, starch and fiber are some of the main 

pulp and paper wastewater components, being metabolized as substrate by these 

bacteria. 

Alonso et al. (2010) correlated the particularly abundance of the Bacteroidetes 

group with conditions characterized by peaks in organic matter, chlorophyll a, and 

general availability of nutrients. Alonso-Saez and Gasol (2007) observed that 

Bacteroidetes, which are  ordinarily regarded as specialists for the degradation of high 

MW organic matter (Thomas et al., 2011), could competitively take up low MW 

compounds such as ATP, when facing phosphorus limitation. This fact can be related 

to the organic matter MW transformation behaviour in the AR and the SAnMBR effluent 

(Table II - 5). Implying that Bacteroidetes, that are the majority group found in 

SAnMBR, may play an important role for COD removal efficiency. 

The similarities and differences of organic matter MW transformation in the AR 

and the SAnMBR effluent may correspond to the organic removal mechanisms in these 

two processes. Bacterial metabolism is the main mechanism in the removal of organic 

substances in both treatment processes, which contributes to similar transformation of 

MW of organic matter. However, the SAnMBR system could enhance COD removal 

efficiency by employing membrane physical separation and allowing the reactor to 

retain the slow settling but fast growing microorganisms, within longer SRT, making 

possible the degradation of miscellaneous MW molecules and improving the treated 

water quality of MBRs (Wang and Wu, 2009). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4773473/#CR17
https://link.springer.com/article/10.1007/s00253-014-5864-7#CR50
https://link.springer.com/article/10.1007/s00253-016-7869-x#CR21
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Table II - 5. Peak percentage area based on the HPLC-SEC chromatograms of UV 
response at 254 nm regarding the raw feed, SAnMBR effluent and AR effluent. 

  Area (%)  

Molecular weight (Da) Feed SAnMBR effluent AR effluent 

1,100 94.2 92.4 89 

1,100 - 148,00   1 1 0.2 

148,000 - 976,000  0.5 1.2 0.8 

<976,000  4.3 5.4 9.9 

 

Proteobacteria was the preponderant phylum found in the AR sludge, with 

22.2% and the second most relevant group in the SAnMBR biomass population 

(15.10%), playing an important role in the microbial diversity. Within the phylum 

Proteobacteria, bacteria belonging to the order Desulfobacterales and 

Desulfovibrionales (2% of the total taxa) were found in both treatment systems (1.8% 

and 2.4%, for SAnMBR and AR, respectively) and Desulfuromonadales was present 

in the SAnMBR (0.2%). It is not surprising that sulfate-reducing bacteria had high 

abundance in the sludge, since sulfate is one of the common compounds in pulp and 

paper wastewater.  

The Proteobacteria have an important role in the hydrolysis and acetogenesis 

steps of anaerobic digestion. Deltaproteobacteria contains many syntrophic anaerobic 

bacteria, which participate in sulfate reduction (Jabari et al., 2016), this particular class 

was higher on SAnMBR (8.0%) compared to AR (4.3%). Both treatment systems 

reached satisfactory sulfur removal efficiency, around 80% and 67% for SAnMBR and 

AR, respectively.  

Since it is known that under anaerobic conditions in sulfate-rich aquatic 

environments, sulfate-reduction is a main degradative process for organic compounds. 

In addition sulfate-reducing microorganisms (SRM) can metabolize a wide range of 

substrates including alcohols, long-chain fatty acids, and even aromatic compounds 

present in natural environments. However, growth and energy yields for SRM are 

higher than for other types of anaerobic respiration of organic matter, when compared 

to methanogenesis for example (Detmers et al., 2001). Results found in this case study 

suggest that these SRM played an important role in the anaerobic digestion of 

compounds, improving the treatment efficiency.  
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In wastewater treatment plants treating petroleum refinery, pharmaceutical, 

coking, and pet food wastewater, Proteobacteria was the predominated phylum (Ma et 

al., 2015), their presence can be related by their ability to biodegrade specific 

components of the high strength industrial wastewater, such as the pulp and paper 

mill. The higher abundance of this phylum in the AR may be attributed to the longer 

operational period in the WWTP, therefore having a more stabilized bacterial 

community, adapted to the cellulosic composition of the feed.  

The second largest group (17.4%) found in the AR sludge was the Firmicutes, 

which also was the fourth group (4.4%) listed within the diversity of microorganisms 

found in samples from SAnMBR. Inside the phylum Firmicutes, class Clostridia, related 

to the obligate anaerobes, occurred the most (10% of the total taxa). AR sludge had a 

dominance (15.7%) in this class, compared to 4.4% in the SAnMBR. Firmicutes are a 

bacterial community of cellulose-degrading organisms (Bareither et al., 2013). In 

anaerobic digestion systems, anaerobic bacteria degrading hemicellulose, cellulose 

and lignocellulosic biomass are mainly found in the phyla Firmicutes and 

Bacteroidetes, especially bacteria of the class Clostridia are the primary group involved 

in hydrolysis of these substances (Shrestha et al., 2017).  

Actinobacteria was the third most abundant phylum found in AR sludge 

(11.3%), and found in lower abundance (3.6%) in SAnMBR, which plays key roles in 

in the transformation of lignocelluloses (Guo and Zhang, 2013). Within the class 

Actinomycetes, representing 5% of the total taxa in AR, are the active decomposers of 

organic matter in soils, including lignin and other recalcitrant polymers. These 

microorganisms are able to degrade hemicelluloses and cellulose as they solubilize 

and oxidize the lignin (Tripathi et al., 2011).  

Among the third most representative phyla in the SAnMBR sludge, the 

archaeal phylum Euryarchaeota had 10.3% of representativeness in the biomass, also 

found in AR (3.7%), which includes microorganisms that are involved in methane 

synthesis and production in different environmental and operational reactor conditions 

(Franke-Whittle et al., 2014). 

Archaea from the orders Euryarchaeota and Crenarchaeota, present in both 

sludge samples, use elemental sulfur as final electron acceptor. Certain species within 

the Crenarchaeota have unique gene combinations allowing the anaerobic sulfate 

reduction (Liu et al., 2012). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4773473/#CR39
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Bulking- and foaming-related genera Candidatus (0.5%) was found in the AR 

sludge samples, that could explain the operational problems of high solid content 

(Table II - 4 Section 3.1) in the supernatant of the AR effluent (Guo and Zhang, 2013). 

Microbial structure of biomass is directly dependent on the type of 

technological system hence by the selection of a treatment method we can favor 

certain communities and species of biomass belonging in the sludge, that enhances 

process stability and efficiency (Cydzik-Kwiatkowska and Zielińska, 2016). Because of 

the variable nature of industrial wastewaters, seasonal variations in feed strength are 

often encountered. These variations can affect the performance of SAnMBRs by 

affecting the microbial balance among the fast-growing acidogens and the slow-

growing methanogens. Variations in operational conditions and influent 

characteristics may be associated with these differences found in taxonomic diversity 

of microorganisms, which have been reported to strongly impact on microbial 

community structures (Gao et al., 2016). 

It is evident from different diversity index that AR harbored high diversity 

(Reciprocal Simpson Index = 27.5 and Shannon Index = 3.92) relative to SAnMBR 

(Reciprocal Simpson Index = 4.16 and Shannon Index = 2.37). This implies that the 

functional categories of the micro-communities in the AR were more diverse than in 

SAnMBR due to the differences in environmental and operational parameters (Tripathi 

et al., 2011).  

Relatively larger diversity in AR is probably associated to longer period of 

operation, which favors the metabolic reaction of those bacteria and archaea such as 

the hydrolysis, acidogenesis, and acetogenesis of complex and simple organic and 

inorganic compounds present in wastewater, these distinct processes may require a 

variety of species (Hu et al., 2012). 

 The lower diversity in MBRs can be caused by the long SRT, low food-to-

microorganisms ratio or high availability of readily biodegradable organics (Wang et 

al., 2010). Hu et al. (2012) found that the species composition in MBRs was less 

uniform than in anaerobic/oxic and anaerobic/anoxic/oxic systems.  

The MLSS concentrations were 7.4 and 13.8 g L-1 for SAnMBR and AR 

respectively. Lerner et al. (2007) reached 88% COD removal on both systems, when 

comparing a lab-scale MBR with much higher MLSS concentration (15 g L-1) and 

activated sludge with lower MLSS (6 g L-1), treating pulp and paper mill effluent 

wastewater. This result suggests that, even though the biomass was found in lower 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4773473/#CR17
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4773473/#CR17
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concentration, the biological activity of the biomass in the SAnMBR was comparable 

to that in the MBR and activated sludge system.  

There are several possible explanations for this difference of microbial 

diversity: (i) scale, (ii) differences in temperature, pH and ORL (iii) addition of a 

membrane module to enable retention of non-flocculated bacteria, (iv) the AR 

occasionally treats yogurt and aerobic sludge from the MBR, (v) presence of 

toxic/inhibitor compounds, which effects need to be studied more carefully in future 

works and (vi) short operational time of the bench-scale reactor. 

 

4. Conclusion 

 

Taxonomic analysis indicated Bacteroidetes, Proteobacteria, Euryarchaeota 

and Firmicutes, are the four most abundant microbial populations in SAnMBR sludge 

samples, being responsible for 77.6% of the whole population. For full-scale AR 

treating the same pulp wastewater, the four main phyla, representing 60.4% of the total 

taxa, were Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes. 

SAnMBR had higher abundance of Bacteroidetes that produces chlorophyll a 

and is efficient at removing high MW compounds. The higher abundance of 

Bacteroidetes may be related to a number of differences in operating conditions 

between the AR and SAnMBR, including the membrane preventing Bacteroidia being 

washed from the reactor.   

AR sludge had a dominance of the phylum Proteobacteria, their presence can 

be related by their ability to biodegrade specific components of the high strength 

industrial wastewater, such as the pulp and paper mill. The higher abundance may be 

attributed to the longer operational period in the wastewater treatment plant, therefore 

having a more stabilized bacterial community, adapted to the cellulosic composition of 

the feed. 

The diversity index parameters like Reciprocal Simpson Index and Shannon 

Index, revealed that community in the AR sludge was more diverse. The differences 

in the main operational configurations between the respective AR and SAnMBR tested 

treatments, such as the temperature, HRT, pH, OLR, MLSS, and the addition of 

membrane modules in the SAnMBR influenced the global efficiency herewith the 

biomass diversity, leading to the final wastewater quality parameters. 
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CHAPTER III - Application of ozone and nanofiltration and their combination 

with membrane bioreactor processes to effluents from pulp industry 

 

Abstract: Most pulp and paper industries have adopted biological processes 

such as activated sludge and aerated lagoon for wastewater treatment. These 

processes, most of the time, have been effectively used for reducing suspend solids 

and biodegradable organic compounds. However, they are unable to eliminate hardly 

recalcitrant organic matter and color from pulp and paper wastewater, and may not 

satisfy the increasingly stringent discharge limits or meet high quality requirements for 

closing the water cycle in the paper industry. The experiment was made in three steps: 

(i) Raw pulp processing wastewater was treated by a submerged anaerobic membrane 

bioreactor (SAnMBR); (ii) As a sequential treatment step, the permeate from this first 

phase was used as the feed for the submerged aerobic membrane bioreactor (MBR); 

(iii) The final permeate from both systems (i and ii) were post-treated with ozone and 

nanofiltration (NF), with similar operational conditions. Samples collected from the 

three cited steps and raw pulp wastewater were submitted to phytotoxicity bioassays 

by germination and root elongation of L. sativa, aiming to achieve water quality 

standards for reuse. SAnMBR+NF, SAnMBR+MBR and MBR+NF final effluents are 

attractive methods to purify discharge waters for reuse, when comparing to water reuse 

guidelines for wastewater reuse around the world. These treatments combinations had 

the best removal performance in most of the physical, chemical and phytotoxic water 

quality parameters. SAnMBR+NF, SAnMBR+MBR and MBR+NF are attractive 

methods to purify discharge waters for reuse, when comparing final effluents results to 

water reuse guidelines for wastewater reuse around the world.  The reuse of these 

effluents could be as process water or a less rigorous finality, depending of its quality. 

Experiments with SAnMBR and MBR effluents with and without ozone application as 

a post-treatment, indicated that the final phytotoxic effect was reduced (GI >50%) 

indicating a low final phytotoxic effect. The results showed the potential and importance 

of varied treatment alternatives to make paper wastewater less toxic, in addition to 

reusing them.  

Keywords: Submerged anaerobic membrane bioreactor; membrane bioreactor; 

germination index; Lactuca sativa; recycled water quality standards; pulp and paper 

wastewater.  
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1. Introduction 

 

The water resources shortage has become a challenging problem around the 

world. The pulp and paper industry is a large user of water and generator of wastewater 

for each metric ton of paper produced, depending on the nature of the raw material, 

the production process, and the extent of water reuse (Hubbe et al., 2016). In terms of 

water quality, pulp and paper mills wastewaters are usually highly colored due to the 

presence of elevated amounts of chlorinated compounds, lignin, tannin and its 

derivatives, also with significant amounts of refractory organic compounds (Pokhrel 

and Viraraghavan, 2004). 

Most pulp and paper industries have adopted biological processes such as 

activated sludge and aerated lagoon for wastewater treatment. These processes, most 

of the time, have been effectively used for reducing suspend solids and biodegradable 

organic compounds (Mänttäri et al., 2006). However, they are unable to eliminate 

hardly recalcitrant organic matter and color, and may not satisfy the increasingly 

stringent discharge limits or meet high quality requirements for closing the water 

cycle in the paper industry (Pizzichini et al., 2005).  

Considering these limitations, different treatment strategies could be adopted 

to improve the quality of pulp and paper mills wastewater. Advanced treatment 

processes in combination with biological processes seem to be an interesting strategy 

(Medeiros et al., 2008). 

Out of various strategies to address this problem, the use of biological process 

combined with ozone oxidation as post-treatment has been recognized as a viable 

form of treatment of many industrial wastewaters, including those generated from pulp 

and paper mills (Bijan and Mohseni, 2005; Medeiros et al., 2008; Daigger et al., 2009). 

These studies have shown that the use of ozone as a treatment agent was effective at 

disinfection process of secondary effluents, removing color and increasing biochemical 

oxygen demand (BOD), proving to be an efficient treatment method for upgrading 

wastewater quality in order to meet the respective legislation standards for effluent 

reuse.  

Among the advanced treatment processes, membrane technology offers an 

attractive alternative to treat pulp and paper mill effluents for reuse purpose (Gönder 

et al., 2011; Neves et al., 2017). Nanofiltration (NF) allows the selective removal of 

multivalent ions, low molecular weight compounds, and color (Pizzichini et al., 2005). 
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In literature, limited study has been found evaluating the possibilities of NF based 

process in the purification of discharge water from pulp and paper mills aiming 

wastewater reuse as process water (Mänttäri et al., 2006; Zhang et al., 2010). 

The effluent from wastewater treatment plants can be used for a variety of 

purposes, depending on its final quality. These may include industrial process reuse, 

irrigation water, scenic and landscape, miscellaneous urban water use, and even the 

recharge of groundwater (Bastian and Murray, 2012). 

Hence, to ensure good safety associated with the reuse of reclaimed water is 

of fundamental importance, and this calls for an effective water quality assessment for 

wastewater reclamation. Toxicity outcomes can facilitate the implementation of best 

available technologies for wastewater treatment. When toxicity is absent, wastewater 

might be safely reused. Otherwise, some actions must be undertaken to improve the 

effluent quality (Rizzo, 2011). 

Therefore, bioassays based on plants consist of an attractive and promising 

alternative, characterized by low maintenance cost and different assessment 

endpoints (e.g., enzyme activity, biomass weight, germination rate, root elongation), 

moreover can be performed supplementary to chemical analysis for the assessment 

of the environmental impact of effluents (Manusadzianas et al., 2003). This type of 

bioassays proved to be valuable for objectively comparing the performances of 

wastewater treatment processes and ensuring the safe utilization of reclaimed water. 

The overall aim was to study the suitability of ozone and NF as post treatment, 

and their combination with aerobic and anaerobic membrane bioreactors processes in 

the pulp industry wastewater, endeavoring to achieve water quality standards for 

reuse.  

 

2. Materials and Methods 

 

2.1 Wastewater 

 

Wastewater samples were taken from a large pulp and paper mill from Victoria, 

Australia. Samples were taken after primary clarification for this study, being used as 

the feed for the SAnMBR system. The source water consists of wastewater produced 

from the bleach plant, pulp mill and the wood yard. The physicochemical 

characteristics of the raw wastewater used in this study are listed in Table III - 1. 
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Table III - 1. Characterization of pulp and paper wastewater. 

Parameter (mg L-1) Value 

COD  2,696 ± 518 

TOC  535 ± 147 

BOD  420 ± 95 

TN  10 ± 3.5 

TSS  285 ± 179 

Ca  123 ± 16 

K  19 ± 5 

Mg  3 ± 0.8 

Na  565 ± 60 

S  756 ± 27 

Color¹ 2,800 ± 931 

Turbidity² 1,700 ± 120 

pH 7.3 ± 0.3 

¹(Pt–Co); ²(NTU) 

 

2.2 Analytical Methods 

 

The quality of wastewater samples before and after treatment were routinely 

measured for: chemical oxygen demand (COD), biological oxygen demand (BOD), 

TOC, TN, total suspended solids (TSS), color, turbidity, sulfur, calcium, sodium, 

magnesium, potassium, phosphorus, aluminium, iron, pH and E. coli.  

BOD5
20 was measured by the manometric respirometric test was carried out 

with the OxiTop Control system (WTW Weilheim, Germany). TOC and TN were 

measured using a total organic carbon analyser (TOC-VCPH/CPN) (Shimadzu, 

Japan). COD was measured using the Standard Method 5220 D (APHA, 2012). Color 

was measured using a 5 cm quartz cell at 465 nm and converted to Pt–Co units 

following calibration against a platinum/cobalt standard. A HACH DR 5000 

spectrophotometer was used for measuring color and COD. TSS were performed 

according to Standard Methods 2540 D/E (APHA, 2012). The pH was measured using 

a pH/ORP meter (HI221-HANNA). Turbidity was measured by 2100Q portable 
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turbidimeter (Hach), compliant with USEPA Method 180.1 design criteria. The 3M™ 

Petrifilm Plates™ was used for E. coli counting. Quantitative measurement of sulfur, 

calcium, sodium, magnesium, potassium, phosphorus, aluminium and iron were 

performed using inductively coupled plasma atomic emission spectrophotometer 

(ICPE 9000-AES) (Shimadzu, Japan), samples were filtrated with regenerated 

cellulose syringe filter (0.45 μm) and diluted by a factor of 14. It was made the addition 

of nitric acid (5%) to the sample preparation and matrix.  

 

2.2.1 Size exclusion chromatography (HPLC-SEC) 

 

Molecular weight distributions by size exclusion chromatography (HPLC-SEC) 

analyses were performed with a UV visible photodiode array (254 nm), using a TSK 

gel column (GMPWXL, C-No.G3370) at room temperature with a phosphate buffer (10 

mM KH2PO4 + 10 mM Na2HPO4, 0.04 M, pH 6.8) as the mobile phase. The column 

was operated with a flow-rate of 1.0 mL/min and a 10 µL injection volume. Polystyrene 

sulphonate (PSS) molecular weight standards of 1,100, 98,600, 148,000, and 960,000 

Da were used to calibrate the LC column, with 5 different concentration (2000, 1000, 

500, 20 ppm). The samples were centrifuged for 10 minutes (3220 rpm), the 

supernatant was then filtered (<0.45 μm) prior to analyses by HPLC-SEC. 

 

2.3 Treatments configuration 

 

The first step of the treatment was a submerged anaerobic membrane 

bioreactor (SAnMBR), which was fed with the raw pulp process wastewater. The 

permeate from this first phase was used as the feed for the submerged aerobic 

membrane bioreactor (MBR), as a sequential treatment step. The final permeate from 

both systems were collected and two different types of post-treatment, ozone and NF, 

were tested with similar operational conditions. Samples derivate from the four cited 

treatments and raw pulp wastewater were submitted to phytotoxicity bioassays.The 

schematic diagram of the treatment steps is shown in Fig. III - 1. 
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Fig. III - 1. Treatment steps diagram. 

 

2.3.1 Anaerobic submerged membrane bioreactor 

 

A bench-scale SAnMBR (Fig. III - 2) of 5.6 L working volume, made of glass, 

was used in this study, operating with a hydraulic retention time (HRT) of 2.8 days. A 

level sensor is connected to a feed pump, to guarantee the HRT. The bioreactor is 

connected to a Bio Console (ADI 1035/Applikon, Holland) which controls a mechanical 

stirrer (200 rpm) used to maintain the biomass suspended. The temperature was 

maintained at 35 ± 1 °C recirculating hot water through the bioreactor water jacket. The 

pH (7.4 ± 2) control was done manually whenever needed, adding 0.1 mol L-

1 HCl solution. The C:N:P ratio of feed was maintained at 100:2.5:0.5 and 

nutrient supplement (NH4Cl and KH2PO4) was added to adjust to this ratio depending 

on the quality of the feed (Rajeshwari et al., 2000). 

 

2.3.2 Aerobic submerged membrane bioreactor 

 

The MBR (Fig. III - 2) treatment was performed in one-liter glass reactors. 

Experiments were conducted at room temperature (20 ± 2 °C). The biological sludge 

had MLVSS/MLSS ratio of about 0.7. Aeration and mixing within the reactors were 
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achieved by feeding air through diffusers. The dissolved oxygen was available in 

excess and was measured as 7–8 mg L-1. The treatment was continuous with HRT of 

0.33 day. The start-up was made with a sludge sample taken from a full-scale MBR 

used to treat pulp and paper wastewater. The biomass was adapted to wastewater for 

10 weeks, for biomass acclimation, before the experiment. pH of the biological system 

was alkaline (8.0–8.5). During the entire period of operation of the reactor, no sludge 

was discharged except for sludge sampling (90 ml weekly). 

SAnMBR and MBR have one commercial ultrafiltration membrane module 

each (Ployvinylidene Fluoride-PVDF, pore size 0.1 µm, module area 0.0101 m²), which 

was vertically oriented and submerged inside the reactors. Permeate was extracted 

through a peristaltic pump (Masterflex L/S,  Model 7535-04, Barnant Co., USA), and 

its flow rate was set at 2.7 L/d, which is equivalent to a flux of 10.2 L m-² h-1, and was 

controlled by adjusting the pump speed (11 rpm). The filtration process was constituted 

by the following steps: (i) Filtration for 13 minutes; (ii) 2 minutes relaxation.  When the 

TMP exceeded 10 kPa, the reactor was shut down and a physical and chemical 

cleaning procedure was conducted. Physical cleaning was carried out by scraping off 

the cake layer on the membrane surface carefully by wiping and rinsing the membrane 

surfaces with a soft sponge and tap water, respectively. Chemical cleaning was 

effective for recovering flux by immersing the membrane in a 5000 mg L-1 sodium 

hypochlorite solution for 5 minutes. 

 

 

Fig. III - 2. Bench-scale SAnMBR and MBR schematic diagram treatment system. 
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2.3.3 Ozone 

 

Ozonation experiments were carried out in a laboratory with batch bubble 

reactor consisting of a glass column with a working volume of 500 ml. An ozone/oxygen 

gas mixture was supplied to wastewater continuously through a gas diffuser located at 

the bottom of the reactor. In 1 minute time intervals samples were taken from the 

reactor for analysis. Previous tests were made to optimize the treatment time (data not 

shown), based on color and COD removal. Ozone treatment configurations are 

specified in Table III – 2. 

 

Table III - 2. Ozone tests configuration. 

Parameter Value 

Treatment time (min) 5 

pH 8 (SAnMBR) and 8.6 (MBR) 

Temperature  (°C) 20 

Volume (L) 0.5 

Pressure (bar) 1 

Oxygen flow rate (L/min) 1.65 

Ozone dose (gO3/min) 0.1826 

 

2.3.4 Nanofiltration 

 

NF preliminary test were done according to the fabricant recommendations, 

aiming to check the viability of the system. The experiments were carried out by a pilot-

scale module (Fig. III - 3), which was purchased from Pentair, in cross-flow operation. 

A hydrophilic membrane composed of modified polyethersulfone and polyethersulfone 

hollow-fibre membrane module (HFW-1000-0.07), with molecular weight cut-off of 

1000 Da was used. At the beginning of all experiments, the NF membrane module was 

precompacted for 60 minutes with deionized water under the TMP of 1.5 bar to obtain 

stable membrane structure. The temperature of the feed was 20 °C.  

During operation, the feed and the concentrate flow were monitored and 

adjusted in order to maintain a constant cross flow velocity and permeate flux. 
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Permeate mass was recorded during the tests, using a scale. Samples of the permeate 

and the feed were collected each 1 hour.  

Vertical cross-flow rate was kept at 120 L h-1, throughout all the experiments. 

The volume of the feed solution was 5 L. The experiments were conducted in 

concentration mode of filtration (CMF=90%), where permeates were collected in a 

separate container and concentrates were circulated back to the feed tank. Since the 

feed solution was reduced continuously, the feed quality continuously worsened.  

 

 

 

Fig. III - 3. Schematic diagram of the nanofiltration pilot module. Source (Pentair). 

 

2.3.5 Germination experiments 

 

For the evaluation of the phytotoxicity, seeds of Lactuca Sativa L. without 

previous chemical treatment, obtained commercially and with 96% of germination, 

were used. Up to the time of the experiments the seeds were kept in a dry environment 

at 4 ° C. 

First the seeds were disinfested in 70% (v/v) alcohol for 30 seconds and then 

in 1% (v/v) sodium hypochlorite solution for two minutes. After that, the seeds were 

washed in sterilized distilled water and allowed to dry under filter paper (Santos et al., 

2011). 

The germination process was carried out in previously sterilized petri dishes. 

In the dishes was inserted germitest filter paper, 9 cm in diameter and 4 ml of the 

sample to be evaluated or the control water (Table III - 3). A total of 10 seeds were 
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uniformly distributed on each dish. The dish was properly sealed with parafilm, to 

guarantee the humidity conditions.  

The dishes were incubated at a constant temperature of 22 ± 2 °C, humidity of 

70% in darkness for 120 hours, according to standardized protocols (Sobrero and 

Ronco, 2004). At the end of the exposure period, the number of seeds germinating on 

each dish was counted, and the root lengths were measured in millimeters (mm) with 

the aid of a digital pachymeter. 

It was considered germinated seeds whose radicular length was higher to 2 

mm (Lamhamdi et al., 2011). 

To validate the bioassay, it was necessary that at least 90% of the seeds of 

the control dishes germinated as well as the coefficient of variation of radicle elongation 

did not exceed 30% (Sobrero and Ronco, 2004). 

 
Table III - 3. L. sativa seed bioassay configuration. 
 

 

 

 

 

 

 

 

 

 

 

2.3.5.1 Evaluation of phytotoxicity by germination and root elongation of L. sativa 

 

As suggested by Bagur-González et al. (2011), the number of germinated 

seeds was used to calculate the phytotoxicity index in relation to germination (GP) 

(equation 1). Root elongation data were used for calculations of phytotoxicity index in 

relation to root elongation (RE) (equation 2). 

 

GP = 
𝐺𝐴−𝐺𝐶

𝐺𝐶
           (1)   

L. sativa seed bioassay configuration 

Control (DI water) 

Raw pulp wastewater (100, 75, 50%) 

SAnMBR permeate (100, 75, 50%) 

MBR effluent (100, 75, 50%) 

MBR+ozone effluent (100, 75, 50%) 

SAnMBR+ozone effluent (100, 75, 50%) 

MBR+NF effluent (100, 75, 50%) 

SAnMBR+NF effluent (100, 75, 50%) 

Combined elements Ca, K, Mg, S, Na (100, 50, 10 ppm) 
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RE = 
𝑅𝐴−𝑅𝐶

𝑅𝐶
           (2) 

 

Where GA is the mean number of seeds germinated in the sample (%), GC 

the mean number of germinated seeds in the control (%), RA the average root 

elongation in the sample (mm), and RC mean of the elongation of the root in the 

control. 

The calculations of PG and PR were designed in such a way that their values 

vary from -1 to 0, so, they are classified into four categories according to the toxic 

effects observed, as follows: Low toxicity: 0> x ≥ -0.25; moderate toxicity: - 0.25> x ≥ 

0.5;  high toxicity: -0.5> x ≥ -0.75; very high toxicity: -0.75> x ≥ -1. 

In that x is the values obtained through equations 1 and 2, values above 0 

indicate stimulation of germination and seed growth. 

As proposed by Mosse et al. (2010) the germination index (GI) (equation 3) 

was also calculated in the samples without dilution and in the control sample. 

 

GI (%) = 
𝐺𝐴

𝐺𝐶
* 
𝑅𝐴

𝑅𝐶
 *100        (3) 

 

The experiments were conducted in a completely randomized experimental 

design and to minimize experimental error all treatments were replicated three times. 

Each repetition was represented by a petri dish. 

 

3. Results and Discussion 

 

3.1 Treatment efficiency  

 

In general terms, the processes contributed to improving the wastewater 

quality (Table III - 4). SAnMBR + NF had the best removal performance in most of the 

water quality parameters, followed by SAnMBR+MBR. MBR+NF and SAnMBR+ozone, 

had similar removal efficiency in most parameters, being inside the expected removal 

percentage. MBR+ozone achieved good color, turbidity and E. coli removal, but had 

unsatisfactory removal regarding the remaining parameters.  
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Bench-scale SAnMBR+MBR performance data indicates almost absolute 

removal of biodegradable organic matter, as represented by BOD effluent residual (20 

mg L-1). This was coupled with the essentially high removal (98.3% TSS) of particulate 

matter and effluent turbidity values were generally under 5 NTU level. However, 

significant concentrations of non-biodegradable organics remained in the MBR 

effluent, as indicated by effluent COD concentrations routinely around 188 mg L-1 and 

elevated color values (880 Pt–Co), indicating the necessity of a post-treatment. 

Mänttäri et al. (2006) stated that the biologically treated pulp and paper 

wastewater was significantly stable regarding organic components removal, assuming 

that the buffering capacity of the existing activated sludge plant had an important role 

in the treatment overall efficiency.  

 

Table III - 4. Global removal efficiency (%) from the combined systems. 

Parameter 
SAnMBR + 

MBR 

SAnMBR 

+ NF 

SAnMBR 

+ ozone 

MBR + 

NF 

MBR + 

ozone 

COD  93 95 91 72 39 

BOD  95 98 88 51 0 

TOC  78 81 57 53 6 

TN  58 53 41 10 0 

Color  70 95 76 94 99 

Turbidty  99.6 99.8 97 97 98 

TSS  98.3 98.3 95 80 0 

Ca  55 57 17 60 25 

K  20 2.9 2.9 0 0 

Na  22 4.8 0 0 0 

S  57 71 55 0 0 

Mg  63 58 29 40 11 

P  88 98.6 76 92 40 

Fe  100 100 100 100 100 

Al  91 93 85 21 0 

E. Coli  100 100 100 100 100 
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Daigger et al. (2009) studied pulp and paper wastewater from the same 

industry of this present study, testing a wide range of bench-scale technologies, as 

MBR post-treatment, focused on removal of non-biodegradable organics, including 

those responsible for its strong brown color. Reverse osmosis (RO), ion exchange, 

coagulation and ozone were the methods that demonstrated to be technically 

advantageous.  

Gönder et al. (2011) investigated the application of two-step NF system in the 

purification of biologically treated pulp and paper wastewater for reuse purpose. Under 

the optimized conditions, 98% sulfate, 92% total hardness and 91% COD removal 

were achieved using NF membrane as first step. In addition the resultant permeate 

was free from suspended solids and colorless.  

Mänttäri et al. (2006) compared the direct NF of discharge water from external 

activated sludge processes from pulp and paper mills and process waters (clear 

filtrates) from a paper machine. The permeate resulting from the discharge water was 

almost free from organic compounds but contained significantly more inorganic 

compounds than permeates in the NF of process waters. The measured parameters 

such as UV absorption, color and organic carbon were almost completely retained by 

the NF membranes but inorganic carbon and monovalent ions permeated easily 

through the NF membrane, resembling with the results from the MBR+NF system, 

which had unsatisfactory removal on K, Na, S, Mg and Al (Table 4). 

Alkaline bleach plant effluent was treated with different ozone dosages and at 

two different initial pH. Ozonation at initial neutral condition was more effective than at 

initial alkaline condition (pH 12) in terms of improving the wastewater quality and 

generating more biodegradable compounds. Despite the significant reduction of color, 

COD decreased slightly (16%) with increasing the ozone dosage for both initial pH 

(Medeiros et al., 2008). Similar performance was obtained from the MBR+ozone 

process, with low COD removal (Table III - 4). Is believed that in this case of COD 

reduction was not the result of organics mineralization, as there was no big changes 

in the TOC of the effluent, after the ozone dosage. Rather, it could be attributed as the 

result of the changes in the oxidation state of the carbon in the organic matter (Kunz 

et al., 2002). 

Anaerobic pre-treated industrial pulp and paper wastewater was directed to 

the pilot MBR, with this combined system Daigger et al. (2009) reached removal 

efficiencies of 98.5% BOD, 78.5% COD, 78% TN and 17% color. Aftermost, when 
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proposing a RO system as post-treatment for the MBR effluent, pilot-scale tests 

presented great color removal efficiency above 99% and COD removal in the range of 

67-97%, suggesting as one might expect for pulp and paper wastewater that a 

measurable fraction of the influent organics in the studied wastewater are not 

biodegradable.  

 

3.1.1 Color and turbidity 

 

  

 

 

 

Fig. III - 4. Turbidity and color residual values resultant from the different tested 

treatments compared with the American recommendations limits (NCASI, 1980) on 

pulp and paper mills water. 

 

When it comes to process water, pulp and paper mills mainly endeavour to 

eliminate color, turbidity, and temporary hardness from raw water. Color and turbidity 
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residual concentration after the tested treatments are shown on Fig. III - 4 and 

compared with the recommendations limits (NCASI, 1980) on pulp and paper mills 

water, regarding four different types of production: Kraft bleached, Kraft unbleached, 

mechanical pulp and fine papers. 

Closing the loop when reusing pulp and paper industry effluents present an 

obvious limitation for reuse in the process itself: the required water quality for pulp and 

paper production is high in terms of the absence of color and turbidity. The treatment 

process employed should have high dissolved and suspended solids removal 

efficiency to make it possible to reuse. Considering turbidity limits, the effluents from 

MBR, MBR+NF and SAnMBR+NF would be acceptable for water reuse in the 

production process of the four related paper types.  

On the other hand, for the color parameter, the discharge water from all 

treatment systems probably is not sufficient for circulating the water back to the 

process, with exception of the MBR+ozone effluent which was inside the limit for 

mechanical pulp, which is less restrict, especially because does not requires high 

whiteness and brightness on the production process. Fine papers have the highest 

sensitivity to water quality and felt condition. These products require intensive sizing, 

color control, pulp cleanliness and surface properties (European Commission, 2015).  

Mänttäri et al., (2006) tested direct NF of discharge water from external 

activated sludge processes from pulp and paper mills. All NF membranes showed over 

99% retention of color, independently of temperature and concentration. The color 

value of the collected permeate was generally lower than 10 Pt-Co units, which is the 

target level for incoming fresh water for some paper mills. However, depending on the 

paper grade produced often a higher color content is also accepted in the process 

water. 

Medeiros et al. (2008) with a consumed ozone of about 0.8 mgO3/mLww, still 

had a high residual color value (1,500 Pt-Co) after the ozonation of alkaline bleach 

plant effluent, indicating selective reaction of ozone with organic compounds 

particularly those with higher molecular weight ranges. This observation is the result of 

the ozone cleavage of bonds in lignin or polymerized tannin molecules, know to cause 

color to wastewater, but it was not capable of reaching a high degree of mineralization 

(Assalin et al., 2004).  

Daigger et al. (2009) demonstrated the effectiveness of ozone in removing 

color from the pulp and paper wastewater previously treated by MBR. This testing led 
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to optimal preliminary residual color values around 50 Pt-Co at an ozone dose 

exposure of 1000 mg L-1 with 80 mg L-1 m-1 ozone delivery rate.  

 

3.1.2 Molecular Weight Distribution 

 

The molecular weight (MW) reduction was quantified by comparing the total 

chromatogram area (dimensionless) results of treated effluent samples with those of 

untreated effluent. Fig. III - 5 shows the reduction of the different MW fractions 

according to each tested treatment. The results highlight the impact of ozone combined 

with both membrane bioreactor systems, which had the greater reduction of organics 

in each fraction. 

 

Fig. III - 5. HPLC-SEC UV response at 254 nm showing the molecular weight area 
distribution and reduction as function of the different tested treatments for pulp 
wastewater. 

 

The raw pulp wastewater (feed) had 2.4% of its area on high molecular weight 

(HMW > 976 KDa), 97.5% on medium molecular weight (MMW=1.1-148 KDa) and 

0.1% on low molecular weight (LMW <1 KDa).  

SAnMBR was the first treatment step and reduced 31% of the overall area, the 

permeate sample analysed had 98% of its are related to MMW and 2% due to LMW. 

Inferring that the area reduction was mostly due to the biological degradation and 

physical retention of HMW and MMW range compounds. MBR was the second step of 

this treatment process, which had 100% of its area on the MMW range, and a small 
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reduction (3.2%) of the overall area, when compared to the SAnMBR permeate used 

as feed in this case. Membranes, generally, retain organic carbon and molecules 

absorbing UV light (280 nm) almost completely. The biological process degrades 

effectively LMW organic compounds. Thus, after biological treatment the organic 

compounds left in the water are relatively HMW compounds. Therefore, these 

components can be retained mostly by size exclusion by the membrane (Mänttäri et 

al., 2006).  

SAnMBR+NF and MBR+NF achieved area reduction of 50% and 49%, 

respectively. Permeates samples had no peaks of HMW detected, with more than 90% 

of the remained area belonging to medium MW compounds.  

Mänttäri et al. (2006) found that the existing activated sludge treatment in the 

pulp and paper mills effectively removed biologically the LMW organic compounds 

resulting in a really high retention of organic compounds in NF process. Results from 

this paper show that NF is an attractive method to purify discharge waters for reuse in 

the paper manufacturing process as far as the discharge waters do not contain too 

high amounts of monovalent ions. 

After the ozone post-treatment of SAnMBR and MBR permeates, only LMW 

compounds were detected on the samples. The biggest area reduction when 

compared to the raw feed were from SAnMBR+ozone (62%) and MBR+ozone (68%) 

treatments. Medeiros et al. (2008) found similar results when applying ozone to the 

treatment of alkaline bleach plant effluent, which was able to reduce all molecular 

weight ranges indistinctively. However, a higher reduction (87%) could be noted for the 

HMW fraction, as the ozone dose increased. On the other hand, the contribution of the 

LMW ranges (0.5KDa–1KDa) increased proportionally with the ozone dose. 

The BOD5/COD ratio of the raw feed was 0.16, after the SAnMBR, MBR and 

both combinations with NF the ratio decreased to 0.1, being an indicator that this 

wastewater is not easily biodegradable. After the ozonation post-treatment of SAnMBR 

and MBR permeate, the BOD/COD ratio duplicated its value to 0.2. Studies have 

shown that ozonation can convert high molecular weight (HMW) organics into low 

molecular weight (LMW) compounds resulting in biodegradability enhancement (Bijan 

and Mohseni, 2005). Medeiros et al. (2008) achieved 0.2 BOD5/COD ratio with an 

ozone dosage of 0.2 mg O3/mLww, being capable of improving biodegradability of the 

alkaline bleach plant effluent by 260% for initial pH 7. 
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3.2 Recycled water quality standard 

 

Table III - 5. Global reclaimed wastewater reuse classes and water quality standards. 

  Application for 
reuse 

Parameters   
Country 

    
BOD    

(mg L-1) 
TSS     

(mg L-1) 
Turbidity 

(NTU) 
FC5 pH 

United States1  

Environmental 

<30 <30 - <200 6.0-9.0 

Industrial (once-
through cooling) 

Industrial 
(recirculation cooling 

towers) 

Food crops <10 - <2 ND 6.0-9.0 

Processed food crops 
<30 <30 - <200 6.0-9.0 

Non-food crops 

Australia 
(Victoria)2 

Class A - urban (non-
potable), industrial 

and agricultural 
(restricted) 

<10 <5 <2 
E. coli 
<10 

6.0-9.0 

Class B - agricultural 
and industrial 

<20 <30 - 

E. coli 
<100 

Class C - urban (non-
potable), industrial 

and agricultural 
(restricted) 

E. coli 
<1000 

Class D - agricultural 
(non-food crops) 

E. coli 
<10000 

China3 

Washing <10 <1000 <5 <3 

6.0-9.0 Irrigation <20 <1000 <20 <3 

Toilet <10 <1500 <5 <3 

Brazil4 
Class 1 - uses that 
require direct user 
contact with water 

<10 
<200 
(TDS) 

<5 <200 6.0-8.0 

 

Class 2 - irrigation of 
gardens, maintenance 

of lakes and canals 
<5 - - <500 - 

 Class 3 - toilet flush <10 - - <500 - 

 

Class 4 - reuse in 
orchards, cereals, 

fodder, cattle pasture 
and other crops 

- - - <5000 - 

SAnMBR+MBR  20 30 5 ND 8.6 

SAnMBR+NF  10 30 2.8 ND 8.4 

MBR+NF  20 10 1.6 ND 8.8 

SAnMBR+ozone   49 90 50 ND 8.0 

MBR+ozone   42 50 39 ND 7.9 
1(Bastian and Murray, 2012); 2(EPA Victoria, 2003); 3(Ernst et al., 2006); 4(ABNT, 1997); 5Faecal 

Coliforms per 100 ml; *Non-detectable. 
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Guidelines for recycled water vary across the world. In general, guidelines for 

reclaimed water produced from treated sewage treatment are outlined in categorizes 

based on water quality. Table III - 5 presents the quality parameters specified in the 

guidelines around the world are compares it with the effluents results from tested 

treatments.  

In general, SAnMBR+NF, SAnMBR+MBR and MBR+NF final effluents are 

suitable when comparing to water reuse guidelines for wastewater reuse around the 

world (Table III - 5). The results demonstrated that the proposed treatment systems 

could produce water with excellent quality. Furthermore, considerable water savings 

and achieve water tariff reduction could be achieved as result of reuse of this effluent 

as process water or a less rigorous finality, depending of its quality. 

Another parameters need to be taken into account when considering industrial 

reuse, the National Council of the Paper Industry (NCASI, 1980) also recommend 

some properties limits, depending on paper types, such as Fe, Mn, alkalinity, residual 

chlorine, chlorides, salinity, soluble silica and available CO2.  

Brazil needs to develop greater legislation with norms and guidelines that define 

the concepts, parameters and restrictions on water reuse: residential, commercial and 

industrial. There are only a few quality parameters for reuse water. In this case, the 

reuse of wastewater or water resulting from sewage treatment must comply with the 

instructions contained in the Brazilian Technical Standards Association (ABNT, 1997) 

standard NBR 13969:1997. Especial attention must be paid to the color parameter, 

since colored effluents affect the biology of aquatic ecosystems, reducing the 

productivity of the aquatic community by interfering with photosynthesis (Bajpai, 2001). 

Nanofiltration is an attractive method to purify discharge waters for reuse in 

the paper manufacturing process as far as the discharge waters do not contain too 

high amounts of monovalent ions. This might happen when a paper mill is integrated 

with a pulp mill that uses chloride-based chemicals to bleach the pulp. Then the 

discharge water probably contains so much chloride ions that NF is not a sufficient 

method for circulating the discharge water back to the process (Mänttäri et al. 2006). 

Gönder et al. (2011) tested the application of two-step NF process to provide 

better permeate quality like actual process water. The compounds responsible of color 

in the pulp and paper industry discharge waters were very well retained in NF. 

Concluding that the water produced by two-step NF treatment of biologically treated 
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pulp and paper industry met the quality parameters of process water for the purpose 

of reuse.  

Over the past few years, traditional primary users of reclaimed water for 

industrial purposes, as pulp and paper facilities, have embraced the use of reclaimed 

water for purposes ranging for boiler feed water, cooling tower, process water use as 

paper machine water, to flush toilets and site irrigation. Moreover, industries and 

commercial establishments seeking the recognized worldwide Leadership in Energy 

and Environmental Design certification are driven to reclaimed water to enhance their 

green profile. Additionally, these facilities validity that reclaimed water is a resource 

that can replace more expensive potable water with no degradation in performance for 

the intended uses (Bastian and Murray, 2012). 

 

3.3 Phytotoxicity assessment 

 

Fig. III - 6 compares the germination index values of the undiluted effluent 

samples 100% (v/v), solutions with different concentration of Ca, K, Mg, S, Na, and the 

control sample with deionized water.  

 

Fig. III - 6. Germination index for L. sativa as function of samples taken after different 

tested treatments for pulp wastewater. *Combined elements (Ca, K, Mg, S, Na). 
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The data presented (Fig. III - 6) provided information on the disruptive action 

of the raw pulp effluent on the ecosystem if the seeds were immediately irrigated 

without previous treatment, exhibited high phytotoxicity (GI: 12%).  

Studies approaching the use of L. sativa as bioindicator of toxicity for the 

treatment of wastewater produced during the alkaline pulping of sawdust residues from 

Pinus caribaea (Rivera-Hoyos et al., 2018) and the integration of permanganate 

(oxidation/precipitation), electro-Fenton and Co3O4/UV/PMS for COD removal from 

pulp and paper wastewater (Jaafarzadeh et al., 2017) also constructed their 

conclusions based on GI values. 

Analyzing Fig. III - 6 it was observed that the use of SAnMBR and MBR without 

a post-treatment alternative provided a significant GI of the seeds, 64 and 69% 

respectively, indicating a low final phytotoxic effect. MBR had the lowest residual 

values for Na, K, and Mg (358, 28, 4.5 mg L-1 respectively). Also achieved satisfactory 

removal of S and Ca (Table III - 4 Section 3.1). This result can be confirmed by Daigger 

et al. (2009) during pilot studies with wastewater derived from Kraft pulping activities, 

same as the one used in this paper, reported that this industrial wastewater is high 

strength, nutrient deficient, and with significant residual non-biodegradable organic 

matter. They stated that the removal of biodegradable organic matter in the anaerobic 

pre-treatment system could reduce some of the problematic constituents in the pulp 

and paper wastewater tested, thereby relieving the biological stress on the MBR 

system, which was the next step of the treatment.  

Anaerobic and aerobic biological processes are able to remove resin acids 

from effluent streams. However, discharged residue can still be toxic to aquatic 

organisms. Pulp and paper mill effluents also cause problems in wastewater treatment 

due to their toxicity to microorganisms in the treatment process. Tannins have been 

found to be effective inhibitors of methanogens, which may in turn inhibit anaerobic 

biological treatment processes. Oligomeric tannins have highest toxicity as they can 

form strong hydrogen bonds with proteins (Brienza et al., 2016). 

Experiments with ozone application as a post-treatment of both SAnMBR and 

MBR effluents, indicated that the final phytotoxic effect was reduced with results GI 

>50% (Emino and Warman, 2004). The use of membrane together with anaerobic and 

aerobic biological degradation, followed by ozone was equally effective in removing 

compounds detrimental to germination and embryonic radicle development. 

Improvement on the final effluent quality indicate this combined approach as a 
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promising alternative that must be further studied. Future studies will optimise the 

operating conditions and possible scale-up processes should be evaluated.  

In contrast, after the NF post-treatment, the two tested effluents attained a GI 

less than 50%, indicating a moderate phytotoxic effect. This effect could be attribute to 

the fact that a higher concentration on the surface of the membrane generates a higher 

diffusion through the membrane and a lower retention of some toxic compounds. NF 

process has a good performance regarding organic carbon, UV absorption, and color. 

On the other hand, inorganic carbon and monovalent ions permeate more easily 

through the NF membrane (Mänttäri et al., 2006). 

Jaafarzadeh et al. (2017), final effluent derived of pulp and paper wastewater 

treatment with integration of permanganate, electro-Fenton and Co3O4/UV/PMS was 

relatively non-toxic for plants since GI values reached 44.7%, 61.4%, 73.1% and 

70.2% for cress, lettuce, tomato and radish respectively. 

The combination of these compounds (Ca, K, Mg, S, Na), commonly present 

in the composition of pulp and paper mill wastewater, proved to have potentiated 

inhibitory effects, by exhibiting high phytotoxicity on root growth at all tested 

concentrations (GI: 0%). Highlighting the Na concentrations that were above 350 mg.L-

1 in all effluents, S with residual higher than 130 mg L-1, with exception of SAnMBR+NF 

and every effluent Ca concentration beyond 50 mg L-1. The exhibition of phytotoxicity 

is very worrying, since L. sativa has an important representative of the terrestrial 

environment, thus these plant-based assays are more sensitive to environmental 

stress than other organisms (Lumbaque et al., 2016). 

 

4. Conclusion  

 

SAnMBR+NF, SAnMBR+MBR and MBR+NF are attractive methods to purify 

discharge waters for reuse, when comparing final effluents results to water reuse 

guidelines for wastewater reuse around the world.  The reuse of these effluents could 

be as process water or a less rigorous finality, depending of its quality. 

Experiments with SAnMBR and MBR effluents with and without ozone 

application as a post-treatment, indicated that the final phytotoxic effect was reduced 

(GI >50%) indicating a low final phytotoxic effect. The results showed the potential and 

importance of varied treatment alternatives to make paper wastewater less toxic, in 

addition to reusing them. Regarding the results, it can be found that the combination 
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of these the processes could satisfactorily reduce phytotoxicity of pulp production 

wastewater. The final effluent also showed a good potential for water reuse in irrigation 

section. 
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GENERAL CONCLUSION 

 

A bench-scale sequencing SAnMBR and MBR fed with pulp wastewater were 

operated for seven months. After the stabilization of the biomass, the final permeate 

from both systems were collected and two different types of post-treatment, ozone and 

NF, were tested with similar operational conditions. Samples derivate from the four 

cited treatments and raw pulp wastewater were submitted to bioassays based on seed 

germination and root elongation of the L. sativa seeds.  

The results were compared side by side in terms of water quality parameters 

and phytotoxicity. SAnMBR+NF and SAnMBR+MBR and had the best removal 

performance in most of the physical, chemical and phytotoxic water quality parameters. 

Both treatment systems exhibited high organic matter (>93% COD) and (>95% BOD), 

total suspended solids (>98%), and turbidity (99.8%) removal performance. In addition, 

both systems also reduced considerably the final phytotoxic effect, demonstrating that 

the proposed treatment systems could produce water for reuse with excellent quality. 

One of the greatest advantages of adopting SAnMBR and MBR technology, it 

is the possibility of complete biomass retention. The higher suspended solids removal 

effectiveness was the result of the separation of biosolids by membranes being 

independent of the biosludge characteristics.  

Sludge samples from a full-scale anaerobic horizontal flow reactor and a 

bench-scale SAnMBR, treating the same pulp wastewater, were taken for microbial 

community structure and biodiversity comparison.  

Taxonomic analysis indicated Bacteroidetes, Proteobacteria, Euryarchaeota 

and Firmicutes, are the four most abundant microbial populations in submerged 

anaerobic membrane bioreactor sludge samples, being responsible for 77.6% of the 

whole population. For full-scale anaerobic digester treating the same pulp wastewater, 

the four main phyla, representing 60.4% of the total taxa, were Proteobacteria, 

Firmicutes, Actinobacteria and Bacteroidetes. 

Next-generation DNA sequencing analysis demonstrated that core phyla, were 

shared by AR and SAnMBR, but they had different abundances in biodiversity of 

microorganisms communities. Proving that the operational configuration caused a 

tendency in the behavior of the microorganisms involved in the treatment.  

Furthermore, improvement on the final effluent quality indicate these combined 

approaches as a promising alternative that must be further studied. Future studies will 
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optimise the operating conditions and possible scale-up processes should be 

evaluated.  

In this way, MBR technology, which combines the advantages of both 

biological degradation and membrane separation, can be anticipated to be a promising 

alternative for large-scale operation in pulp and paper industry, enabling the possibility 

of energy recovery, in addition to subsequent reuse of treated effluent and ultimately 

system closure.  
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APPENDIX A – ENGLISH SUFFICIENCY 

 


