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ABSTRACT 

 

ARCANJO, Gemima Santos, D.Sc., Universidade Federal de Viçosa, June, 2021. An 
anaerobic osmotic membrane bioreactor coupled with membrane distillation for removal 
of organic micropollutants and estrogenic activity from municipal sewage. Adviser: Ann 
Honor Mounteer. Co-adviser: Míriam Cristina Santos Amaral Moravia. 

 

The contamination of water sources by pharmaceutically active compounds (PhACs) and their 

effect on aquatic communities and human health have become an environmental concern 

worldwide. Municipal sewage is the major source of organic micropollutants in the 

environment. Even when there is a sewage treatment plant present, conventional biological 

treatment cannot remove recalcitrant compounds. Membrane bioreactors (MBRs), due to their 

high solids concentrations and retention times, improve biological treatment removal of 

nutrients and recalcitrant organic compounds. Forward osmosis (FO) and membrane distillation 

(MD), which present high rejection of dissolved compounds, even at concentrations of µg L-1 

and ng L-1, are an alternative for use in MBRs treating municipal sewage. Thus, this research 

aimed to evaluate the performance of an anaerobic osmotic membrane bioreactor coupled with 

membrane distillation (AnOMBR-MD) in treatment of municipal sewage containing PhACs 

(17α- ethinylestradiol, betamethasone, ketoprofen, fenofibrate, fluconazole, loratadine e 

prednisone). The AnOMBR-MD was operated with NaCl as draw solute in a hybrid submerged 

FO-MD module. The removal efficiencies of dissolved organic carbon (DOC) and P-PO4
3- were 

97.2% and 98.0%. N-NH4
+ accumulated in the bioreactor and reached the draw solution (DS) 

and distillate. Changes in the microbial community were observed due to salinity build-up and 

the presence of PhACs, while the system removed more than 96.4% of the compounds 

evaluated. Estrogenic activity was not detected in distillate samples and the environmental and 

human health risks sharply declined. A second study was conducted to select the best DS salt 

in the integrated FO-MD hybrid module. The technique to order preference by similarity to the 

ideal solution was used in in multicriteria decision making, that considered results of water and 

salt flux, energy consumption, costs, and FO and global rejection of micropollutants for each 

draw solute tested (NaCl, MgCl2, sodium acetate (NaOAc), magnesium acetate (MgOAc2), and 

EDTA-Na2). MgCl2 was selected as the best salt for the DS in the FO-MD system and could be 

used to mitigate salinity build-up in the mixed liquor, followed in order of rank by NaCl, 

NaOAc, EDTA-Na2 and MgOAc2. In the third study, MgCl2 was used as draw solute of the 

AnOMBR-MD in treatment of synthetic municipal sewage containing PhACs and estrogenic 



 

activity. Due to organic and inorganic fouling, permeate fluxes declined 82 and 67%, for FO 

and MD, respectively. MD salt rejection was higher than 99.6% and more than 90% of dissolved 

organic carbon was removed. P-PO4
3- rejection by the FO-MD module was greater than 

99.98%, which led to accumulation of this nutrient in the mixed liquor (ML). N-NH4
+ 

concentration in the ML also increased, and with the reverse flux of Mg2+, precipitation of 

struvite, magnesite and monetite may have occurred. Salinity build-up was lower than when 

NaCl was used as DS. The ML conductivity increased until day 21 and then stabilized. 

Biological removal of estrogenic activity was reduced with salt accumulation, but increased 

after salinity stabilization. AnOMBR-MD removal of estrogenic activity was higher than 

99.97%, with reduction in environmental and non-carcinogenic human risks from high to low, 

while incremental lifetime carcinogenic risk decreased to negligible. On the other hand, risk 

assessment showed that a better removal of ketoprofen and loratadine is needed, since the acute 

environmental risk of the distillate was still high, due to the presence of these substances. The 

results of the present research demonstrated that permeate fluxes in FO and MD are still low 

and some strategies to overcome this drawback are needed, such as physical and chemical 

cleaning. Furthermore, the use of the YES assay combined with detection and identification of 

micropollutants allowed an effective assessment of overall treatment performance. 

 

Keywords: Microbial community. Concentration polarization. Reverse salt flux. YES assay. 

Risk assessment. 

  



 

RESUMO 

 

ARCANJO, Gemima Santos, D.Sc., Universidade Federal de Viçosa, junho de 2021. Remoção 
de micropoluentes orgânicos e atividade estrogênica de esgoto doméstico em um 
biorreator osmótico anaeróbio acoplado à destilação com membranas. Orientadora: Ann 
Honor Mounteer. Coorientadora: Míriam Cristina Santos Amaral Moravia. 

 

A contaminação dos recursos hídricos por fármacos (PhACs) e os seus efeitos em organismos 

aquáticos e aos seres humanos tornou-se um problema de grande preocupação ambiental. 

Esgotos domésticos são a principal fonte de micropoluentes orgânicos para o meio ambiente. 

Mesmo quando existem estações de tratamento de esgotos, o tratamento biológico convencional 

não é capaz de remover compostos recalcitrantes. Biorreatores com membranas (MBRs), por 

permitirem elevada concentração de sólidos e maior tempo de residência celular, apresentam 

maior eficiência na remoção de nutrientes e compostos orgânicos recalcitrantes. O uso de 

membranas de osmose direta (FO) e de destilação (MD), que apresentam elevada rejeição de 

compostos dissolvidos, mesmo em concentrações de µg L-1 e ng L-1, pode ser uma alternativa 

para MBRs no tratamento de esgoto doméstico. Desta forma, esta pesquisa teve como objetivo 

avaliar o desempenho de um biorreator osmótico anaeróbio acoplado à destilação com 

membranas (AnOMBR-MD) no tratamento de esgoto doméstico contendo PhACs (17α-

etinilestradiol, betametasona, cetoprofeno, fenofibrato, fluconazol, loratadina e prednisona). O 

AnOMBR-MD foi operado utilizando NaCl como o soluto da solução osmótica (DS) do módulo 

híbrido submerso de FO-MD. A eficiência de remoção de carbono orgânico dissolvido (DOC) 

e P-PO4
3- foi de 97,2% e 98,0%. Em relação ao N-NH4

+, foi observado o acúmulo no biorreator, 

atingindo a DS e o destilado. Mudanças na comunidade microbiana foram observadas devido 

ao acúmulo de salinidade e à presença de PhACs, enquanto o sistema removeu mais de 96,4% 

dos compostos avaliados. A atividade estrogênica não foi detectada em amostras de destilados 

e os riscos ambientais e para a saúde humana foram reduzidos. Um segundo estudo foi 

conduzido para selecionar o melhor soluto para a DS no módulo híbrido de FO-MD. A técnica 

para avaliar o desempenho das alternativas através da similaridade com a solução ideal foi 

utilizada para auxiliar na tomada de decisão, considerando os resultados de fluxo de água e sal, 

consumo de energia, custos e rejeição na FO e global de micropoluentes, para cada soluto 

testado (NaCl, MgCl2, acetato de sódio (NaOAc), acetato de magnésio (MgOAc2) e EDTA-

Na2). O MgCl2 foi selecionado como o melhor sal para o sistema de FO-MD e pode ser usado 

para mitigar o acúmulo de salinidade no líquido reacional, seguido em ordem de classificação 



 

por NaCl, NaOAc, EDTA-Na2 e MgOAc2. No terceiro estudo, MgCl2 foi utilizado para compor 

a DS do AnOMBR-MD no tratamento de esgoto doméstico sintético, contendo PhACs e 

atividade estrogênica. Devido à incrustação orgânica e inorgânica, os fluxos de permeado 

reduziram 82 e 67%, para FO e MD, respectivamente. A rejeição do sal pela MD foi superior a 

99,6% e mais de 90% do carbono orgânico dissolvido foi removido. A rejeição de P-PO4
3- pelo 

módulo FO-MD foi superior a 99,98%, o que promoveu o acúmulo desse nutriente no líquido 

reacional (ML). A concentração de N-NH4
+ no ML também aumentou, e com o fluxo inverso 

de sal de Mg2+, pode ter ocorrido a precipitação de estruvita, magnesita e monetita. O acúmulo 

de salinidade foi menor do que na operação com NaCl. A condutividade do ML aumentou até 

o dia 21 e depois se estabilizou. A remoção biológica de atividade estrogênica diminuiu com o 

acúmulo de sal, mas aumentou novamente após a estabilização da salinidade. A remoção da 

atividade estrogênica pelo AnOMBR-MD foi superior a 99,97%, o que levou à redução nos 

riscos ambiental e humano não carcinogênico de alto para baixo, enquanto o incremento de 

risco carcinogênico ao longo da vida diminuiu para desprezível. Por outro lado, a avaliação de 

risco mostrou que uma melhor remoção de cetoprofeno e loratadina é necessária, uma vez que 

o risco ambiental agudo do destilado ainda era alto, devido à presença desses fármacos. Os 

resultados da presente pesquisa demonstraram que os fluxos de permeado em FO e MD ainda 

são baixos e algumas estratégias para contornar esta desvantagem são necessárias, como 

limpeza física e, ou química. Além disso, o uso do ensaio YES combinado com a detecção e 

identificação de micropoluentes permitiu uma avaliação eficaz do desempenho geral do 

tratamento. 

 

Palavras-chave: Comunidade microbiana. Polarização da concentração. Fluxo inverso de sal. 
Ensaio YES. Avaliação de risco. 
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1 General introduction 

The release of toxic compounds in the aquatic environment is of great concern 

worldwide. Pharmaceutically active compounds (PhACs) are recalcitrant and biologically 

active substances receiving much attention because of their high consumption and continuous 

release into the environment [1]. Some PhACs are also classified as endocrine disruptors 

chemicals (EDCs), which are defined as exogenous substances or mixtures that can alter the 

function of the endocrine system of animals [2]. Estrogenic compounds are EDCs that affect 

the processes linked to reproduction and development [3]. 

Once ingested, a large part of PhACs is not metabolized and are released to the 

municipal sewage system. Conventional sewage treatment plants (STPs) are projected to 

remove organic pollutants and nutrients and are not effective in removing recalcitrant PhACs 

[4]. Thus, it is necessary to investigate new ways of reducing the concentrations of these 

compounds in treated sewage and thereby reduced their risk to the environment and human 

health. 

Membrane bioreactors (MBRs) combine biological treatment and membrane separation 

processes [5]. MBRs gained attention since they allow higher solids concentration and solid 

retention time, which can increase performance of the biological process [6]. The development 

of osmotic membrane bioreactors (OMBRs) that integrate the forward osmosis (FO) process 

into the MBR, improves reactor efficiency through rejection of dissolved compounds, such as 

organic micropollutants, trace metals and nutrients [7]. The driving force is the osmotic pressure 

difference between the draw solution (DS) and the bioreactor. Since hydraulic pressure is not 

needed, energy consumption and membrane fouling are reduced, when compared with 

conventional MBRs [8]. The challenges in OMBR operation are salt accumulation and the need 

for an additional process to recover the purified water from the DS and maintain the osmotic 

pressure gradient [9]. 

Membrane distillation (MD) is a separation process that uses a microporous and 

hydrophobic membrane, which allows the passage of water vapor and volatile compounds, due 

to the vapor pressure difference across the membrane. MD has been used to reconcentrate DS, 

rejecting more than 99% of the draw solute [8,10,11]. The integration of OMBR with MD could 

be advantageous for the treatment of municipal sewage. Recent studies have reported that 

OMBR-MD can reach micropollutants removal efficiencies of more than 96% [11,12]. 
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Proper selection of DS salt is very important for OMBRs performance since, undesirable 

reverse salt flux (Js) will depend on salt diffusivity. Reverse flux from the DS to the bioreactor 

must be controlled to reduce salinity build-up that reduces the osmotic pressure gradient and 

affects microbial activity [13]. Solute costs, solubility and osmotic pressure generated must also 

be considered [9,14]. 

An anaerobic OMBR coupled with MD would also reduce operational costs, since no 

aeration is needed, sludge production is lower than in an aerobic reactor and biogas recovery is 

possible [15]. Also, higher micropollutants removal efficiency is expected, when compared 

with conventional anaerobic treatment, since these compounds have a longer residence time, 

allowing their biodegradation [16]. 

Therefore, it is important to evaluate the performance of an AnOMBR-MD in treatment 

of municipal sewage containing PhACs and estrogenic compounds. Furthermore, the 

performance of different salts as draw solute in a hybrid FO-MD module should be investigated, 

taking into consideration costs, reverse salt and, permeate fluxes and effects on micropollutants 

removal. 

This document is composed of three chapters. The first chapter reports on the 

estrogenicity of seven PhACs and evaluates the removal of PhACs and estrogenic activity from 

municipal sewage treated in an AnOMBR-MD operated with NaCl as DS. In the second 

chapter, use of five draw solutes (NaCl, MgCl2, sodium acetate, magnesium acetate and EDTA-

Na2) are compared in a submerged FO-MD module. TOPSIS (technique for order preference 

by similarity to ideal solution) is used in multicriteria decision making to select the best solute. 

The third chapter evaluates the use of MgCl2, chosen as the best solute in chapter 2, as draw 

solute in the AnOMBR-MD, for treatment of synthetic municipal sewage containing PhACs. 

Environmental and human health risks are also assessed. 
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2 Objectives 

The general objective was to evaluate the AnOMBR-MD performance treating 
municipal sewage containing pharmaceutical active compounds. 

The specific objectives were: 

• To investigate the removal of seven selected PhACs and estrogenic activity from 
municipal sewage by an AnOMBR-MD operated with NaCl as draw solute; 

• To assess the microbial community change due to salinity build-up in the AnOMBR-
MD; 

• To evaluate the effect of five different salts in a FO-MD integrated in a submerged 
hybrid module concerning PhACs rejections; 

• To evaluate the removal of seven selected PhACs and estrogenic activity from synthetic 
municipal sewage by an AnOMBR-MD operated with MgCl2 as draw solute; 

• To evaluate the effect of salinity build-up on biological removal of estrogenic activity 
by an AnOMBR-MD operated with MgCl2 as draw solute; 

• To assess environmental and human health risks reduction from a municipal sewage by 
an AnOMBR-MD; 
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Abstract: Pharmaceutically active compounds (PhACs) may cause harmful effects in living 

beings, and advanced treatment is required to improve wastewater treatment plant efficiency. 

In this context, this study aimed to assess the performance of a hybrid anaerobic osmotic 

membrane bioreactor coupled with a membrane distillation system (AnOMBR-MD) for 

removing PhACs and estrogenic activity from municipal sewage. Human health and 

environmental risks of produced water were also assessed. The removal efficiency of dissolved 

organic carbon and P-PO4
3- reached 97.2% and 98.0%, respectively. N-NH4

+ accumulated in 

the bioreactor since anaerobic treatment can not remove it. Salinity increase in the bioreactor 

caused a great change in the microbial community, with Chao 1 and Shannon indexes higher in 

the sludge after 50 days of operation than in the sludge used as inoculum. Estrogenic activity 

of municipal sewage spiked with PhACs was more than 3 times higher than the expected value 

calculated by the additive model (2 µg L-1E2-eq.), which indicates that some of the PhACs 

effects increased in the presence of others. Estrogenicity was not detected in distillate samples, 

which greatly reduced human health risks to acceptable values. Of the 7 PhACs selected in this 

study, only betamethasone, fluconazole, and prednisone were detected in the distillate. 

However, the overall removal of PhACs by the AnOMBR-MD system was higher than 96.4%. 

The chronic environmental risk considering the estrogenic activity was classified as high 

because of the detection limit in the yeast estrogen screen (YES), which supports the need for 

improving bioassay sensibility. The results demonstrated that the use of the YES assay 

combined with detection and identification of micropollutants allowed an effective assessment 

of the overall treatment performance. 

 

Keywords: micropollutants; YES assay; microbial community; sewage treatment; risk 

assessment. 
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1 Introduction 

The presence of pharmaceutically active compounds (PhACs) in the environment has 

attracted increasing attention due to their continuous discharge, persistence, and biological 

activity, which may cause disturbances in aquatic flora and fauna and risks to human health [1]. 

Over 3,000 different PhACs are in use worldwide, and it has been reported to be increasing 

because of population growth and aging [2]. 

Some PhACs are classified as endocrine-disrupting compounds (EDCs), defined as 

agents that alter endocrine system functions, such as secretion, transport, synthesis, binding, 

and elimination of natural hormones, even at concentrations in the range of ng L-1 [3]. A group 

of EDCs that gets much attention is the estrogenic substances that act in the same way as the 

natural female hormone 17β-estradiol [4]. The synthetic hormone 17α-ethinylestradiol, used in 

birth control pills, has an estrogenic potency equal to or higher than 17β-estradiol [5]. Other 

than synthetic and natural hormones, phenolic compounds, like nonylphenol, and phthalates 

esters, such as dibutyl phthalate, may also mimic 17β-estradiol activity [4]. In most cases, EDCs 

are much less potent than 17β-estradiol, ranging from one-thirtieth to one ten-thousandth as 

active [6]. Some of the effects associated with EDCs are feminization of male fish and turtles, 

changes in the immunologic system of marine mammals; and in humans, reduction of sperm 

production, increase in the incidence of breast, testicle, and prostate cancers, precocious 

puberty, polycystic ovary syndrome and premature ovarian failure [4]. 

Nonetheless, most of the studies reported in the literature use analytical chemistry 

methods to detect and quantify micropollutants in environmental samples and to evaluate the 

efficiency of water and wastewater treatment technologies [7–10]. They are essential to 

understand the route of compounds; however, a priori knowledge about these compounds is 

required and it is not possible to analyze all the substances present in the different 

environmental compartments [11]. Also, some PhACs may have endocrine-disrupting effects 

at concentrations below their analytical limits of detection [12]. And even if the compound is 

detected and its concentration is below the one with no observed effect, the mixture of more 

than one micropollutant may have interactions such as synergism, antagonism and additivity 

[13]. 

Therefore, the use of bioanalytical tools, such as in vitro assays, is crucial to assess the 

biological activity of waters and wastewaters since they are complex mixtures of compounds, 

including EDCs [12]. In vitro assays are also less expensive and ethically more acceptable than 



28 

 

in vivo alternatives [14]. However, for some compounds, bioassays are less sensitive than 

analytical investigation techniques [15]. 

Although in vitro estrogenic assays cannot predict real hazards to the whole organism 

and population, they allow for rapid screening of estrogen mimetic potential of samples of 

unknown composition [12]. The YES (yeast estrogenic screen) assay, developed by Routledge 

and Sumpter [16], utilizes a recombinant strain of the yeast Saccharomyces cerevisiae modified 

with the human estrogen receptor (hERα). It is one of the most frequently used in vitro bioassays 

to detect and quantify the potential estrogenicity of compounds, waters, and sewage. 

Municipal sewage treatment plants (STPs) are designed to remove easily or moderately 

biodegradable carbon, nutrients, and microorganisms and, therefore, do not efficiently reduce 

micropollutant concentrations [17]. Therefore, to improve the removal efficiency, advanced 

treatment technologies, such as membrane separation processes, are required. 

Osmotic membrane bioreactors (OMBRs) have been successfully applied in pilot and 

lab-scale for wastewater treatment, since they have a low energy consumption and fouling 

tendency when compared to conventional membrane bioreactors (MBRs) [18,19]. Furthermore, 

the forward osmosis (FO) membrane used in OMBRs presents better retention of low molecular 

weight compounds [10]. The water permeates through the FO membrane from the feed solution 

to the draw solution (DS), which has a higher osmotic pressure [20]. 

Anaerobic MBRs (AnMBRs) have advantages over aerobic MBRs that include lower 

operating costs because there is no need for aeration, less sludge production, and they offer the 

possibility of energy recovery in the form of biogas [21]. However, anaerobic treatment is 

known to have lower organic matter, nutrients, and micropollutant removal efficiency, when 

compared to aerobic processes [22]. In an AnOMBR, this disadvantage is overcome since the 

FO membrane increases contaminant retention times sufficiently to allow their biodegradation 

[23]. For example, in an AnOMBR, the FO rejection of caffeine, atenolol and atrazine was 

equal to 93.1%, 99.6%, and 93.3%, respectively [10], while in an AnMBR with an ultrafiltration 

membrane (UF), caffeine and atenolol were not removed, and atrazine was only reduced by 

20% [9]. 

In order to maintain the osmotic pressure difference (Δπ), which is the driving force in 

FO, and to recover the produced water, a subsequent separation and purification process is 

needed. Membrane distillation (MD) has been reported as a regeneration process for FO draw 

solution, with salt rejection higher than 99.7% [24]. The water vapor passes through the 
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membrane due to the vapor pressure gradient generated by the temperature difference across 

the microporous and hydrophobic membrane. The vapor condenses on the distillate side, while 

non-volatile compounds are rejected by the membrane [25]. Thus, integration of AnOMBR 

with MD (AnOMBR-MD) has a great potential for treating wastewaters containing 

micropollutants to produce high quality permeate for even potable reuse. Ricci et al. [24] 

proposed a novel submerged hybrid FO-MD module for domestic sewage treatment and found 

over 97.5% rejection of PhACs. 

Reverse salt flux (Js) is one of the drawbacks of OMBRs. Because of the higher solute 

concentration difference between the DS and the bioreactor, to guarantee osmotic pressure 

difference, salt diffusion occurs from the DS to the mixed liquor [20]. Due to the great salt 

rejection by the FO membrane and Js, salt accumulation in the bioreactor affects the microbial 

community, thus influencing the biological removal of organic matter, nutrients, and 

micropollutants [26]. 

The objectives of this study were to investigate the removal of 7 selected PhACs and 

estrogenic activity from municipal sewage by an anaerobic osmotic membrane bioreactor 

integrated with membrane distillation. Microbial community change due to salinity build-up 

and environmental, human health, and cancer risks of the produced water were also assessed. 

This is the first paper to assess the human health and environmental risks in an AnOMBR-MD, 

based on both estrogenicity and PhACs concentration. 

 

2 Material and methods 

2.1 Chemicals and municipal sewage feed 

Seven compounds were chosen as PhACs for the AnOMBR-MD operation: 17α-

ethinylestradiol, betamethasone, fenofibrate, fluconazole, ketoprofen, loratadine, and 

prednisone. All have been found in domestic sewage, surface, ground, and drinking water in 

Brazil [27–29]. The 7 PhACs were purchased from Sigma Aldrich (Cotia, São Paulo, Brazil), 

and stock solutions (2 mg L-1) of each were prepared in pure methanol (Sigma Aldrich) and 

stored at -20 °C until used. Individual solutions were prepared in HPLC grade ethanol 

(Honeywell, North Carolina, USA) and stored at -20 °C until used to evaluate the estrogenic 

activity of each PhAC. Physicochemical properties of the 7 PhACs are presented in Table 1. 

For the YES assay, 17β-estradiol (Sigma Aldrich, Cotia, São Paulo, Brazil) was used to prepare 
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the standard curve in HPLC grade ethanol at a concentration of 54.5 µg L-1. Chlorophenol red-

b-D-galactospyranoside (CPRG) was purchased from Merck Millipore (Barueri, São Paulo, 

Brazil). 

Table 1 - Physicochemical properties of PhACs used in the study 

PhACs 
MW 

(g mol-1) 
Log Kow pKa pKH 

DLdist 
(ng L-1) 

DLDS 

(ng L-1) 

17α-Ethynilestradiol 296.41 3.9 -1.66 and 
10.33 11.09 83.6 708.7 

Betamethasone 392.47 1.68 12.42 7.14 3.3 28.3 
Fenofibrate 306.27 3.61 3.88 8.34 1.1 102.8 
Fluconazole 360.83 5.28 - 12.98 0.5 27.7 

Ketoprofen 254.28 0.56 2.3 and 
12.68 10.67 0.8 68.9 

Loratadine 382.89 4.55 4.33 12.49 0.7 20.1 
Prednisone 358.43 1.66 12.68 9.54 1.3 59.6 

DLdist - Detection limit for distillate; DLDS - Detection limit for draw solution. 
Source: Ricci et al. [24]. 

 

Municipal sewage was collected once after preliminary treatment, composed of screens 

and grit chambers, from the Onça municipal STP, located in Belo Horizonte, Minas Gerais, 

Brazil. Physicochemical characterization of the wastewater is presented in Table 2. Anaerobic 

sludge from a UASB unit was also collected once, at the same treatment plant and used as 

inoculum to start the operation of the AnOMBR-MD. Municipal sewage was storage under 

refrigeration at 4 °C until used and anaerobic sludge was fed with municipal sewage every day 

until the bioreactor operation started.  
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Table 2 - Physicochemical characterization of the municipal sewage after preliminary 

treatment 

Parameter Value ± standard deviation 
(n = 7) 

pH 8.2 ± 0.7 

Electrical conductivity (µS cm-1) 1608 ± 89.1 

Alkalinity (mgCaCO3 L-1) 116.5 ± 24.6 

Chemical oxygen demand (COD) (mg L-1) 306 ± 138 

Total suspended solids (TSS) (mg L-1) 130.1 ± 57.9 

Volatile suspended solids (VSS) (mg L-1) 116.0 ± 43.9 

Dissolved organic carbon (DOC) (mg L-1) 56.0 ± 16.3 

N-NH4
+ (mg L-1) 25.5 ± 8.2 

P-PO4
3- (mg L-1) 6.2 ± 0.9 

Estrogenic activity (E2-eq. ng L-1) 9.2 

 

2.2 Membranes 

Flat-sheet membranes were used in the FO-MD hybrid module. The asymmetric FO 

membrane, made with cellulose triacetate, was purchased from Hydration Technology 

Innovations (Albany, OR, USA). The FO membrane was used with the active layer facing the 

feed solution. For MD, a polytetrafluoroethylene (PTFE) laminated on a polypropylene layer 

membrane was purchased from Sterlitech Corporation (Kent, WA, USA). The MD membrane 

had an average pore size of 0.2 μm and was tested in direct contact configuration. 

2.3 Experimental apparatus and AnOMBR-MD operation 

A schematic of the lab-scale AnOMBR-MD system is shown in Figure 1. The bioreactor 

had an effective volume of 4.5 L and was equipped with the submerged FO-MD hybrid module 

and a mechanical stirrer to allow complete mixing conditions. The module has 2 FO and 2 MD 

membranes. Each membrane had an effective area of 132 cm2, so the total membrane area is 

264 cm2. A detailed description of the module can be found in Ricci et al. [24]. The bioreactor 

also had a level sensor that activated a metering pump connected to a feed tank when the mixed 

liquor level decreased below a minimum. The FO-MD module had two outer compartments for 

DS recirculation (75 L h-1) and an inner compartment for distillate recirculation (80 L h-1). 
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Temperatures of the DS and distillate were held constant at 45 °C and 20 °C, respectively [24]. 

DS and distillate reservoirs were placed on digital scales to measure weight changes during 

operation and, thus, calculate FO and MD water fluxes. 

The bioreactor was inoculated with anaerobic sludge to a final MLVSS concentration 

of 10 g L-1 and redox potential varied from -279 to -122 mV, indicating and anaerobic condition 

[30]. Municipal sewage spiked with 2 µg L-1 of each PhAC was used as feed solution for the 

bioreactor. DS was prepared with 2 mol L-1 NaCl, with an osmotic pressure of 106.7 bar at 45 

°C. Bioreactor operation started with 6 L of DS and 3 L of deionized water as distillate. The 

AnOMBR-MD was operated under continuous flow, and samples were collected to measure 

physicochemical parameters, PhACs quantification, and estrogenic activity evaluation. Every 

day, 100 mL of the mixed liquor were collected to maintain the solids retention time in 45 days. 

 

Figure 1 - Schematic of the lab-scale AnOMBR-MD system and FO-MD module. 

 

 

2.4 Analytical methods 

Municipal
sewage

Reuse 
waterDraw solutionFeed 

solution

Membrane
bioreactor

JFO JFO

DS DS

Distillate

FO FO
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The samples were characterized by quantifying pH (4500-H+), COD (5220 C), DOC 

(5310 B, Shimadzu TOC-VCPH analyzer), alkalinity (2320 B), electrical conductivity (2510), 

N-NH4
+ (4500-NH3 B and C), P-PO4

3- (4500-P C) and oxidation-reduction potential (2580 A) 

according to the Standard Methods for the Examination of Water and Wastewater [31]. Volatile 

fatty acids (VFA) were quantified by the method proposed by Kapp [32]. 

PhACs were quantified by liquid-chromatography (Shimadzu Prominence UFLC, 

Shimadzu, Kyoto, Japan) coupled with mass spectrometry (MicrOTOF-QII, Bruket Daltonics, 

Bremen, Germany) (LC-MS). The method used to quantify the PhACs is described in detail in 

Ricci et al. [24] and Faria et al. [33], including recoveries and detection limits. 

2.5 Molecular biology assays 

One biomass sample was taken from the seeding sludge and from mixed liquor at steady 

state (50 d). They were centrifugated and storage at -20 °C. The microbial community analysis 

was carried out with 0.5 g of biomass. The deoxyribonucleic acid (DNA) metagenomic was 

extracted using commercial kit DNeasy Power Soil (QIAGEN, Hilden, Germany) following the 

manufacturer's instructions. DNA integrity was evaluated using 1% agarose gel electrophoresis 

in TAE 1X and quantified on a spectrophotometer (NanoDrop Technologies, Wilmington, DE, 

USA). 341F and 806R primers [34] with the addition of an "overhang" sequence compatible 

with the "index" and adapters of the Miseq-Illumina platform were used. The PCR reaction was 

performed in a final volume of 20 μL, containing 7 μL of 2x Master Mix Prime Time, 4 μL of 

each primer (1 pmol µL-1) and 5 μL of DNA (1 ng μL-1). Amplification was carried out with 

initial denaturation at 95 °C for 3 min, followed by 30 cycles at 95 °C for 0.5 min, annealing at 

60 °C for 0.5 min, and extension at 72 °C for 0.5 min. The final extension was carried out at 72 

°C for 5 min. The amplicons were purified with AMPure XP DNA purification beads (Beckman 

Coulter, Danvers, MA, USA) according to the manufacturer's instructions. Subsequently, the 

amplicons were linked to a specific index pair (N7xx and S5xx) for each sample during a second 

PCR as following: for a final volume of 25 μL, 12.5 μL of 2x KAPA HiFi HotStart ReadyMix, 

3 μL of each Nextera XT index, 2.5 μL of the purified product from the first PCR and 4 μL of 

ultra-pure water. This amplification was carried out with initial denaturation at 95 °C for 3 min., 

followed by 8 cycles at 95 °C for 0.5 min, annealing at 55 °C for 0.5 min, extension at 72 °C 

for 0.5 min and final extension at 72 °C for 5 min. Then, the "amplicons" were evaluated 

regarding the quality and size of the bands using the Bioanalyzer DNA 1000 chip and quantified 

by real time PCR using the KK4824-Kappa Biosystems kit (Biosciences, Woburn, MA, USA) 

on Step One Real Time PCR equipment (Applied Biosystems, Foster City, CA, USA). Finally, 
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these pooled libraries were sequenced on the Illumina MiSeq platform using the V3 kit, 2 × 300 

bp paired-end. 

The obtained sequences were demultiplexed to split the samples according to the set of 

the index used. Then, the quality of the sequences was evaluated based on the quality filter of 

the MiSeq Illumina sequencer, excluding sequences with low-quality values. After this initial 

screening, the reads were converted to the FASTq format. Then, analyzes following the pipeline 

developed by the Brazilian Microbiome Project [35] were performed. Taxonomic classification 

was performed using the core_diversity pipeline of the QIIME package [36]. Sequences within 

a similarity threshold of 97% were considered operational taxonomic unit (OTU). 

2.6 YES assay 

2.6.1 Sample preparation 

Before the YES assay, samples from the AnOMBR-MD were filtered through a 0.45 µm 

cellulose nitrate membrane (Unifil - 510.047) and acidified to pH 3 with HCl. The samples 

were then percolated through C18 cartridges (500 mg / 6 mL, Agilent Technologies) at a flow 

rate of 10 mL min-1 according to the methodology proposed by Do Nascimento et al. [37]. 

Cartridges were dried under vacuum for 20 min and 4 mL of acetone were used to elute the 

extracts from the cartridges. The solvent was evaporated and the dried extracts were 

resuspended in 1 mL of ethanol immediately before use in the YES assay. 

2.6.2 Assay procedure 

The YES assay was carried out according to the protocols developed by Routledge and 

Sumpter [16] and Bila et al. [38] with modifications at the Laboratory of Aquatic Ecotoxicology 

of the Universidade Federal de Viçosa. 

Tests were performed in 96-well microtiter plates (Figure 2) and the standard curves 

were prepared with 12 concentrations ranging from 2,724 ng L-1 to 1.33 ng L-1. Ethanol was 

used as blank solvent control. Ten (10) µL of individual PhAC solution or sample extract was 

serially diluted in ethanol and tested in duplicate. After evaporation of ethanol from the sample 

and blank wells, 200 µL of analysis medium (fresh growth medium, 80 mg L-1 of CPRG and 4 

x 107 cells of recombinant yeast) were added to each well. The plates were sealed, shaken for 

2 min on a plate shaker and kept at 32 °C. After 72 h incubation, plates were shaken again for 

2 min and left to settle for 1 h. Absorbances were then measured at 540 nm for color and 630 

nm for turbidity in a Polaris® microplate reader (Celer Biotechnology, Belo Horizonte, Minas 
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Gerais, Brazil). Two test batches were necessary, with 9 samples from the AnOMBR-MD in 

each. 

 

Figure 2 - Yes assay microplate after 72 h incubation. 

2.6.3 Estrogenic activity calculation 

The absorbance of each well was corrected according to Eq. (1): 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑎𝑏𝑠 = 𝑆𝑎𝑚𝑝𝑙𝑒540 − (𝑆𝑎𝑚𝑝𝑙𝑒630 − 𝐶𝑜𝑛𝑡𝑟𝑜𝑙630) Eq. (1) 

For the E2 standard curve and PhACs, corrected absorbance was plotted versus the 

concentration and fitted to a four-parameter logistic regression dose-response curve (Eq. (2)), 

using the package ‘dr4pl’ [39], in R Program, version 3.2.1 [40]. 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑎𝑏𝑠 =  𝐴1−𝐴21+( 𝑥𝐸𝐶50)𝑝 + 𝐴2     Eq. (2) 

where A1 is the basal induction of estrogenic activity, A2 is the maximum induction of 

estrogenic activity, p is the hillslope, EC50 is the 50% effective concentration and x is the 

concentration of the compound. 

The estrogenic relative potency (RP) of each PhACs was estimated by Eq. (3) and is 

defined as the ratio of the standard and the PhACs concentration for the same effect.  𝑅𝑃 = 𝐸𝐶50,𝐸2𝐸𝐶50,𝑃ℎ𝐶𝑠        Eq. (3) 

The estrogenic activity of the samples from the AnOMBR-MD was calculated as E2 

equivalents (E2-eq.) by interpolation from the E2 standard curve. Estrogenic activity is 

calculated by the average of at least 3 wells in which the absorbance has the higher correlation 

with the dilution. The limit of detection (LODyes) was defined as the concentration of E2 that 

➔ Standard curve

➔ Blank

➔ Standard curve

➔ Blank

➔ Sample replicate 1

➔ Blank

➔ Sample replicate 2
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causes an effect equal to the blank’s average absorbance plus 3 times its standard deviation. 

The limit of quantification (LOQyes) was estimated as the concentration of E2 that causes an 

effect equal to the blank’s average absorbance plus 10 times its standard deviation [41,42]. 

Total estrogenic activity for the municipal wastewater, with the PhACs in a 

concentration of 2 µg L-1 each, was calculated by the concentration additive model, according 

to Eq. (4) [43]: 𝐸2 − 𝑒𝑞.𝑚𝑖𝑥 = ∑ 𝑅𝑃𝑃ℎ𝐴𝐶 × 𝐶𝑃ℎ𝐴𝐶    Eq. (4) 

Where E2-eq.mix is the estrogenic activity from the mixture and CPhAC is the 

concentration of the PhAC. 

2.7 Analysis of environmental and human health risk  

Environmental and human health risks were evaluated for feed solution and distillate. 

Hazard quotients (HQ) were calculated for acute and chronic effects as well as for 

environmental risk, according to Eq. (5): 𝐻Q = 𝑀𝐸𝐶𝑃𝑁𝐸𝐶       Eq. (5) 

where MEC is the measured PhAC concentration or estrogenic activity (E2-eq.) and PNEC is 

the predicted non-effect concentration. PNEC for acute environmental risk was calculated by 

dividing the half-maximal effective or lethal concentration (EC50 or LC50) by an assessment 

factor of 1000, according to the European Commission [44] (Supplementary material, Table 

S1). For chronic environmental risk, the no observed effect concentration (NOEC) was divided 

by the assessment factor, according to Table S1, depending on the available data. 

Human health risk (HQh) was estimated by Eq. (6), where DWGL is the drinking water 

guideline level, calculated by Eq. (7). 𝐻𝑄ℎ = 𝑀𝐸𝐶𝐷𝑊𝐺𝐿       Eq. (6) 

𝐷𝑊𝐺𝐿 = 𝑇𝐷𝐼×𝐵𝑊×𝑓𝐷𝐼       Eq. (7) 

where TDI is the tolerable daily intake for each PhAC or E2 equivalent, in the case of estrogenic 

activity, BW is the body weight, considered 70 kg, f is the relative contribution of water 

exposure, considered equal to 100% in the case of PhACs, and DI is the daily input of water (2 

L d-1) [45]. 
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For both environmental and human risk assessment, the hazard index (HI) was also 

calculated to assess the cumulative risk in AnOMBR-MD distillate by the concentration 

addition model [46]. HI was calculated as the sum of the individual HQs for all seven PhACs 

(Eq. (8)). 𝐻𝐼 = ∑ 𝐻𝑄𝑖𝑛𝑖=1      Eq. (8) 

HQ and HI values were classified as high risk (HQ or HI > 1), medium risk (0.1 ≤ HQ 

(HI) ≤ 1), low risk (0.01 ≤ HQ (HI) < 0.1) and negligible risk (HQ (HI) < 0.01) [27,33]. Values 

of L(E)50, NOEC, and DWGL were taken from literature and are presented in the 

supplementary material (Tables S2 – S4). 

The incremental lifetime carcinogenic risk (ILCR) was estimated by the model proposed 

by US EPA [47] (Eq. (9)). 𝐼𝐿𝐶𝑅 = 𝑀𝐸𝐶×𝐷𝐼×𝐸𝐹×𝐸𝐷×𝐶𝑆𝐹𝐵𝑊×𝐴𝑇      Eq. (9) 

where EF is the exposure frequency (considered equal to 365 d per year), ED is the exposure 

duration (70 years), AT is the average time (equal to 25,550 d), and CSF is the cancer slope 

factor (linear low-dose cancer potency factor) for the PhACs kg d mg-1. The CSF depends on 

the compound; however, no information was found for the PhACs used in this study. On the 

other hand, CSF for 17β-estradiol is equal to 39 kg d mg-1 [48], and ILCR was estimated using 

the estrogenic activity as MEC. According to US EPA [47], when ILCR > 10-4, the risk is 

considered unacceptable, for 10-4 < ILCR < 10-6, the risk is acceptable, and risk is negligible 

when ILCR < 10-6. 

Environmental and human health risks were estimated for the average PhAC 

concentrations found in the AnOMBR-MD distillate. Detection limits were used in risk 

calculations for compounds that were not detected, according to the precautionary principle 

[49]. 

 

3 Results and discussion 

3.1 Organic matter and nutrients removal 

Mixed liquor (ML) pH remained relatively constant at about 8.2 and the same was 

observed for DS and distillate (Table 3), with a pH of 7.9 and 8.2, respectively. The low pH 

variation can be explained by the high ML alkalinity and methanogenic Archaea activity that 
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counteracted the pH-reducing effects of volatile fatty acids (VFA). VFA concentrations lower 

than reported by other authors in AnOMBR is evidence of high methanogenic activity, which 

produces biogas that could be recovered [15]. VFA and DOC concentrations in DS and distillate 

were much lower than in ML, with DOC removals of 96.2% by FO and 97.2% overall in the 

AnOMBR-MD observed. Furthermore, DOC in ML ranged from 48.1 to 58.3 mg L-1, 

suggesting that biodegradation played an important role, being responsible for more than 70% 

of the removal, even with salinity build-up, since higher DOC in the bioreactor was expected, 

of almost 600 mg L-1, considering the continuous entering of organic matter from the feed 

solution. 

Nutrient accumulation in the bioreactor was expected due to anaerobic treatment, in 

which organic nitrogen is converted to its inorganic form. N-NH4
+ in the DS reached almost 50 

mg L-1 after 15 days of operation, caused by its passage through the FO membrane to the DS. 

FO ammonia rejection was 88.9%, and DS presented an average N-NH4
+ concentration of 22.9 

mg L-1, within the range previously reported for AnOMBR, of 10 to almost 40 mg L-1 [50]. A 

significant N-NH4
+ concentration was detected in the distillate since ammonia is volatile and 

can pass through the MD membrane. Ammonia transport could be reduced with pH adjustment 

in the DS to below 6 [51]. 

The maximum P-PO4
3- concentration in the ML was 31 mg L-1, and the overall removal 

was around 98.0%, with concentrations in distillate below the method detection limit (0.3 mg 

L-1). Several studies have been carried out to recover phosphorus in OMBRs [23,52]. Indeed, 

the FO membrane presented about 98% rejection of P-PO4
3- and the feasibility of recovering 

this nutrient and nitrogen in the AnOMBR-MD should be evaluated.  
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Table 3 - Average contaminant concentration and removal efficiency in AnOMBR-MD 

operation 

Parameter ML DS Distillate RFO (%) 
RAnOMBR+MD 

(%) 

pH 8.2 ± 0.2 7.9 ± 0.3 8.2 ± 0.5 - - 

Alkalinity 
(mgCaCO3 L-1) 696 ± 114.7 230 ± 211.6 66.3 ± 23.2 - - 

VFA 
(mgHAc L-1) 47.2 ± 25.9 14.8 ± 10.2 0.4 ± 1.1 - - 

DOC (mg L-1) 57.8 ± 18.1 2.2 ± 2.0 2.1 ± 2.1 96.2 97.2 

N-NH4
+ (mg L-1) 37.8 ± 6.9 22.9 ± 10.4 7.9 ± 3.2 88.9 77.8 

P-PO4
3- (mg L-1) 20.9 ± 9.8 0.8 ± 1.2 0.3 ± 0 98.3 98.0 

 

3.2 AnOMBR-MD permeate flux and reverse salt flux 

Permeate flux in FO was about 3.33 kg m-2 h-1 at the beginning of AnOMBR-MD 

operation, and after 30 days, JFO stabilized at 0.71 kg m-2 h-1, 20% of its initial value (Figure 

3a). At the beginning of the operation, since JFO was higher than JMD, a dilution in DS salt 

concentration was verified, reducing the osmotic pressure difference across the FO membrane. 

FO membrane fouling may have contributed to the flux decline. Another reason for the decline 

in JFO was salinity build-up in the bioreactor that lowered the FO driving force (Figure 3b). Ion 

accumulation is influenced by the reverse salt flux (Js) and the dissolved compounds entering 

the bioreactor [26]. The latter is more challenging to control since the FO membrane has a high 

rejection for dissolved compounds, while the former can be reduced, depending on salt 

diffusivity. After 50 days of operation, the conductivity in the ML stabilized around 60 mS cm-

1 (Figure 3b), which led to an increase in the osmotic pressure in the bioreactor to 30 bar. Thus, 

the osmotic pressure difference across the FO membrane was reduced to less than 80 bar, 

meaning that a better solute than NaCl for the DS is needed, as already demonstrated in previous 

studies [53,54]. Furthermore, elevated ion concentration in the bulk sludge can cause osmotic 

stress for the bioreactor microorganisms, reducing their biological activity and, therefore, the 

overall performance in the AnOMBR-MD [26,53]. 
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Figure 3 - (a) Normalized permeate flux in FO and MD membranes and osmotic pressure 

difference in FO and (b) ML conductivity during AnOMBR-MD operation. 

A less sharp reduction in JMD was observed since MD did not depend on the salinity of 

the feed solution, which was DS. The initial JMD was 2.35 kg m-2 h-1 and it stabilized at 0.81 kg 

m-2 h-1, close to the JFO, after 50 days. Unlike FO, fouling had less impact on MD performance 

than concentration and temperature polarization. When water vapor permeates the MD 

membrane, NaCl accumulates at the feed membrane surface, which can lead to pore blocking 

and flux decline [55]. The bulk temperature in MD was 25.5 ± 2.2 °C. However, with 

temperature polarization, described as the reduction in the temperature difference across the 

membrane, the vapor pressure difference - the MD driving force - was reduced [25]. 
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Nevertheless, MD salt rejection was greater than 99.5%, making it suitable for DS 

reconcentration and water recovery processes in an AnOMBR treating municipal sewage. 

3.3 Microbial community diversity in the bulk sludge 

The presence of PhACs could inhibit the proliferation of microorganisms. On the 

contrary, various authors have reported an increase in bacterial diversity, after the addition of 

PhACs [56–58]. Indeed, the microbial community richness and diversity presented a significant 

increase in the AnOMBR-MD, supported by the Chao 1, Shannon and Coverage estimators in 

Table 4. These findings were not expected, since the sludge retention time was 45 d, really close 

to the operation time. A great change in bacteria phylum level was observed (Figure 4). The 

sludge used as inoculum was composed mainly by Synergistetes (83.4%) and Caldiserica 

(5.4%). Meanwhile, the dominant microorganisms after 50 days operation were Proteobacteria 

(34.9%), Synergistetes (30.3%), Planctomycetes (11.7%) and Caldiserica (5.8%), followed by 

Bacteroidetes, Chloroflexi, Actinobacteria, Firmicutes, TM7, [Thermi], WS6, NKB19 and 

Thermotogae. Chen et al. [59] found that Firmicutes abundance must be higher than 

Bacteroidetes for the anaerobic system to have better performance. In the seed sludge, the 

relation between Firmicutes and Bacteroidetes was 1.47, but it reduced to 0.34 after 50 days, 

which could induce system instability and a loss of overall removal efficiency. Compared to 

the studies of Muñoz Sierra et al. [60] and Wang et al. [61], under anaerobic, mesophilic, and 

saline environments, only the phyla TM7, [Thermi] and NKB19 were not identified in their 

research. However, different from the present study, Proteobacteria abundance reduced in those 

conditions. 

In an AnOMBR with a complete rejection of MLVSS, a long sludge and micropollutants 

retention time is achieved allowing not only the increase in biodegradation of recalcitrant 

compounds but also the suppression of less salinity tolerant microorganisms. Additionally, the 

increment in richness and diversity, may have permitted the degradation of different compounds 

in the AnOMBR-MD, because of the great number of functions in the microbial community. 

Nevertheless, an investigation in a long-term operation should be conducted in this kind of 

MBR in future studies. 
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Figure 4 - Microbial community abundance of the phylum in bulk sludge of the AnOMBR-

MD. 

 

Table 4 - Richness and diversity estimators of the community 

Sample OTUa Chao 1 Shannon Coverage 

Seed sludge 137 155.9 6.34 0.99589 

Day 50 874 971.5 7.61 0.97197 
aOTU: operational taxonomic units. 

Microbial community dynamics for the genus level of both bacteria and archaea are 

presented in Figure 5. For bacteria (Figure 5a), TTA_B6 was the most abundant genus and 

reduced significantly during the AnOMBR-MD operation. This uncultivated organism seems 

to be related to full-scale anaerobic bioreactors, decreasing its abundance under lab-scale 

conditions [62]. Unclassified organisms from Xanthomonadaceae were the second most 

abundant genus at day 50 and it was not found in the inoculum. Despite being considered 

obligate aerobe organisms, Hao et al. [63] found out that Xanthomonadaceae was one of the 

most abundant families in anaerobic sludges digesters, suggesting that this organism could use 

some electron acceptors other than oxygen, like nitrate and sulfate. Planctomyces and 

unclassified Pirellulaceae, which belong to Planctomycetes phylum, have species adapted to 

both aerobic and anaerobic conditions [64]. Furthermore, Planctomyces includes the specie 

Planctomyces brasiliensis, found in hypersaline ponds [65], and thus, had better performance 

over other species. 
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Concerning methanogenic archaea (Figure 3b), its relative abundance on the microbial 

community decreased from 1.30% to 0.38%, despite the increment in OTUs after 50 days (from 

20 to 133). Thus, an impact on methane production is expected, reducing the possible resource 

recovery from the AnOMBR-MD system. Methanogenic archaea are extremely sensitive to 

salinity, micropollutants, VFA, and ammonia [26,63]. Compared to the beginning of the 

operation, ammonia concentration decreased, while VFA increased slightly from 6.2 to 34.6 

mgHAc L-1 (Table S5). However, as discussed in section 3.1, pH remained relatively constant 

due to the high alkalinity. PhACs accumulation could also impact microbial community change, 

but as shown by Symsaris et al. [66], higher biomass concentration may reduce the effect of 

micropollutants on methanogenic communities. Therefore, the parameter with more influence 

on methanogenic organisms is salinity build-up, which could be mitigated using a draw solute 

with lower diffusivity [67]. Reduction in salinity in the bioreactor could result in better 

biodegradation of recalcitrant compounds, as PhACs, and reduce their concentration in the 

mixed liquor and their impact on the microorganisms. Methanobacterium was the only genus 

representing Methanobacteria class, and Methanomicrobia was assigned to 

Methanomicrobiales, Methanosaeta, and Methanolinea. Methanosaeta was the only 

acetoclastic methanogen present in the samples and doubled its abundance in the bulk sludge, 

from 5.0% to 10.5%, even though it is more vulnerable to salinity than Methanosarcina [63]. 

Nevertheless, Methanosaeta is more abundant in mesophilic conditions, around 37 °C [68]. 

Unclassified Methanomicrobiales were not detected in the inoculum and were the most 

abundant group on day 50 (67.7%), indicating that they are less affected by salinity and 

temperature than Methanolinea and Methanobacterium, whose relative abundance was reduced 

in the community. Therefore, Methanomicrobiales has an important role in methanogenesis, 

and hydrogenotrophic may be the dominant pathway in methane production in AnOMBR. 

On the other hand, sulfate-reducing bacteria (SRB), not found in the inoculum, increased 

its abundance to 0.42%, represented by the genera Desulfovibrio and Desulfomicrobium, and 

unclassified families Desulfobacteraceae, Desulfovibrionaceae, and Thermodesulfobiaceae. 
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Figure 5 - Microbial community composition in bulk sludge of the AnOMBR-MD. (a) 

Abundance of the major bacterial genera (> 1%); and (b) abundance of the archaea genera. (f_ 

and g_ mean that it was not possible to classify the family and the genus, respectively). 

 

3.4 Estrogenic activity of the selected PhACs 

EC50 values for the 17β-estradiol standard and the 7 PhACs in the YES assay are listed 

in Table 4. 17α-ethinylestradiol presented relative potency (RP) close to 1, indicating that it had 

the same activity as 17β-estradiol. RP values reported in the literature varied from 0.67 to 1.07. 
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Besides 17α-ethinylestradiol, only fluconazole had estrogenic activity, but only at a 

concentration of 6.04 mg L-1, with RP of almost 10-5, signifying that it is a weak estrogenic 

compound. The other 5 PhACs did not present any effect over the range of concentrations 

tested. Fent et al. [69] and Isidori et al. [70] reported fenofibrate and prednisone exhibited 

estrogenic activity at concentrations 7 to 8 order of magnitude higher than 17β-estradiol, which 

are not found in the environment and were therefore not tested in this study. No estrogenic 

activity was detected for ketoprofen. Wieczerzak et al. [13] demonstrated that this PhAC had 

antiestrogenic activity, which is also considered a disrupting effect and in the presence of 

estrogenic compounds may reduce their biological activity. Betamethasone and loratadine did 

not exhibit any activity even at the highest concentrations tested, and no information on their 

possible estrogenicity was found in the literature. 

Therefore, it is important to have an effective treatment capable of removing the 7 

PhACs, which have been found in wastewater, surface, and drinking water [27,28] and may 

present estrogenic or antiestrogenic effects in aquatic organisms and human beings. 

Table 5 - EC50 and RP for the selected PhACs in YES assay 

PhACs Concentration 
range (ng L-1) 

EC50 

(ng L-1) 
RPa Reference 

17β-estradiol 1.33 to 2.72 x 103 59.67 1 This study 

17α-
ethinylestradiol 

1.17 to 2.40 x 103 57.93 1.03 This study 

  1.07 [57] 
  0.88 [58] 
  0.81 [59] 
  0.71 [60] 
  0.69 [61] 
  0.67 [5] 

Betamethasone 2.44 to 11.0 x 106 NDb - This study 

Ketoprofen 2.44 to 16.5 x 106 ND - This study 

Fenofibrate 

2.44 to 10.5 x 106 ND - This study 

  2.94 x 10-7 [55] 
  1.48 x 10-7 [54] 

Fluconazole 2.44 to 11.0 x 106 6.04 x 106 9.88 x 10-6 This study 

Loratadine 2.44 to 10.0 x 106 ND - This study 

Prednisone 
2.44 to 9.50 x 106 ND - This study 

  3.57 x 10-8 [55] 

aCalculated with the concentrations in ng L-1; bND: Not detected (LOD = 15.98 ng L-1 E2-eq.). 
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3.5 AnOMBR-MD estrogenic activity removal 

Municipal sewage's estrogenic activity before the addition of PhACs was equal to 9.2 

ng L-1 E2-eq., a value within the range reported in the literature [71–73]. Sewage's estrogenicity 

was likely caused by hormones, e.g., 17β-estradiol, 17α-ethinylestradiol, and estrone, but also 

by phenolic compounds, such as nonylphenol and bisphenol A, as well as phthalates, like 

dibutyl phthalate, that are frequently detected in municipal sewage [4]. After adding the 7 

PhACs to the sewage used as feed solution to the AnOMBR-MD, estrogenicity increased 335%, 

reaching a value of 6,921 ng L-1 E2-eq. This indicates that the mixture of PhACs and wastewater 

had a synergistic interaction: the effects of some compounds were increased in others' presence 

since the E2-eq.mix calculated by the concentration additive model was only 2,069 ng L-1 E2-

eq. Therefore, PhAC concentration alone is not sufficient to evaluate the potential risks of 

complex mixtures. The use of in vitro assays to assess these risks added great value to the 

investigation of the micropollutants. 

The concentration of estrogenic compounds in the AnOMBR-MD mixed liquor (Figure 

6a) after 12 days of operation was 4 times lower than in the feed solution, suggesting that 

anaerobic treatment was capable of removing these compounds. From day 23 on, a greater 

reduction in mixed liquor estrogenic activity was observed, with values of 173 ng L-1 E2-eq., 

corroborating the removal by biological treatment. Indeed, the biological removal of estrogenic 

activity varied from 75 to 97% (Figure 6b) over time. Even with the observed change in the 

microbial community and the expected instability of the system, after 50 days, biodegradation 

of estrogens was not affected, proving the advantage of AnOMBR-MD for the treatment of 

municipal sewage. 

Various studies demonstrated that anaerobic treatment had low or no removal of EDCs 

[73–75]. The 3 main mechanisms for estrogenic compounds removal are: biological processes, 

either by metabolic or co-metabolic biodegradation; adsorption to the sludge; and volatilization 

[76]. In anaerobic treatment, as there is no aeration and because of the low Henry’s constant 

values (Table S1), volatilization certainly play a negligible role. Therefore, it is expected that 

sorption and biodegradation are the dominant processes. According to Prasse et al. [77], 

biological removal of organic compounds occurs by the oxidation of alcohols and aldehydes to 

carboxylic acids, N-dealkylation, ester cleavage and hydroxylation. Although this 

biotransformation is not sufficient to remove estrogenic recalcitrant compounds, the longer 

retention time of the PhACs and EDCs in the AnOMBR-MD, combined with the increment in 

microbial richness and diversity permitted relatively high removal efficiencies, minimizing the 
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effect of salinity build-up in the bioreactor. Additionally, the increased temperature in the 

bioreactor (37.7 ± 3.3 °C), due to recirculation of DS at 45 °C, may have had a positive impact 

on estrogenicity removal, by increasing microbial activity [78]. 

Estrogenicity was detected in DS on day 12, but it was below the LOQ (4.9 ng L- 1 E2-

eq.), indicating high rejection of EDCs by the FO membrane (Figure 6b). No estrogenic activity 

was detected in DS, and FO membrane rejection was greater than 98.6% for the other 

monitoring days. No estrogenic effect was detected (LOD < 2.3 E2- eq. ng L-1) in the distillate 

samples, and the overall efficiency of the AnOMBR-MD was greater than 99.97%. 
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Figure 6 - (a) Estrogenic activity in the mixed liquor, DS and distillate; (b) Estrogenic activity 

removal efficiency in the AnOMBR-MD. LOQ and LOD are mean limits of quantification and 

limit of detection, respectively. Error bars for DS and distillate, as well as for removal efficiency 

were not calculated, because, in all samples, estrogenic activity was bellow LOQ or LOD. 
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3.6 AnOMBR-MD PhACs removal 

The removal of the selected PhACs in the AnOMBR-MD is presented in Table 5. 

Anaerobic biological treatment with FO (AnOMBR) effectively removed fenofibrate and 

loratadine since they were not detected in DS at all. The high AnOMBR efficiency was likely 

due to size exclusion and biodegradation. As already shown by Ricci et al. [24], the FO CTA 

membrane promotes better rejection of compounds with molar weights > 270 g mol-1, and the 

selected PhACs, except ketoprofen, have molar masses higher than 358 g moL-1. For 

ketoprofen, with the lowest molar mass (254.3 g moL-1), a concentration of 3 µg L-1 was found 

in DS. Regarding fluconazole, the most hydrophilic of the PhACs (log KOW = 0.56), the 

interaction with the CTA membrane may have facilitated its passage to the DS. Faria et al. [33] 

observed that 17α-ethinylestradiol and betamethasone were predominantly removed by biotic 

mechanisms (73.10% and 94.88%) compared to abiotic mechanisms (8.08% and 0%) under 

anaerobic conditions. For prednisone, loratadine, and fenofibrate, the authors recognized that 

removal was mainly due to abiotic factors like sorption and chemical degradation. 

The concentration of 17α-ethinylestradiol was not expected to increase in DS, given its 

high hydrophobicity (log KOW = 3.9). However, biodegradation rates decreased with salinity 

build-up in the bioreactor, leading to 17α-ethinylestradiol accumulation and higher 

concentrations in DS, despite the high FO membrane rejection (> 95.88%). However, 

estrogenicity associated with this level of 17α-ethinylestradiol was not detected in DS (Figure 

6a). It may be explained by an effect of the DS matrix, or, more likely, by an antagonistic 

interaction of the compounds present in DS, such as ketoprofen, reported to be an antiestrogenic 

EDC [13]. 

Only betamethasone, fluconazole, and prednisone reached the distillate (Table 5). 

Although the prednisone concentration in DS was below the detection limit, it was detected in 

the distillate, which suggests that DS salinity may have caused ion suppression and decreased 

the sensibility for the analytes (Table 1) [79]. Nevertheless, in distillate concentrations, PhACs 

concentrations were lower than 157 ng L-1, and the AnOMBR-MD removed more than 97.41% 

of prednisone and 99.98% of loratadine. Therefore, anaerobic treatment coupled with FO and 

MD may have synergistic effects and enhance municipal sewage treatment containing 

micropollutants. 
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Table 6 - PhACs concentration in the DS and the distillate and removal efficiency in the 

AnOMBR-MD 

PhACs CDS (ng L-1) Cdist (ng L-1) RAnOMBR (%) RAnOMBR-MD (%) 

17α-Ethynilestradiol 9008.55 ± 2922 < 83.61 90.54 ± 7.4 > 97.88 
Betamethasone  124.39 ± 136 96.28 ± 86 94.41± 0.47 98.22 ± 3.20 

Fenofibrate < 102.83 < 1.09 > 99.79 > 99.94 
Fluconazole 3561.84± 909 90.13 ± 10 92.67 ± 4.55 98.29 ± 0.20 
Ketoprofen 3070.40± 639 < 0.81 97.57 ± 2.10 > 99.97 
Loratadine < 20.08 < 0.71 > 99.44 > 99.98 
Prednisone < 59.55 74.33 ± 41 > 97.02 97.41 ± 1.40 

Hence, bioanalytical tools combined with detection and identification of micropollutants 

are fundamental for evaluating the treatment of wastewater containing PhACs and EDCs. Also, 

toxicity tests, which are required by most legislation, may also corroborated to a better 

assessment of treatment performance. 

3.7 Environmental and human health risk assessment 

Both acute and chronic environmental risks in the distillate were classified as low or 

negligible for all PhACs (Figure 7), suggesting they do not present a risk to aquatic organisms 

when assessed individually. On the other hand, the acute cumulative risk (HI) of the PhACs 

was characterized as medium, evidence that the mixture of compounds in distillate can increase 

environmental risk. This result raises concern about biologically active compounds in the 

environment since more than 600 have been detected in environmental matrices [2,46]. 

Considering that PhACs will not be found alone in these matrices, it is necessary to evaluate 

the cumulative risk of PhACs to better represent their potential environmental impact. 

Environmental risks were also assessed considering the estrogenic activity in E2-eq. 

(Figure 7). The acute risk was classified as medium, while the chronic risk was high. The 

estrogenic activity risks were higher than the cumulative risk, HI, indicating that the 

concentration addition model did not consider compound interactions and may have 

underestimated the risk. Therefore, the use of bioassays together with a suitable model to 

calculate the effect of the mixture of compounds are necessary to avoid underestimating risk of 

environmental samples. 

It has been reported that just 1 ng L-1 E2-eq. can cause disturbances in aquatic organisms 

[44], making it important to detect estrogenic activity and assess ecological risks, even for 

compounds present at very low concentrations. In this study, due to the volume of distillate 

used in solid-phase extraction, the detection limit for estrogenic activity, 2.34 ng L-1 E2-eq., 
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was relatively high. It limited the possibility to evaluate extremely low concentrations of E2-

eq., and possibly artificially inflated the acute and chronic environmental risks by considering 

the LOD as the detected value in the calculation. 

Acute and chronic environmental risks reduction was notable (Figure 7). The municipal 

sewage spiked with PhACs (feed solution) presented high or medium risks, that were reduced 

to low or negligible after treatment, explained by the high AnOMBR-MD efficiency in 

removing PhACs and estrogenic activity. Faria et al. [33] evaluated the removal of these seven 

PhACs by an anaerobic expanded granular sludge bed (EGSB) reactor combined with 

ultrafiltration (UF) and the permeate presented medium acute risk for ketoprofen. In the present 

study, the permeate presented both low acute and chronic risk for all the PhACs, demonstrating 

the better performance of the AnOMBR-MD. Other authors assessed the risks related to PhACs 

in WWTPs. Muriuki et al. [80] evaluated the environmental risks related to eight PhACs in a 

wastewater treatment by stabilization ponds. The study showed that the risk was considered 

moderate or high for seven of the compounds detected in the effluent. Ramírez-Morales et al. 

[81] assessed the environmental risk of PhACs in 11 WWTPs, mostly using activated sludge 

system with extended aeration. Out of the 33 PhACs evaluated in the treatment plants' effluent, 

46.9% presented a high risk, and 18.8% exhibited medium risk. This reinforces the efficiency 

of the AnOMBR-MD in removing environmental risks, when compared to other treatment 

systems. 

The PhACs evaluated individually presented negligible human health risk (Figure 8), 

except for 17α-ethinylestradiol, which presented a high risk due to the high LC-MS method 

detection limit. This was confirmed by the treatment's efficiency in removing estrogenic 

compounds, as discussed in section 3.4. The mixture of PhACs was also classified as a high 

human health risk due to 17α-ethinylestradiol. In the study of Faria et al. [33], only 17α-

ethinylestradiol presented a high risk for EGSB effluent, for the same reason as in the present 

study. This illustrates the importance of carrying out estrogenic activity assays together with 

the detection and quantification of pharmaceuticals so that the effects caused by micropollutants 

are more accurately estimated, even at lower concentrations. Anyway, studies show that the 

risk to human health related to drugs in drinking water is low or negligible, even in conventional 

water treatment systems [28,82,83]. However, the potential of PhACs to cause long-term effects 

cannot be neglected [3]. 
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Figure 7 - Environmental risk assessment for distillate. * means HQ values are below 0.0001. 

Hazard index is the sum of HQ for the PhACs. 

The estrogenic human health risk was classified as medium, but some authors would 

consider it insignificant since the HQh value was less than 1 [14,49]. The human health risk in 

FS was considered high for most of the compounds evaluated, which is a potential problem 

since many water and wastewater treatment plants cannot remove PhACs [28,29]. It is 

important to note that the risks were reduced considerably in the distillate, which exemplifies 

the efficiency of AnOMBR-MD. 

The cancer risk was also measured, considering the estrogenic activity in the distillate. 

The estimated ILCR value was 2.6 x 10-6, which is considered an acceptable value for drinking 

water, according to the US EPA classification [47]. 

Even though risk assessments for estrone and other EDCs were not carried out in this 

study, it was demonstrated that the treatment of municipal sewage by the AnOMBR-MD could 
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effectively reduce the human health risk related to EDCs by evaluating estrogenic activity with 

YES assay. 

 

Figure 8 - Human health risk assessment for distillate samples. * means HQh values are 

below 0.0001. Hazard index is the sum of HQh for the PhACs. 

 

4 Conclusions 

The AnOMBR-MD successfully treated municipal sewage containing PhACs and 

estrogenic activity. Despite the low permeate fluxes of 0.71 kg m-2 h-1 in FO and 0.81 kg m-2 h-

1 in MD, and the change in the microbial community, the overall removal efficiency of DOC, 
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Environmental risk assessment related to PhACs in distillate showed that the treatment 

greatly reduced the HQ and HI values. Nevertheless, the chronic environmental risk based on 

estrogenic activity was classified as high because of the relatively high detection limit in the 

YES assay. The high detection limit of LC-MS for 17α-ethinylestradiol and the fact that this 

value has been considered in the risk assessment has highly contributed to the identified high 

potential human health risk. Nevertheless, since the human health risk caused by estrogenic 

compounds was medium, it can be inferred that 17α-ethinylestradiol has a lower risk than the 

calculated for its concentration. Also, an acceptable incremental lifetime carcinogenic risk was 

observed for distillate. 

The use of the YES assay combined with detection and identification of micropollutants 

allowed an effective assessment of the overall treatment performance and demonstrated the 

ability of the AnOMBR-MD to reduce environmental and human health risks in a great extent. 
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Abstract: The integrated forward osmosis membrane bioreactor and membrane distillation 

(OMBR-MD) is an emerging technique for wastewater reclamation and trace organic 

compound (TrOC) removal. The selection of draw solution (DS) for this system should consider 

the particularities of both forward osmosis and membrane distillation. The effect of five 

different draw solutions on forward osmosis and TrOC rejection in a hybrid submerged forward 

osmosis - membrane distillation (FO-MD) module was investigated in this study. The roles of 

each solution on FO and MD water flux, FO reverse salt flux, temperature, concentration 

polarization and rejection of 7 TrOCs were explored. The salt used in the draw solution 

influenced both FO water flux (NaCl = MgOAc2 (4.8 L.m-2.h-1) > NaOAc (4.6 L.m-2.h-1) > 

MgCl2 (3.6 L.m-2.h-1) > EDTA-Na2 (2.8 L.m-2.h-1)) and MD water flux (NaOAc (4.0 L.m-2.h-1) 

> NaCl (3.8 L.m-2.h-1) > MgCl2 (3.3 L.m-2.h-1) > MgOAc2 (3.1 L.m-2.h-1> EDTA-Na2 (3.0 L.m-

2.h-1)). MgCl2 draw solution produced the lowest FO reverse salt flux, demonstrating its 

potential to prevent salinity build-up when applied in OMBR-MD. MgCl2 and NaCl were the 

only salts completely rejected by the distillation membrane, which prevents salt losses during 

draw solution reconcentration. Regardless of the draw solution salt, the integrated FO-MD 

module could effectively remove 6 of the 7 TrOCs. MgCl2 and NaOAc afforded the highest 

TrOC rejections, while the lowest rejections were observed when MgAOc2 was used. MgCl2 

was selected as the best DS salt for OMBR-MD by using the technique for order preference by 

similarity to ideal solution (TOPSIS) tool. 

Keywords: micropollutants; reverse salt flux; wastewater treatment; multicriteria decision 

making; concentration polarization. 
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1 Introduction 

Membrane bioreactors (MBRs) have gained attention in recent years for treatment of 

urban sewage given the inherent benefits of biological treatment, allied with the high solids 

contents found in these reactors, which improves organic matter and nutrient removal [1,2]. 

Integration of the MBR with forward osmosis (FO) in the osmotic membrane bioreactor 

(OMBR) is an emerging technology that can overcome disadvantages of MBRs, such as lower 

tendency to fouling that will lead to lower energy demands [3]. FO affords high rejection of 

dissolved compounds because it uses nonporous membranes and therefore OMBRs are an 

interesting alternative for treatment of wastewaters that contain recalcitrant organic compounds 

[4,5]. Removal efficiencies of over 90% have been reported in the literature, with most 

recalcitrant compounds below their detection limits [6,7]. 

In FO water passes from a low osmotic pressure feed solution to a high osmotic pressure 

draw solution (DS) through a semipermeable membrane [8,9]. The FO driving force is the 

osmotic pressure difference between feed and DS, without the need for a hydraulic pressure, 

which reduces energy consumption and fouling tendency [10]. 

When water passes through the FO membrane the DS is diluted, but to guarantee process 

efficiency the osmotic pressure of the DS (πDS) must be kept constant, causing the need for a 

process that recovers treated water while maintaining stable FO flux [9]. Membrane assisted 

distillation (MD) is a separation process whose driving force is vapor pressure difference (ΔPv). 

In MD, volatile compounds pass through the microporous hydrophobic distillation membrane 

while nonvolatile compounds are rejected [11]. MD is not affected by feed solution salinity and 

therefore has a good potential for DS regeneration. 

An integrated FO-MD process combines advantages of both membrane processes for 

wastewater treatment, draw solution regeneration and production of high-quality reuse water. 

To integrate FO with MD it is necessary to develop a synergistic permeate flux balance for both 

FO and MD membranes. The integration of FO and MD has been investigated by various 

authors [12–18]. However, only Husnain et al. [12] and Ricci et al. [18] used a hybrid FO-MD 

module. Husnain et al. [12] used an external module for treatment of synthetic wastewater with 

NaCl as DS salt. The authors reported complete removal of COD and TSS with higher FO 

fluxes when the DS was at higher temperature. Ricci et al. [18] described a novel submerged 

FO-MD module with NaCl as DS salt for domestic sewage treatment and concluded that the 
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hybrid module had a lower energy demand than individual FO and MD modules, and yielded 

over 97.5% rejection of micropollutants [18]. 

DS salt selection is a key point for the OMBR since the salt used will affect microbial 

metabolism and thus process performance. The DS salt should have high solubility, diffusivity 

and osmotic pressure and low molar mass, viscosity, reverse salt flux (Js) and cost and should 

be easily reconcentrated [19–22]. Beyond these aspects, some studies have demonstrated that 

the salt influences micropollutant rejection in FO [23–25], which should be taken into account 

in its selection. 

For integration of the OMBR with MD, criteria beyond those mentioned for FO must 

be considered. Given that the driving force of MD is ΔPv,  the salt used should have minimal 

effect on DS vapor pressure [26]. Furthermore, salt solubility is an important factor for MD 

since temperature and concentration polarization can cause salt precipitation on the membrane 

surface and consequently membrane fouling and reduced permeate flow. Differently from FO, 

the salt should have low diffusivity to reduce concentration polarization and should not be 

volatile. Additionally, DS temperature, which should be elevated, has a great impact on FO and 

on solubility. In light of the above, DS salts should not be evaluated for FO and MD processes 

separately. 

Performance of different salts (NaCl, MgCl2, sodium acetate, magnesium acetate, 

EDTA-Na2, among others) has been previously evaluated [27–30], as have salt mixtures for FO 

and MBR [22]. Only two studies compared different salts in integrated OMBR-MD [15,26], 

however both used individual membrane modules, with heated DS only in feed to the MD 

module. DS temperature was not adjusted in any of the studies since the FO and MD processes 

were not coupled. Thus, salt performance, polarization and micropollutant removal still need to 

be investigated in a submerged hybrid FO-MD module, for future incorporation into an OMBR-

MD system. 

Since OMBR-MD salt selection depends on the several previously mentioned criteria, 

a multicriteria decision making is a useful analysis. TOPSIS (technique for order preference by 

similarity to ideal solution) is one of the most widely used multicriteria decision making when 

information on attributes is available on cardinal scale [31]. TOPSIS is based on the concept 

that the best alternative is that which is closest to the ideal positive solution and furthest from 

the ideal negative solution [32]. The positive ideal solution is a hypothetical scenario that has 

the best values for all the considered criteria and, on the contrary, the negative ideal solution is 

the one with the worst values [33]. TOPSIS was used for several researchers to support decision 
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making in wastewater treatment technology selection [32], water treatment [34], emergency 

water technology [35], water resource decision making [36], water distribution systems [37] 

and municipal solid waste planning [38]. 

Hence, for the first time, at the present paper, the performance of five different salts in 

a FO-MD integrated in just one submerged hybrid module was evaluated, with regard to process 

polarizations and rejection of seven pharmaceutical drugs (17α-ethinylestradiol, 

betamethasone, ketoprofen, fenofibrate, fluconazole, loratadine and prednisone). The TOPSIS 

multicriteria decision making technique was used to select the best salt for an OMBR-MD 

system.  

It should be noted that FO-MD systems reported in the literature are nonuniform, 

making selection of the best DS more difficult [17,39]. Therefore, operating conditions 

(osmotic pressure, circulation velocity, DS and distillate temperatures) and membrane types 

were not modified throughout the evaluation to improve comparison among salts. 

 

2 Material and methods 

2.1 Chemicals and solutions 

2.1.1 Draw solutions 

Sodium chloride (NaCl), sodium acetate (NaOAc), magnesium acetate (MgOAc2) and 

ethylenediaminetetraacetic acid disodium salt (EDTA-Na2) salts were purchased from Neon 

(Suzano, São Paulo, Brazil). Magnesium chloride (MgCl2) was purchased from Êxodo (Sumaré, 

São Paulo, Brazil). NaCl was chosen because it is the most used solute to compose draw 

solution in FO process [21]. MgCl2, NaOAc and MgOAc2 were the most suitable solutes for 

FO applications in two studies [27,29]. And EDTA-Na2 has been demonstrated as an excellent 

draw solution since it has high osmotic pressure and low reverse salt flux [40]. 

All draw solutions were prepared with deionized water at concentrations with osmotic 

pressures of 28 bar (Table 1). Osmotic pressure (πDS,b) was calculated by the Morse equation 

(Eq. (1)), derived from the Van’t Hoff equation: 𝜋 = 𝑖𝑀𝑅𝑇     (1) 
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in which i is the Van’t Hoff factor (Table 1) for each solute, M is the solute molar concentration, 

R is the universal gas constant (8.314 x 10-2 L.bar.mol-1.K-1) and T is the absolute temperature 

[19]. 

Table 1 - Van’t Hoff factor and draw solution concentration (CDS) required to generate an 

osmotic pressure of 28 bar at 45 °C 

Draw solute Van't Hoff factor (i) MDS (mol.L-1) CDS (g.L-1) Reference 

NaCl 1.844 0.57 33.54 [27] 

MgCl2 2.962 0.36 34.02 [41] 

NaOAc 1.681 0.63 51.66 [28] 

MgOAc2 1.345 0.79 112.07 [28] 

EDTA-Na2 4.034 0.26 88.23 [28] 

 

2.1.2 Trace organic compounds 

17α-ethinylestradiol (EE2), betamethasone (BET), fenofibrate (FEN), fluconazole 

(FLU), ketoprofen (KET), loratadine (LOR) and prednisone (PRE) were chosen as trace organic 

compound (TrOC) (Table 2) in this study because they have been found in domestic 

wastewater, surface, ground and drinking water in Brazil [42–45]. The 7 TrOC were purchased 

from Sigma Aldrich (Cotia, São Paulo, Brazil) and stock solutions (2 mg.L-1) of each were 

prepared in pure methanol (Sigma Aldrich). Molecular structure of the 7 TrOC is presented in 

Table S1 (supplementary material – Appendix B). 

Table 2 - Physicochemical properties of TrOC used in feed solution 

TrOC 
MW 

(g.mol-1) 
Log Kow pKa pKH 

DLa 

(ng.L-1) 

17α-Ethynilestradiol 296.41 3.9 -1.66 and 10.33 11.09 69.49 

Betamethasone 392.47 1.68 12.42 7.14 2.75 

Fenofibrate 254.28 3.61 3.88 8.34 0.67 

Fluconazole 360.83 5.28 - 12.98 0.90 

Ketoprofen 306.28 0.56 2.3 and 12.68 10.67 0.44 

Loratadine 382.89 4.55 4.33 12.49 0.59 

Prednisone 358.43 1.66 12.68 9.54 1.11 
aDetection limit for liquid chromatograph - mass spectrometry. 
(Source: Ricci et al. [18]). 

2.2 Membranes 

A flat-sheet FO membrane manufactured by Fluid Technology Solutions (FTSH2OTM, 

Albany, OR, USA) was purchased from Sterlitech Corporation (Kent, USA). The asymmetric 
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cellulose triacetate (CTA) membrane had a 707 μm structure parameter (S) [46]; tests were 

performed with the active layer facing the feed solution (AL-FS). A flat-sheet MD membrane 

with an average pore size of 0.2 μm was also purchased from Sterlitech Corporation (Kent, 

USA). It was a polytetrafluoroethylene (PTFE) membrane laminated on a polypropylene layer; 

tests were conducted in a direct contact configuration (DC-MD). 

2.3 FO membrane permeability characterization 

The FO membrane was tested in reverse osmosis (RO) mode for FO membrane 

permeability characterization using a pressurized cross-flow filtration cell [47]. The water 

permeability coefficient (A) was obtained from deionized water flux over applied pressure 

differences ranging from 13 bar to 5 bar, at 2 bar intervals [48]. Temperature was held constant 

at 25 °C. Water permeability at the DS temperature (T) was corrected by the ratio of water 

viscosity () at T and 25 °C (Eq. (2)). 𝐴𝑇 =  𝜇25𝜇𝑇 × 𝐴25    (2) 

2.4 Experimental apparatus 

2.4.1 FO-MD hybrid module and experimental system 

The hybrid module (Figure 1) was composed of three compartments: DS was 

recirculated in the two outer compartments and distillate was recirculated counter-currently in 

the middle compartment. Two FO membranes were placed on the outer faces of the module and 

two MD membranes were placed in the inner compartments. All membranes had effective areas 

of 132 cm2. Details of the FO-MD hybrid module can be found in Ricci et al. [18]. 

The FO-MD module was inserted into a feed reservoir and connected to a 45 °C 

temperature-controlled DS reservoir. A 25 °C temperature-controlled distillate reservoir was 

also connected to the FO-MD module. DS and distillate reservoirs were placed on digital scales 

(L10001, BEL Engineering, Monza, Italy) to measure the change in weight during each run. 

Five diaphragm pumps (SFDP1-012-035-21, Seaflo, Fujian Liancheng County, China) were 

used to recirculate DS, distillate, cooling water and hot water. Flow rates were measured 

through three rotameters (TRP-25, Tecnofluid, Belo Horizonte, Brazil). Three temperature 

sensors (TD08, Tecmak, São José do Rio Preto, Brazil) were inserted in the feed, DS and 

distillate reservoirs. 
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Figure 1 - Hybrid FO-MD module indicating placement of forward osmosis (FO) and 

distillation (MD) membranes and flow of draw solution (DS) and distillate (D). 

2.4.2 Operating conditions 

Prior to each test, the lab-scale FO-MD system was flushed sequentially with tap water, 

deionized water, nitric acid (HNO3 5%), tap water and deionized water. Tests were started with 

4.5 L of feed (deionized water spiked with 2 μg.L-1 of each TrOC), 2 L of DS and 3 L of 

distillate (deionized water). The volume of the feed reservoir was held constant by continuously 

replenishing the water that crossed the FO membrane. Flow rates of DS and distillate were 

maintained at 75 L.h-1 and 80 L.h-1, respectively. Each test was carried out for 480 min during 

which weight of DS and distillate reservoirs were recorded at five-minute intervals and 

conductivities of feed, DS and distillated every 15 min. DS concentration was held constant by 

adding deionized water or concentrated DS to the DS reservoir. Reverse salt flux through the 

FO membrane (Js) and salt flux in MD (JsMD) were assessed by feed and distillate conductivity, 

respectively. At the end of each test, one liter each of feed, DS and distillate were collected for 

analysis of TrOC concentrations. 

2.5 Analytical methods 

Electrical conductivity was measured with a conductivity meter (HI763100, Hanna 

Instruments, São Paulo, Brazil). A multiple linear regression analysis in R Program [49] was 

used to construct the calibration curve of conductivity as function of temperature and 

concentration, for each salt. Salt concentrations were calculated from conductivity and 

temperature measurements. pH was measured with a digital pH meter (Tecnopon, mPA 210, 

São Paulo, Brazil). 

TrOCs were quantified by liquid-chromatography (Shimadzu Prominence UFLC, 

Shimadzu, Kyoto, Japan) coupled with mass spectrometry (MicrOTOF-QII, Bruket Daltonics, 

DS DSD

MD MD FOFO
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Bremen, Germany) (LC-MS). Before LC-MS, samples were extracted using solid phase 

extraction (SPE) on Strata C18 500 mg/6 mL cartridges (Prenomenex, São Paulo, Brazil). 

Cartridges were conditioned immediately before use with 5 mL methanol and 5 mL deionized 

water. The samples were forced under vacuum through the cartridge at a flow rate of 

approximately 10 mL.min-1. After passing 1 L of sample, cartridges were washed with 10 mL 

deionized water and dried for 20 min [50]. The analytes were eluted with 4 mL methanol and 

an aliquot of 1 mL of this extract was injected in the LC-MS, operated according to the method 

described by Faria et al. [51]. 

2.6 Theoretical background and calculations 

2.6.1 Water flux, salt flux and rejections 

MD water flux (JMD) was quantified by Eq. (3): 𝐽𝑀𝐷 = mD,t2−𝑚𝐷,𝑡1(𝑡2−𝑡1)×𝐴𝑚×𝜌𝐷     (3) 

where mD,t1 and m D,t2 are the recorded masses of distillate at times t1 and t2, Am is the effective 

membrane area and ρD is the density of the water at 25 °C. 

FO water flux (JFO) was quantified by Eq. (4): 𝐽𝐹𝑂 = mDS,t2−𝑚𝐷𝑆,𝑡1(𝑡2−𝑡1)×𝐴𝑚×𝜌𝐷𝑆 + 𝐽𝑀𝐷   (4) 

where mDS,t1 and m DS,t2 are the recorded masses of DS at t1 and t2 and ρDS is the density of DS 

at 45 °C. 

Dunn’s test was used to compare JFO and JMD for the 5 salts, with α = 5%. Correlation 

between JFO and D was calculated with R programming [49]. 

FO reverse salt flux (Js) was determined by Eq. (5): 𝐽𝑠 = CF,t2×𝑉𝐹,𝑡2−𝐶𝐹,𝑡1×𝑉𝐹,𝑡1(𝑡2−𝑡1)×𝐴𝑚    (5) 

where CF,t1 and CF,t2 are the solute concentration of the feed and VF,t1 and VF,t2 are the volume 

of the feed solution at times t1 and t2.  

MD salt flux of the (JsMD) was quantified by Eq (6): 𝐽𝑠𝑀𝐷 = CD,t2×𝑉𝐷,𝑡2−𝐶𝐷,𝑡1×𝑉𝐷,𝑡1(𝑡2−𝑡1)×𝐴𝑚    (6) 

where CD,t1 and CD,t2 are the solute concentration of the feed and VD,t1 and VD,t2 are the volume 

of the feed solution at times t1 and t2. 
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MD salt rejection was calculated by Eq (7): 𝑅 = 𝐶𝐷𝑆− 𝐶𝑝,𝑠𝑀𝐷𝐶𝐷𝑆 𝑥 100    (7) 

where Cp,sMD is the final salt concentration of the MD permeate (t = 480 min) in each 

experiment. 

TrOC rejection in FO (RFO) was calculated using Eq. (8): 𝑅𝐹𝑂 = 𝐶𝐹− 𝐶𝑝,𝐹𝑂𝐶𝐹 𝑥 100   (8) 

where CF is the TrOC concentration accumulated at feed reservoir and Cp,FO is the final TrOC 

concentration of the FO permeate (t = 480 min) in each experiment. 

Global TrOC rejection (Rg) was calculated using Eq. (9): 𝑅𝑔 = 𝐶𝐹− 𝐶𝑝,𝑀𝐷𝐶𝐹 𝑥 100    (9) 

where Cp,MD is the final TrOC concentration of the MD permeate (t = 480 min) in each 

experiment. 

2.6.2 Flux equation and concentration polarization for forward osmosis 

Concentration polarization in FO was calculated as proposed by McCutheon and 

Elimelech [52]. The observed water flux in FO (JFO,obs) was expressed by Eq. (10): 𝐽𝐹𝑂,𝑜𝑏𝑠 = 𝐴(𝜋𝐷𝑆,𝑖 − 𝜋𝐹,𝑖)    (10) 

where A is the water permeability coefficient, πDS,i is the osmotic pressure at the membrane 

interface and πF,i is the osmotic pressure of the feed solution at the feed-membrane interface. 

Internal concentration polarization (ICP) modulus as defined by Eq. (11): 

𝜋𝐷𝑆,𝑖𝜋𝐷𝑆,𝑏 = 𝑒− 
𝐽𝐹𝑂,𝑜𝑏𝑠𝑘𝑚,𝐹𝑂     (11) 

where πDS,b is the osmotic pressure of the DS and km,FO is the mass transfer coefficient within 

the membrane support layer, calculated using Eq. (12): 𝑘𝑚,𝐹𝑂 = 𝐷𝑇𝑆      (12) 

where S is the membrane structural parameter and DT is the diffusion coefficient of the draw 

solute at the temperature (T) of the DS during the experiments, Eq. (13) [27–29]. 𝐷𝑇 = 𝐷𝑜 
𝜇𝑇𝑜 𝑇𝜇𝑇 𝑇𝑜     (13) 
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where Do is the diffusion coefficient at the reference temperature (To = 25 °C), for each draw 

solute and μTo and μT are the dynamic viscosity of the DS at To and T, respectively. 

External concentration polarization (ECP) modulus was calculated by Eq. (14): 

𝜋𝐹,𝑖𝜋𝐹,𝑏 = 𝑒𝐽𝐹𝑂,𝑜𝑏𝑠𝑘𝐹,𝐹𝑂      (14) 

where πF,b is the osmotic pressure of the feed solution and kF,FO is the mass transfer coefficient 

on the feed solution side of the membrane. 

From Eq. (10), the model for water flux in FO was expressed by Eq. (15): 

𝐽𝐹𝑂,𝑜𝑏𝑠 = 𝐴 [𝜋𝐷𝑆,𝑏𝑒−  
𝐽𝐹𝑂,𝑜𝑏𝑠𝑘𝑚,𝐹𝑂 −  𝜋𝐹,𝑏𝑒𝐽𝐹𝑂,𝑜𝑏𝑠𝑘𝐹,𝐹𝑂 ]  (15) 

A reference condition was established to compare the observed water flux with the 

highest attainable flux (JFO,ref) without ECP, considering the ratio of permeate to feed volume 

(φ), according to the model (Eq. (16)) proposed by Lay et al. [53]: 

𝐽𝐹𝑂,𝑟𝑒𝑓 = 𝐴 [𝜋𝐷𝑆,𝑏𝑒−  

𝐽𝐹𝑂,𝑟𝑒𝑓𝑘𝑚,𝐹𝑂 − 𝜋𝐹,𝑏 ( 11−𝜑)]  (16) 

The flux efficiency factor (FEF), defined by Lay et al. [53], was used to assess the flux 

performance of a FO operation (Eq. (17)): 𝐹𝐸𝐹 = 𝐽𝐹𝑂,𝑜𝑏𝑠𝐽𝐹𝑂,𝑟𝑒𝑓      (17) 

2.6.3 Polarization for membrane distillation 

2.6.3.1 Temperature polarization for membrane distillation 

Temperature polarization coefficient (τ) was defined by Eq. (18): 𝜏 = 𝑇1−𝑇2𝑇𝐷𝑆−𝑇𝐷     (18) 

where T1 and T2 are the temperatures at the interface of the membrane at the feed and permeate 

side, respectively. TDS and TD are the temperatures measured at MD bulk feed (DS) and MD 

bulk permeate (distillate), respectively. 

T1 and T2 were estimated by Eq. (19) and Eq. (20), as proposed by Srisurichan et al. 

[54]: 



73 

 

𝑇1 = 𝑘𝑡𝛿 [𝑇𝐷+(ℎ𝐷𝑆ℎ𝐷 )𝑇𝐷𝑆]+ℎ𝐷𝑆𝑇𝐷𝑆−𝐽𝑀𝐷,𝑜𝑏𝑠∆𝐻𝑣𝑘𝑡𝛿 +ℎ𝐷𝑆[1+( 𝑘𝑡𝛿 ℎ𝐷)]  (19) 

𝑇2 = 𝑘𝑡𝛿 [𝑇𝐷𝑆+( ℎ𝐷ℎ𝐷𝑆)𝑇𝐷]+ℎ𝐷𝑇𝐷+𝐽𝑀𝐷,𝑜𝑏𝑠∆𝐻𝑣𝑘𝑡𝛿 +ℎ𝐷[1+( 𝑘𝑡𝛿 ℎ𝐷𝑆)]  (20) 

where kt is the thermal conductivity of the membrane (90.4 kW.m-1.K-1) [18], JMD,obs is the 

observed water flux in MD, ∆Hv is the vaporization heat of water (2441.86 kJ.kg-1 at 25 °C, 

[55], hDS and hD are the heat transfer coefficients in the feed and the permeate, respectively. 

The latter were calculated using Eq. (21).  ℎ = 𝑁𝑢 𝑘𝑓𝐿      (21) 

where kf is the fluid thermal conductivity (DS or distillate), L is the characteristic length and 

Nu is the dimensionless Nusselt number, estimated by the Graetz-Lévêque empirical model for 

laminar flow, Eq. (22) [56,57]: 𝑁𝑢 = 1,86 (𝑅𝑒 𝑃𝑟 𝑑ℎ𝐿𝑐 )0,33
   (22) 

where dh is the hydraulic diameter and Lc is the channel length. 

Reynolds (Re) and Prandtl (Pr) numbers were calculated using Eqs. (23) and (24): 𝑅𝑒 = 𝑑ℎ𝜈 𝜌𝜇      (23) 

𝑃𝑟 = 𝜇 𝑐𝑝𝑘𝑓      (24) 

where ν, μ, ρ and cp are the average velocity, the dynamic viscosity, the density and the heat 

capacity of the fluid, respectively. 

2.6.3.2 Concentration polarization for membrane distillation 

Concentration polarization in MD is a result of water permeation through the membrane 

and draw solute accumulation at the feed solution/membrane interface. The draw solute 

concentration at the membrane (CDS,MD) was calculated by Eq. (25): 

𝐶𝐷𝑆,𝑀𝐷 = 𝐶𝐷𝑆𝑒𝐽𝑀𝐷,𝑜𝑏𝑠𝑘𝑚,𝑀𝐷     (25) 

where CDS is the MD feed (DS) concentration. km,MD is the solute mass transfer coefficient 

within the MD membrane, that was estimated by Sherwood (Sh) and Schmidt (Sc) numbers, 

calculated using Eqs. (26) and (27) [57]: 
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𝑆ℎ = 1,86 (𝑅𝑒 𝑆𝑐 𝑑ℎ𝐿𝑐 )0,33
   (26) 

𝑆𝑐 = 𝜇𝜌 𝐷𝑇     (27) 

After calculation of Sh, km,MD was calculated by Eq. (28): 𝑘𝑚,𝑀𝐷 = 𝑆ℎ 𝐷𝑇𝑑ℎ      (28) 

The concentration polarization coefficient (ζ) was then calculated by Eq. (29): 𝜁 = 𝐶𝐷𝑆,𝑀𝐷𝐶𝐷𝑆      (29) 

2.6.3.3 Vapor pressure polarization for membrane distillation 

Vapor pressure polarization can occur at the membrane interface in MD since 

temperature and concentration differ from the those of the bulk solution [18]. The vapor 

pressure polarization coefficient (ψ) was estimated by Eq. (30): 𝜓 = P𝐷𝑆,𝑚−PD,m𝑃𝐷𝑆,𝑏−PD,b     (30) 

where PDS,m and PDS,b are the vapor pressures at the membrane and the bulk solution on the feed 

side, and PD,m and PD,b are the vapor pressures at the membrane and the bulk solution on the 

permeate side. The vapor pressures were calculated by the change in water vapor pressure (Pw) 

with the water activity coefficient (aw), that depends on temperature and concentration of the 

solute (Eq. (31)): 𝑃 = 𝑃𝑤  𝑎𝑤     (31) 

The values of aw, ν, μ, ρ and cp used to calculate polarizations for each draw solute are 

presented in Table S2 and S3 (supplementary material), and were estimated by the models 

proposed by Laliberté [58,59], Kharat [60] and Wahab et al. [61] using Aspen Plus software. 

2.6.4 Energy consumption for pumping 

Specific energy consumption (SECpump) for distillate and DS pumping for each salt was 

estimated according to Eq. (32) [62]: 𝑆𝐸𝐶𝑝𝑢𝑚𝑝 = 𝑊𝑝𝑢𝑚𝑝𝑄𝑝 =  𝑛 ∆𝑝 𝑄𝑣𝑄𝑝    (32) 

where Wpump is the work done by the pump, Qp is the permeate flow rate, n is the number of 

compartments (1 for distillate and 2 for DS), Δp is the pressure drop, and Qv is the volumetric 

flow rate. 
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2.7 Application of TOPSIS for selection of the best solute for FO-MD system 

The R program [49] TOPSIS package [63] was used to rank the five salts and select the 

best for use in hybrid FO-MD module DS. The step-by-step calculations are shown in 

supplementary material. The results of water and salt flux, energy consumption, costs and RFO 

and Rg, for each TrOC were used as decision making criteria. All 21 selection criteria and their 

respective weights can be found in the supplementary material (Table S5). 

Weighting of TrOC rejection took into consideration anaerobic biodegradability of each 

compound, as previously evaluated [64]. In a hybrid anaerobic OMBR-MD system (AnOMBR-

MD), the FO-MD module must be more effective in rejecting pollutants that are not 

biodegradable. Therefore, for biodegradable TrOC (BET), rejection received a weight of one, 

regardless of salinity. TrOC that are partially biodegradable and/or adsorbable onto sludge 

(fluconazole, loratadine and prednisone) were assigned rejection weights of 1.1. Ketoprofen 

rejection was given a weight of 1.2, since it is adsorbable, but biodegradable only at low salinity. 

Higher weight (1.5) was given to the compounds that are not biodegradable nor adsorbable 

(17α-ethinylestradiol and fenofibrate). If the compound was rejected by the FO membrane or 

by the overall process, TrOC rejection weight was multiplied by 1.5 or 3, respectively.  

 

3 Results and discussion 

3.1 Forward osmosis performance 

FO water flux (JFO,obs) declined at the beginning of each test (Figure 2a), despite πSO,b 

being kept constant and equal to 28 bar (p < 0.05). After stabilization, NaCl and MgOAc2 

exhibited the highest JFO,obs (4.8 L.m-2.h-1), followed by NaOAc (4.6 L.m-2.h-1), MgCl2 (3.6 L.m-

2.h-1) and EDTA-Na2 (2.8 L.m-2.h-1) (p < 0.05). Differences in FO performance for each DS 

could be attributed to the different salt diffusion coefficients, since a small diffusion coefficient 

(Table 3) could result in severe internal concentration polarization (ICP). ICP is characterized 

by the reduction of DS concentration at the membrane active layer - support layer interface 

(πDS,i), caused by convective water flow from the feed to the DS [21]. As a result of ICP, the 

effective osmotic pressure difference (Δπeff) across the membrane is lower than in the bulk 

solutions, with a decrease in JFO. Solutes with higher diffusion coefficients (D) are able to 

reconcentrate at the support layer and maintain permeate flux through the membrane. Indeed, 

JFO,obs was strongly correlated with D at the operating temperature (R2 = 0.9665), as previously 

observed by Ansari et al. [28]. 
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Parameters that affect FO were calculated to evaluate the process (Table 3). Although 

deionized water was used as feed solution, with negligible πf,b, caused only by Js, πf,i reached 

almost half the πSO,b, due to external concentration polarization (ECP). As a result, Δπeff was 

about 4 bar for NaCl, NaOAc and MgOAc2, which had higher JFO, and decreased to 3 and 2.4 

bar for MgCl2 and EDTA-Na2. Even though the lowest JFO was observed when EDTA- Na2 was 

used, its flux efficiency factor (FEF) was not the lowest, since a higher ICP, which directly 

impacts JFO,ref, was expected for this salt. 

 

Figure 2 - (a) FO water flux and (b) average water flux (after 300 min), reverse salt flux and 

specific salt flux. 

Table 3 - Transport parameters and osmotic pressures in FO for each DS salt evaluated 

Solute 
D45 

(10-6 m2.s-1) 
km,FO

a
 

(10-6 m.s-1) 
kF,FO

b
 

(10-7 m.s-1) 
πf,b

c
 

(bar) 
πf,i

d
 

(bar) 
πDS,b

e
 

(bar) 
πDS,i

f
 

(bar)a 
Δπb

g
 

(bar) 
Δπeff

h 

(bar) 
FEFi 

NaCl 2.28 3.23 2.65 0.0962 14.4 28.0 18.5 27.8 4.1 41.0 

MgCl2 1.73 2.38 1.55 0.0221 15.2 28.0 18.3 28.0 3.1 36.2 

NaOAc 2.30 3.25 2.25 0.0524 14.9 28.0 18.9 27.9 4.0 38.9 

MgOAc2 2.31 3.27 2.31 0.0432 14.4 28.0 18.6 28.0 4.1 40.7 

EDTA-Na2 0.93 1.32 1.35 0.0408 13.0 28.0 15.5 27.9 2.4 39.4 
aMass transfer coefficient within the FO membrane support layer; bMass transfer coefficient on the feed solution 

side of FO membrane; cOsmotic pressure of the feed solution; dOsmotic pressure of the feed solution at the feed-

membrane interface; eOsmotic pressure of the DS; fOsmotic pressure of the DS at the membrane interface; gBulk 

osmotic pressure gradient; hOsmotic pressure difference across the active layer of the FO membrane; iFlux 

efficiency factor. 

A serious problem in FO is Js, which is the solute diffusion from the DS to the feed 

solution across the FO membrane [48,65]. As can be observed in Figure 2b, MgCl2 presented 

lower Js and specific salt flux (Js/JFO) values, indicating that salinity and πf,b increases in the 
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feed were lower, which could have a lower impact on JFO in the long run and reduce costs of 

salt makeup. Unlike the expected, Js values for MgOAc2 and EDTA-Na2 were 4 times higher 

than those previously reported for the same πSO,b (MgOAc2: 1.07 g.m-2.h-1; EDTA-Na2: 0.5 g.m-

2.h-1) [28,29]. In the present study, the influence of DS temperature is clearly, since it was kept 

at 45 °C, due to MD, which increased FO diffusion, leading to higher Js than would occur at 

ambient temperature, as was used in the literature reports. 

Js/JFO values found in the literature also differ greatly from those found in the present 

study (NaCl: 0.57-0.59 g.L-1; MgCl2: 0.74 g.L-1; NaOAc: 0.25-0.3 g.L-1; MgOAc2: 0.13-0.2 

g.L-1; EDTA-Na2: 0.2 g.L-1) [27–29]. Besides temperature, that may have increased JFO, since 

it reduced water viscosity, the FO membrane used (CTA-FTS) has a larger structure parameter 

(S = 707 μm) than membranes in the articles cited (CTA, Hydration Technology Innovations, 

S = 427 μm). Furthermore, ICP, which reduces JFO, is more severe in the hybrid submerged 

FO-MD module than in an external FO module [18]. 

3.2 Membrane distillation performance 

Permeate flux through the distillation membrane (JMD) sharply decreased at the 

beginning of the tests (Figure 3), with the highest to lowest values after stabilization as follows: 

NaOAc (4.0 L.m-2.h-1) > NaCl (3.8 L.m-2.h-1) > MgCl2 (3.3 L.m-2.h-1) > MgOAc2 (3.1 L.m-2.h-

1) (p < 0.05). Flux did not stabilize even after 480 min when EDTA-Na2 was used and the final 

JMD,obs observed was 3.0 L.m-2.h-1. 

 

Figure 3 - MD water flux using different draw solution solutes. 
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According to Ramezanianpour and Sivakumar [66], JMD reduction depends not only on 

ΔT and circulation velocity but also on feed concentration, viscosity and density. The authors 

justify that with the increase in these three variables, rapid blockage of membrane pores can 

occur, leading to decrease in JMD, but another important factor is the decrease in water activity 

that leads to decreased vapor pressure. The highest ΔT during the tests was found for MgOAc2, 

however, contrary to what was expected, this salt did not have the highest JMD, possibly because 

of its higher DS concentration (Table 1). 

Sharp temperature polarization occurred during the tests (Table 4), reducing the MD 

driving force, with ΔT on the membrane surface varying from 1.1 °C for NaCl up to 2.5 °C for 

MgOAc2, that had the highest temperature polarization coefficient (τ). In MD process, water 

permeation through the membrane results in draw solute accumulations at the feed 

solution/membrane interface, a phenomenon called concentration polarization [18]. All solute 

concentrations increased on the feed side of the distillation membrane, with the highest for 

MgOAc2, in agreement with the lowest JMD found for this salt. The highest concentration 

polarization (ζ) was observed for EDTA-Na2, with CDS,MD of 117.39 g.L-1. EDTA-Na2 solubility 

at 34.4 °C calculated by interpolation of data from Perry [67] is 116.16 g.L-1, suggesting that 

this salt may have precipitated on the distillation membrane during operation, leading to pore 

blockage and continuous reduction of JMD. Therefore, salt solubility is an important factor for 

MD process. Although MgOAc2 had the highest vapor pressure polarization coefficient (ψ), its 

bulk solution concentration and membrane vapor pressures were among the lowest, because the 

salt´s high concentration that besides causing pore blockage also reduced vapor pressure and 

consequently the MD driving force. 

Despite the differences in JMD, NaCl and MgCl2 were the only solutes completely 

rejected throughout the tests (Figure 4), favoring MD regeneration of DS using these salts. 

Some salt flux (below 0.68 g.m-2.h-1) and increase in distillate salinity were observed for 

NaOAc, MgOAc2 and EDTA-Na2, although salt rejection was greater than 99.7%. Siddique et 

al. [15] reported sodium and magnesium acetate salt rejection during MD greater than 98%, 

indicating some salt flux through the distillation membrane. Since these two acetate salts are 

ionized to form acetate anion (CH3COO-) and Mg2+ or Na+, passage of the anion to the distillate 

can occur, considering that vapor pressure difference between the DS and the distillate for acetic 

acid is 3940 Pa [68]. A higher increase in distillate salt concentration was found for MgOAc2, 

with double CDS,bulk compared to NaOAc. 
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For EDTA-Na2, passage of the salt through the membrane micropores, also reported by 

Nguyen et al. [40], may have resulted from salt precipitation on the distillation membrane 

surface. This is a drawback to use of EDTA-Na2 as DS, since higher concentrations are 

necessary to achieve high flux, but these favor precipitation on both the distillation and FO 

membranes, since the FO feed may be at a lower temperature than the DS. 

In the long run, the three organic solutes may increase operating costs for DS makeup 

and worsen distillate quality by increasing their dissolved solids and organic carbon contents, 

which will not occur using NaCl and MgCl2. 

Table 4 - Polarization in the MD process for different FO draw solution solutes in an 

integrated FO-MD module 

Solute 
TDS

a
 

(°C) 

TD
b 

(°C) 

T1
c 

(°C) 

T2
d

 

(°C) 
τe 

CDS,MD
f 

(g.L-1) 
ζg 

PDS
h

 

(Pa) 

PDS,m
i
 

(Pa) 
ψj 

NaCl 44.6 25.7 35.5 34.4 0.060 40.95 1.22 9184 5665 0.040 

MgCl2 45.1 26.2 36.2 34.7 0.082 42.27 1.24 9490 5930 0.069 

NaOAc 44.6 24.9 35.4 34.1 0.062 63.78 1.24 9154 5597 0.051 

MgOAc2 45.0 23.6 35.6 33.0 0.119 131.54 1.17 8852 5359 0.085 

EDTA-2Na 44.5 24.4 34.4 32.6 0.091 117.39 1.33 8313 4808 0.035 
aTemperature of bulk DS; bTemperature of bulk distillate; cTemperature at MD feed surface; dTemperature at MD 

permeate surface; eTemperature polarization coefficient in MD; fDS concentration at MD surface; gConcentration 

polarization coefficient in MD; hVapor pressure in bulk DS; iVapor pressure at MD feed surface; jVapor pressure 

polarization coefficient in MD. 

 

Figure 4 - Average MD water flux (after 300 min), salt flux and salt rejection. 

(For EDTA-Na2, JMD did not stabilize and the value presented is for the final flux observed) 
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3.3 TrOC rejection 

TrOC rejection by the FO membrane (Figure 5a) for the different DS was related to Js. 

Salt diffusion from the DS to the feed caused by the increase in ionic force could lead to a 

decrease in hydrogen bonds on the FO membrane surface, which would increase the average 

pore size and decrease the rejection of dissolved compounds [23,69]. In fact, when MgCl2 and 

NaOAc were used, lowest Js was observed and FO membrane presented the highest TrOC 

rejection. Solutes with higher Js exhibited lower RFO, with the lowest rejection for MgOAc2 (Js 

= 4.58 g.m-2.h-1), followed by EDTA-Na2 (Js = 3.28 g.m-2.h-1) and NaCl (Js = 3 g.m-2.h-1).  

Besides Js, it seems that FEF also influences TrOC rejection by FO membrane, since it 

represents flux performance in FO operation, compared to a reference condition [53]. MgCl2 

and NaOAc had the lowest values of FEF, indicating that higher permeate flux, for a given 

recovery (φ) can facilitate the transport of micropollutants through the FO membrane, but it 

still needs to be investigated. 

Besides the DS salt, the principal rejection mechanisms in FO are size exclusion and 

electrostatic interactions. High RFO was observed for 17α-ethynylestradiol, with undetectable 

DS concentrations for all salts because of this compound´s hydrophobicity (log KOW = 3.9) and 

non-interaction with the FO membrane [70]. RFO between 68 and 92% was found for 

ketoprofen, the TrOC with the lowest molar mass. For betamethasone, fluconazole and 

prednisone, rejections of 62% were observed, probably because of these compounds’ 

hydrophilicity (log KOW = 1.68, 0.56 e 1.66, respectively), that favored interaction with the FO 

membrane and consequently passage to the DS. 

The isoelectric point for the studied FO membrane is 4, which means that above this 

pH, membrane has a negative surface charge [66]. Given the pH of the feed solution, DS and 

distillate (Table S4), the highest RFO was expected for ketoprofen, the only negatively charged 

TrOC. However, in this study electrostatic interactions were not a predominant factor in FO 

TrOC rejection, as likewise found by Sauchelli et al. [24], since ketoprofen had the lowest RFO.  

Distillate concentrations were below detection limits for almost all TrOCs, since they 

are non-volatile compounds (Figure 5b). Prednisone was detected when NaOAc was used as 

DS, but Rg (98,14%) was still high. Ketoprofen´s hydrophobicity (log KOW = 3.6) may have 

contributed to its interaction with the distillation membrane and passage to the distillate, despite 

its negligible volatility (pKH = 10.67) [71,72]. On the other hand, ketoprofen Rg was higher 

with EDTA-Na2 as DS, which may have been a result of salt precipitation and distillation 

membrane pore blockage as discussed in item 3.2. 
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It should be mentioned that the increase in fouling during the operation of an OMBR 

would contribute to greater electrostatic repulsion on the FO membrane that would increase 

TrOC rejection [18,73]. Under this scenario, the concentration of the compounds, especially 

ketoprofen, will be lower in the DS, and thus their passage to the distillate will also be lower. 

 

Figure 5 - (a) TrOC rejection by FO membrane; (b) TrOC global rejection in the submerged 

hybrid FO-MD module. * TrOC concentration was below detection limit. 

3.4 Costs and energy consumption 

DS costs and energy consumption are important in selecting the best solute for DS since 

they affect investment and operating costs. Initial investment costs to prepare DS solutions at 

fixed πSO,b varied from 0.11 to 4.20 U$.L-1 (Table 5), with NaCl’s the lowest. Besides the higher 

unit cost of MgOAc2, this solute was required at the highest concentration for the given πSO,b, 

resulting in higher overall cost. Costs of DS makeup to maintain πSO,b varied from 2.08 to 40.41 

U$.m-3 of permeate (Table 4). Again, the highest value was found for MgOAc2, since, 

differently from the study by Bowden et al. [29], Js was very high and the salt was also lost to 

the distillate. MgCl2 presented costs competitive with NaCl since it had the lowest Js and 

intermediate unit cost. 

EDTA-Na2 demanded the highest energy consumption for pumping solutions, as a result 

of the low FO and MD permeate fluxes that reduced SECpump. MgCl2 also consumed more 

energy than the other three salts, with higher consumption for DS pumping, since its JFO was 

low. 
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Table 5 - DS preparation and makeup costs and specific energy consumption for pumping 

Salt Unit cost (U$.kg-1) 
DS cost 
(U$.L-1)a 

DS makeup cost 
(U$.m-3)b 

SECpump 
(kW.m-3.d-1)c 

NaCl 3.26 0.11 2.08 0.155 

MgCl2 14.47 0.49 2.89 0.190 

NaOAc 12.17 0.63 7.58 0.155 

MgOAc2 37.50 4.20 40.41 0.175 

EDTA-Na2 15.80 1.39 22.85 0.221 
aCost to produce 1 L of DS at the concentration for osmotic pressure equal to 28 bar; bCost per m3 of permeate to 

make up loss of solute through Js and JsMD; cSpecific energy consumption for pumping DS and distillate in the 

hybrid FO-MD module. 

3.5 Selection of the best DS salt for the FO-MD module 

According to the multicriteria analysis by TOPSIS, MgCl2 is the salt with the shortest 

Euclidean distance to the positive ideal solution (D+) and the highest Euclidean distance to the 

negative ideal solution (D-) (Table 6). Therefore, after calculation of similarity with the positive 

ideal solution, MgCl2, was the best solute, for operation of the hybrid submerged FO-MD 

module in OMBR-MD. Radar plots, comparing MgCl2 with the positive and the negative ideal 

solutions, are presented in Figure 6. The rank was followed by NaCl, NaOAc, EDTA-Na2 and 

MgOAc2. 

As previously discussed, despite low JFO, operation with MgCl2 had lower Js and Js/JFO, 

with replenishment costs comparable to NaCl, which resulted in it being the farthest from the 

negative ideal solution and closest to the positive ideal solution. In addition, high TrOC 

rejections were obtained in both FO and the hybrid FO-MD module using MgCl2. Therefore, 

MgCl2 was selected as the best solute for DS in treatment of effluents containing 

micropollutants in an OMBR-MD system. 

Table 6 - TOPSIS Euclidean distances and ranking of the 5 alternatives draw solution salts  
 NaCl MgCl2 NaOAc MgOAc2 EDTA-Na2 

aD+ 1.043 0.642 1.138 3.732 3.377 
bD- 4.216 4.328 3.590 1.658 1.833 
cR+ 0.802 0.871 0.759 0.308 0.352 

Rank 2 1 3 5 4 
aD+: Euclidean distance to the positive ideal solution; bD-: Euclidean distance to the negative ideal solution; cR+: 

Similarity to ideal solution. 

Of the 14 inorganic solutions tested by Achilli et al. [27], MgCl2 was also considered 

one of the best because it presented lower inorganic fouling potential. Ansari et al. [28] and 
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Bowden et al. [29] concluded that organic solutes (NaOAc, MgOAc2 and sodium propionate) 

are more appropriate for OMBR compared to NaCl and MgCl2, despite their higher DS 

reconcentration costs by reverse osmosis. However, these authors used an external FO module 

at 25 °C, while in the present study, under operation at 45 °C, the worst results were obtained 

for MgOAc2, that exhibited high Js and JsMD and the lowest TrOC rejection in FO, as well being 

the salt with the highest unit cost. 

 

 

Figure 6 - Radar plots with the normalized weighs for: (a) criteria; (b) positive ideal solution 
and negative ideal solution; (c) MgCl2 and the positive ideal solution; and (d) MgCl2 and the 

negative ideal solution. 

 

4 Conclusions 

MgCl2 presented the lowest JFO and Js, with reduction in specific system salt flux, as 

opposed to NaCl, NaOAc and MgOAc2, which had high JFO and very high Js, that could be 

harmful to microbial activity in a biological reactor. MgOAc2 was prejudicial to JMD probably 

because of the high concentration needed to maintain draw solution osmotic pressure. Only the 
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inorganic salts were completely rejected by the distillation membrane, producing better quality 

distillate and reducing the need for draw solution replenishment EDTA-Na2 presented low 

permeate flux and high salt flux in both forward osmosis and membrane distillation. 

TrOC rejection in FO was highest when MgCl2 and NaOAc were used as draw solution 

while use of MgAOc2 resulted in the lowest rejection because of its elevated Js. Size exclusion 

had more impact in FO rejection than electrostatic interactions. Regardless of the draw solutes, 

the integrated FO-MD module could effectively remove 6 of the 7 TrOC, and Ketoprofen was 

the only pharmaceutical drug detected in the distillate.  

MgCl2 was selected as the best salt for the draw solution in an integrated osmotic 

membrane bioreactor-membrane distillation system and could be used to mitigate salinity build-

up in the mixed liquor, followed in order of rank by NaCl, NaOAc, EDTA-Na2 and MgOAc2 

using the multicriteria decision making analysis TOPSIS. 
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Chapter 3: Improving hybrid mesophilic anaerobic osmotic membrane bioreactor - 

membrane distillation treatment of municipal sewage by using MgCl2 as draw solute: low 

reverse salt flux and high organic matter, nutrient and estrogenicity removals 

 

Abstract: A submerged hybrid forward osmosis (FO) - membrane distillation (MD) module 

integrated into an anaerobic bioreactor (AnOMBR-MD) was investigated with the objective of 

treating municipal sewage containing pharmaceutical drugs and estrogenic activity. A MgCl2 

solution (2.1 mol L-1) was used as draw solution (DS), because of its low diffusivity to the 

mixed liquor. After 32 days of operation, FO and MD permeate water fluxes reduced 82 and 

67%, due to organic and inorganic membrane fouling. MD salt rejection was higher than 99.6% 

and more than 90% of dissolved organic carbon was removed by the AnOMBR-MD. P-PO4
3- 

was below the detection limit (0.003 mg L-1) in all DS and distillate samples. N-NH4
+ in 

distillate was 5 mg L-1 at the end of operation, when the FO-MD rejection was >93%. The 

impact of the rapid salinity build-up on the conversion capacity of sludge microorganisms was 

observed, with an increase in soluble microbial products and reduction of estrogenic 

compounds removal. PhACs removal was higher than 95%, except for ketoprofen that 

presented a removal of 87%. The AnOMBR-MD removed > 99.97% of estrogenic activity, 

resulting in a distillate with 0.14 ng L-1 E2-eq. AnOMBR-MD treatment promoted reduction in 

environmental and human health risks from high to low, and carcinogenic risks from 

unacceptable to negligible, considering estrogenic activity. 

Keywords: micropollutants; wastewater treatment; YES assay; risk assessment. 
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1 Introduction 

Endocrine disrupting compounds (EDCs) are defined by the World Health Organization 

as exogenous substances or mixtures that alter the functions of the endocrine system, causing 

adverse health effects in an organism, its progeny or populations [1]. EDCs can be natural 

substances, such as the estrogen 17β-estradiol (E2), or synthetic chemicals, such as bisphenol-

A, nonylphenol, pesticides or pharmaceutically active compounds (PhACs) [2,3]. 

The presence of PhACs in the aquatic environment has been reported in several studies 

[4–10]. Some of these PhACs are also estrogenic compounds that may have adverse effects on 

human beings, such as breast and prostate cancer incidence, and on aquatic organisms, such as 

feminization of male fish [11,12]. 

In vitro assays are bioanalytical tools used to evaluate samples based on their biological 

activity [13]. The yeast estrogen screen (YES) is one of the most widely reported in vitro assays 

for evaluating estrogenic compounds [14]. The YES assay has high sensitivity and the 

interactions of EDCs, even at low concentrations, can be determined, highlighting its 

importance in assessing potential estrogenicity in waters and wastewaters [15]. It is also a useful 

tool for assessing the risk associated with EDCs, considering both their potential hazardous 

effects and exposure levels [16]. 

The main pathway for PhACs to reach water bodies is municipal sewage treatment 

plants (STPs) discharges [17–19]. The removal of recalcitrant PhACs is limited in conventional 

STPs since their objective is to remove biodegradable organic matter and nutrients, [20]. 

Therefore, there is a need for advanced technologies to reduce PhACs concentrations in treated 

wastewaters and, consequently, reduce the impacts caused in the environment. Membrane 

bioreactors (MBR) have shown promising results in removing PhACs. MBR have the benefits 

of biological treatment but allow a higher  solids concentration and sludge residence time, 

which improve not only the removal of organic matter and nutrients but also the biodegradation 

of recalcitrant compounds [21,22]. However, MBR using microfiltration or ultrafiltration 

membranes have high energy consumption, high propensity to fouling, and low efficiency in 

removing dissolved compounds [23]. 

Microfiltration or ultrafiltration is replaced by forward osmosis (FO) in osmotic 

membrane bioreactors (OMBR), overcoming some of the challenges of the membrane 

bioreactor. OMBR have emerged as an attractive process for treating wastewaters containing 

PhACs [24,25] due to the high rejection of dissolved compounds by the non-porous forward 
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osmosis (FO) membrane. FO is a separation process that uses osmotic pressure gradient (Δπ) 

across the semipermeable membrane [26] and is a less energy consuming and less severe 

fouling membrane process, since hydraulic pressure is not used [27]. Moreover, anaerobic 

digestion with FO process (AnOMBR) can reduce the energy demand even more [28]. 

The diluted draw solution (DS) must be reconcentrated to maintain the osmotic pressure 

gradient and to recover permeate water. Membrane distillation (MD) is a suitable alternative 

for DS reconcentration because it has low capital cost and operating pressures, is not affected 

by salt concentration and produces high quality water [29,30]. The driving force of the MD 

process is the vapor pressure gradient, resulted from the temperature difference. The 

hydrophobic membrane only allows the passage of vapor, retaining the non-volatile 

contaminants [31]. 

Ricci et al. [32] developed a submerged FO-MD hybrid module to compose an 

AnOMBR-MD for municipal sewage treatment and used NaCl as solute, obtaining 97.5% 

rejection of micropollutants. A high reverse salt flux (Js) was observed, increasing salinity in 

the mixed liquor (ML), due to NaCl diffusivity from the DS to the ML. Arcanjo et al. [33] 

showed that among five different solutes (NaCl, MgCl2, sodium acetate, magnesium acetate, 

EDTA-Na2) tested for the FO-MD hybrid module, MgCl2 presented lower Js, which also 

improved PhACs membrane rejection. Therefore, the use of MgCl2 as a draw solute could 

reduce salinity build-up in the AnOMBR-MD and the impact on microbial activity, improving 

overall removal efficiency of PhACs in long-term operation. Furthermore, the reverse salt flux 

containing Mg2+ could enhance the recovery of nutrients (PO4
3- and NH4

+) as struvite 

(MgNH4PO4.6H2O), which is an eco-friendly technology for sustainable nutrient management 

[34]. 

Some papers have reported the use of MgCl2 in the DS. Qiu and Ting [35] operated an 

aerobic OMBR for treating a synthetic wastewater and found a better performance when MgCl2 

was used as DS compared to NaCl. At the beginning of the operation with each salt, NaCl 

presented a higher flux, but due to the significant increase in mixed liquor salinity, permeate 

flux decreased faster than with MgCl2 [35]. Also, the MgCl2 concentration increased the 

recovery of P-PO4
3- from the mixed liquor. Chang et al. [36] also used MgCl2 as draw solute in 

an aerobic OMBR-MD combined with microfiltration (MF) extraction in treatment of a 

synthetic wastewater. They showed that P-PO4
3- could be efficiently recovered from MF 

permeate as struvite, reducing electrical conductivity in the mixed liquor. Khan et al. [37] 

concluded that organic solutes (magnesium and sodium acetates) had greater advantages over 
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inorganic solutes (NaCl, MgCl2 and CaCl2) in an OMBR for treating a synthetic municipal 

sewage. However, MD is not a suitable process to recover a DS composed of these organic 

solutes, since acetate is volatile [33]. Nevertheless, the use of a DS composed of MgCl2 in an 

anaerobic OMBR still needs to be explored. 

Thus, the performance of an AnOMBR-MD, using MgCl2 as draw solute, for the 

treatment of municipal sewage containing PhACs was investigated in terms of permeate fluxes, 

organic matter and nutrient removals. Estrogenic activity and environmental and human health 

risks reduction were also assessed. 

 

2 Material and methods 

2.1 Feed wastewater and draw solution 

Synthetic wastewater, simulating municipal sewage, was prepared according to 

Mockaitis et al. [38]. The components of the synthetic wastewater, presented in Table S1 

(supplementary material – Appendix C), were added to dechlorinated tap water. The synthetic 

wastewater was spiked with 2 µg L-1 of 7 PhACs (17α-ethinylestradiol, betamethasone, 

fenofibrate, fluconazole, ketoprofen, loratadine and prednisone) and used as feed solution for 

the AnOMBR-MD. 

Anaerobic sludge was collected from a UASB unit, at the Onça municipal sewage 

treatment plant, located in Belo Horizonte, Minas Gerais, Brazil. The sludge was fed with the 

synthetic wastewater until inoculation in the bioreactor. 

Draw solution (DS) was composed of MgCl2, at a concentration of 2.1 mol L-1, to 

generate an osmotic pressure of 164.5 bar. 

2.2 Experimental setup 

The AnOMBR-MD system (Figure 1) used in this study consisted of an FO-MD hybrid 

module submerged in a bioreactor tank with working volume of 4.5 L, and 3 tanks for the feed 

solution (FS), DS and distillate. The system included five diaphragm pumps (2 for DS, 1 for 

distillate, 1 for heated water and 1 for cold water recirculation). DS and distillate tanks were 

placed on digital scales connected to a computer, to monitor the changes in their masses. 

Temperature sensors were placed in DS, distillate and bioreactor tanks. Three rotameters were 

used to monitor and control circulation flowrate. A conductivity probe was placed in the 

distillate tank. The FO-MD module was presented for the first time by Ricci et al. [39] and was 
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composed of three compartments for recirculation of DS in the two outer compartments, and 

distillate recirculated counter-currently in the middle compartment,. Each compartment was 

separated and sealed by four flat-sheet membranes: two FO membranes placed on the outer 

faces, with the active layer facing the FS; and two MD membranes on the inner faces. The FO 

membranes used in the experiments were composed of cellulose triacetate (CTA) and purchased 

from Hydration Technology Innovations (Albany, OR, USA). The hydrophobic MD 

membranes with a pore size of 0.2 μm, purchased from Sterlitech Corporation (Kent, WA, 

USA), were composed of polytetrafluoroethylene (PTFE) laminated on a polypropylene layer 

membrane. Each membrane had an area of 132 cm2. One heating system and a chiller were used 

to control DS and distillate temperatures, respectively. Feed flow was controlled by an electrical 

panel and a sensor level in the bioreactor tank. When mixed liquor level decreased, the metering 

pump was activated and feed solution was pumped to the bioreactor. To provide completely 

mixed conditions, two magnetic stirrers were used in the bioreactor tank and a mechanical 

stirrer was used in the feed tank. 

 

 

Figure 1 - AnOMBR-MD experimental apparatus. 

2.3 Experimental procedure 

The system was inoculated with the anaerobic sludge to reach a mixed liquor volatile 

suspended solids (MLVSS) concentration of 10 g L-1. The operation started with 5 L of DS and 

3 L of distillate (deionized water) in each tank. The circulation rate and temperature for DS 
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were 75 L h-1 and 45 °C, respectively. For distillate, these values were 80 L h-1 and 25 °C. The 

synthetic wastewater spiked with PhACs was added to the feed solution tank every 2 days. The 

hydraulic retention time (HRT) and the organic loading rate were 10.5 days and 0.0419 kg 

chemical oxygen demand (COD) m-3 d-1, respectively. The solids residence time (SRT) was 

maintained at 45 days. 

The AnOMBR-MD was operated under continuous flow for 32 days and the changes in 

weight of DS and distillate were recorded by a computer in 5 min intervals. Five days each 

week the temperature of each tank was recorded and samples from feed solution, sludge, DS 

and distillate were collected to measure their pH and conductivity. Samples were also collected 

periodically for physicochemical characterization and analyses of soluble microbial products 

(SMP) and extracellular polymeric substances (EPS), PhACs and estrogenic activity. 

2.4 Analytical methods 

The samples were characterized according to the Standard Methods for the Examination 

of Water and Wastewater [40], by quantifying pH (4500-H+), conductivity (2510), DOC (5310 

B, Shimadzu TOC-VCPH analyzer), COD (5220 D), TSS and VSS (2540 D and E), alkalinity 

(2320 B), P-PO4
3- (4500-P D), N-NH4

+ (4500-NH3 B and C), turbidity (2130 B), color (2120 

C) and chloride (4500-Cl-). Magnesium and calcium were determined by hardness (2340 C). 

Volatile fatty acids (VFA) were quantified according to Kapp [41,42]. SMP and EPS from 

sludge sample were characterized as protein and carbohydrate fractions [43,44]. For SMP and 

EPS extraction, 50 mL of sludge were centrifugated at 4450 x g for 10 min, the supernatant was 

collected as SMP and the sludge pellets were resuspended with 50 mL of 0.05% NaCl solution 

and heated to 80 °C in a water bath for 10 min [45]. Following, the solution was centrifugated 

at 4450 x g for 10 min, and the supernatant corresponded to EPS. 

The concentration of MgCl2 in the ML, DS and distillate tanks was estimated from 

electrical conductivity (EC) and temperature measurements, applied to a multiple linear 

regression calibration curve. 

The fouled membranes were characterized using scanning electron microscopy (SEM) 

using a FEI Quanta 200 scanning microscopy (Hillsboro, OR, USA) and energy dispersive 

spectroscopy (EDX) using a FIB Quanta FEG 3D. Before scanning, samples were fixed with a 

carbon tape. 

SMP and EPS vertical distribution on the FO membrane surface was also investigated. 

Foulant was extracted according to Zheng et al. [46]. M1 is the foulant scoured by water, 
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representing the top layer of the membrane foulant. M2 is the layer of the membrane foulant 

scraped off by a steel ruler. Finally, total foulant, M3, was extracted by emerging the membrane 

in water for 30 min. The volume of each sample was completed to 50 mL and extraction 

followed the same procedure used for ML samples. 

PhACs were quantified by liquid-chromatography (Shimadzu Prominence UFLC, 

Shimadzu, Kyoto, Japan) coupled with mass spectrometry (MicrOTOF-QII, Bruket Daltonics, 

Bremen, Germany) (LC-MS). The method used to quantify the PhACs is described in detail in 

Ricci et al. [39] and Faria et al. [47], including recoveries and detection limits. 

2.5 Estrogenic activity quantification 

2.5.1 Samples treatment 

The liquid samples collected from the AnOMBR-MD were filtered through a 0.45 µm 

cellulose nitrate membrane (Unifil - 510.047) and acidified to pH 3 with H2SO4. Solid phase 

extraction (SPE) on C18 cartridges (500 mg/6 mL, Agilent Technologies) was carried out as 

described by do Nascimento et al. [48]. The cartridges were conditioned with 3 x 2 mL de 

hexane, 1 x 2 mL de acetone, 3 x 2 mL de methanol and 5 x 2 mL of deionized water at pH 3. 

The samples passed through the cartridges at approximately 10 mL min-1, under vacuum, and 

were dried for 20 min. The analytes were eluted with 4 mL of acetone and the solvent was 

evaporated. The dried extracts were kept at - 20 °C until used in the YES assay. 

The sludge samples were prepared as described by Martín et al. [49], with modifications. 

Fifty mL of sludge was collected from the AnOMBR-MD and centrifugated at 4450 x g or 10 

min. The supernatant was used in SPE. About one g of the sludge pellets was extracted with 5 

mL of methanol and shaken for 30 s in a vortex mixer. The samples were then ultrasonicated 

for 15 min and centrifugated at 4450 x g for 20 min. The supernatant was collected in a glass 

vial. The procedure was repeated with 2 mL of methanol and 2 mL of acetone. The three 

supernatants were combined and dried at room temperature. The extract was suspended with 

50 mL of deionized water, filtered in a 0.45 µm cellulose nitrate membrane, and acidified to 

pH 3 with H2SO4. SPE was carried out following the same procedures used for the liquid 

samples. 

2.5.2 YES assay 

The dried extracts were reconstituted with 1 mL of ethanol right before use in YES 

assay, which followed the methodology proposed by Routledge and Sumpter [50] and Bila et 

al. [51] with modifications, as described in Arcanjo et al. [52]. The estrogenic activity of the 
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samples from the AnOMBR-MD was calculated by interpolation from the E2 standard curve 

and reported as 17β-estradiol equivalents (E2-eq). 

2.6 Permeate fluxes and removal efficiency 

Permeate fluxes in MD (JMD) and FO (JFO) membranes [kg m-2 h-1] were calculated by 

Eq (1) and Eq (2): 𝐽𝑀𝐷 = ∆𝑚𝐷∆𝑡×𝐴𝑚      Eq (1) 

𝐽𝐹𝑂 = ∆𝑚𝐷𝑆∆𝑡×𝐴𝑚 + 𝐽𝑀𝐷    Eq (2) 

where ΔmD and ΔmDS [kg] are the increase in distillate and DS weight, respectively, over a 

period, Δt [h], and Am [m2] is the membrane area. 

Js was calculated by the Eq. (3), proposed by Phillip et al. [53] and Tang et al. [54]: 𝐽𝐹𝑂𝐽𝑠 = AB × 𝑛 × 𝑅 × 𝑇    Eq (3) 

where A and B are the water and salt permeability coefficient for the FO membrane, estimated 

by Arcanjo et al. [33], equal to 3.23 x 10-12 m s-1 Pa-1 and 5.38 x 10-8 m s-1, respectively, n is the 

number of species that the draw solute dissociates into, in the case of MgCl2, n is equal to 3, R 

is the gas constant and T is the absolute DS temperature. 

The MD salt rejection (Rsalt,MD) was calculated by Eq (4): 𝑅𝑠𝑎𝑙𝑡,𝑀𝐷 = 𝐶𝐷𝑆− 𝐶𝑝,𝑀𝐷𝐶𝐷𝑆 𝑥 100    Eq (4) 

where CDS and Cp,MD are the concentrations of Mg2+ or Cl- in the DS and MD permeate, 

respectively. 

The removal behavior of the PhACs and estrogenic activity was investigated and the 

contribution of each mechanism (e.g., biodegradation, biosorption and membrane rejection) 

was calculated. Mass balance evaluation was described in the supplementary material. 

The overall removal efficiency of the AnOMBR-MD was calculated by Eq (5) 𝑅𝐴𝑛𝑂𝑀𝐵𝑅−𝑀𝐷 = 𝐶𝐹𝑆− 𝐶𝑝,𝑀𝐷𝐶𝐹𝑆 𝑥 100  Eq (5) 

where CFS is the contaminant concentration in the feed solution. 

The removal efficiency of the bioreactor combined with FO rejection (RAnOMBR) was 

calculated by Eq (6) 
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𝑅𝐴𝑛𝑂𝑀𝐵𝑅 = 𝐶𝐹𝑆− 𝐶𝑝,𝐹𝑂𝐶𝐹𝑆 𝑥 100    Eq (6) 

where Cp,FO is the contaminant concentration of the FO permeate. 

The rejection by the hybrid FO-MD module (RFO+MD) was calculated by Eq (7) 𝑅𝐹𝑂−𝑀𝐷 = 𝐶𝑀𝐿− 𝐶𝑝,𝑀𝐷𝐶𝑀𝐿 𝑥 100   Eq (7) 

where CML [ng L-1] is the contaminant concentration in the mixed liquor. 

The biological removal of PhACs and estrogenicity, either by biodegradation or 

biosorption, was estimated according to the mass balance of the mixed liquor in the bioreactor, 

as previously described by Qiu et al. [55]. 

The mass of PhAC or 17β-estradiol equivalent (Mbio) removed due to biological process 

was calculated according to Eq (8): 𝑀𝑏𝑖𝑜 = ∑ 𝐶𝐹𝑆,𝑖𝑥𝑉𝐹𝑆,𝑖𝑛𝑖=1 − ∑ 𝐶𝐹𝑂,𝑖𝑥𝑉𝐹𝑂,𝑖𝑛𝑖=1 − ∑ 𝐶𝑀𝐿,𝑖𝑥𝑉𝑊𝑠𝑙𝑔,𝑖𝑛𝑖=1 + 𝐶𝑀𝐿,1𝑥𝑉𝑅 − 𝐶𝑀𝐿,𝑛𝑥𝑉𝑅 Eq (8) 

where CFS,i and VFS,i are the concentration of micropollutants and the volume entering the 

bioreactor, from vthe start of operation to time n. CFO,i and VFO,i are the concentration of the 

micropollutants and the volume of permeate that passed through the FO membrane. CML,i and 

VWslg,i are the concentration of micropollutants in the mixed liquor supernatant and the volume 

of waste sludge discharged, respectively. VR [L] is the bioreactor volume. Thus, the biological 

removal, at the time n, can be calculated by Eq (9): 𝑅𝑏𝑖𝑜 = 𝑀𝑏𝑖𝑜∑ 𝐶𝐹𝑆,𝑖𝑥𝑉𝐹𝑆,𝑖𝑛𝑖=1      Eq (9) 

The mass of micropollutant removed by biosorption (Mbiosorp) was calculated based on 

the changes in the sludge phase concentration, as shown in Eq (10): 𝑀𝑏𝑖𝑜𝑠𝑜𝑟𝑝 = ∑ 𝐶𝑆𝑙𝑔,𝑖𝑥𝑉𝑊𝑠𝑙𝑔,𝑖𝐶𝑀𝐿𝑆𝑆,𝑖𝑛𝑖=1 + 𝐶𝑆𝑙𝑔,𝑛𝑥𝑉𝑅𝐶𝑀𝐿𝑆𝑆,𝑛 − 𝐶𝑆𝑙𝑔,1𝑥𝑉𝑅𝐶𝑀𝐿𝑆𝑆,1  Eq (10) 

where CSlg,i is the concentration of micropollutant in the sludge phase, in ng gMLSS-1, VWslg,i is 

the volume of waste sludge discharged, CMLSS is the total suspended solids in the mixed liquor, 

on day i. ∑ 𝐶𝑆𝑙𝑔,𝑖𝑥𝑉𝑆𝑙𝑔,𝑖𝐶𝑀𝐿𝑆𝑆,𝑖𝑛𝑖=1  is the cumulative amount of micropollutants discharged with 

the waste sludge. 

The biosorption removal (Rbiosorp) was calculated by Eq (11): 𝑅𝑏𝑖𝑜𝑠𝑜𝑟𝑝 = 𝑀𝑏𝑖𝑜𝑠𝑜𝑟𝑝∑ 𝐶𝐹𝑆,𝑖𝑥𝑉𝐹𝑆,𝑖𝑛𝑖=1    Eq (11) 
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Biodegradation removal is the difference between the biological removal and the 

biosorption. Therefore, the mass of PhAC or 17β-estradiol equivalent removed by 

biodegradation (Mbiodeg) was calculated by Eq (12): 𝑀𝑏𝑖𝑜𝑑𝑒𝑔 = 𝑀𝑏𝑖𝑜 − 𝑀𝑏𝑖𝑜𝑠𝑜𝑟𝑝    Eq (12) 

Finally, the biodegradation removal (Rbiodeg) was determined by Eq (13): 𝑅𝑏𝑖𝑜𝑑𝑒𝑔 = 𝑀𝑏𝑖𝑜𝑑𝑒𝑔∑ 𝐶𝐹𝑆,𝑖𝑥𝑉𝐹𝑆,𝑖𝑛𝑖=1    Eq (13) 

2.7 Thermodynamic calculations with Visual MINTEQ 

The speciation of inorganic ions (Ca2+, Mg2+, NH4
+ and PO4

3-) and the spontaneous 

precipitation of P-PO4
3- within the bioreactor were calculated using Visual MINTEQ 3.1, a 

chemical equilibrium model program that contains a mineral species database [56]. 

The theoretical concentrations of P-PO4
3-, Mg2+, Ca2+ and Cl- were estimated by mass 

balance, considering the concentration entering the bioreactor and Js. Following the model 

proposed by Jia et al. [57], seven minerals were selected as possible species in the model: 

brucite (Mg(OH)2). brushite (CaHPO4.2H2O); magnesite (MgCO3); monetite (CaHPO4); 

nesquehonite (MgCO3.3H2O); newberyte (MgHPO4.3H2O); and struvite (MgNH4PO4.6H2O). 

Due to the solution pH and some mineral crystallization rate, the authors excluded some other 

possibilities, such as hydroxyapatite (Ca5(PO4)3OH) and dolomite (CaMg(CO3)2). The software 

was run for 5 days of operation (0, 7, 14, 21 and 28) and input data included pH, temperature, 

alkalinity, DOC, and P-PO4
3-, Mg2+, Ca2+ and Cl- measured in the bioreactor. Theoretical 

concentration was also calculated, considering the entrance and discharge of ions, during the 

AnOMBR-MD operation. For Mg2+ and Cl-, the reverse salt flux, calculated by Eq (3), was 

considered. 

2.8 Environmental and human risk assessment 

Environmental and human health risks of the municipal sewage and distillate were 

estimated in relation to estrogenic activity. Eq (14) was used to calculate the acute and chronic 

environmental risk quotient (RQ). 𝑅𝑄 = 𝑀𝐸𝐶𝑃𝑁𝐸𝐶     Eq (14) 

where MEC is the measured estrogenic activity in E2-eq, and PNEC is the predicted non-effect 

concentration for aquatic wildlife. According to Caldwell et al. [58], the PNEC for E2 is 5 ng 

L-1 for acute toxicity and 2 ng L-1 for chronic effects. 
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The human health risk was estimated by the hazard quotient (HQ) according to Eq (15). 

The is the drinking water guideline level (DWGL) values were obtained from Eq (16). 𝐻𝑄 = 𝑀𝐸𝐶𝐷𝑊𝐺𝐿     Eq (15) 

𝐷𝑊𝐺𝐿 = 𝑇𝐷𝐼 𝑥 𝐵𝑊 𝑥 𝑓𝐷𝐿     Eq (16) 

where TDI is the tolerable daily intake for E2, of 7 x 10-5 µg kg-1 d-1 via drinking water for 

adults [59], BW is the body weight, considered 70 kg, f is the relative contribution of water 

exposure, considered equal to 100% and DI is the daily intake, set at 2 L d-1. 

Also, the incremental lifetime carcinogenic risk (ILCR) was calculated for estrogenic 

activity [Eq (17)], where EF is the exposure frequency, 365 d per year, ED is the exposure 

duration, equal to 70 years, AT is the average time, of 25,550 d and CSF is the cancer slope 

factor, that for E2 is equal to 39 (mg kg-1 d-1)-1 [60]. 𝐼𝐿𝐶𝑅 = 𝑀𝐸𝐶 𝑥 𝐷𝐼 𝑥 𝐸𝐹 𝑥 𝐸𝐷 𝑥 𝐶𝑆𝐹𝐵𝑊 𝑥 𝐴𝑇   Eq (17) 

Environmental and human health risk value was considered high for RQ or HQ > 1, 

medium when 0.1 ≤ RQ or HQ ≤ 1, low when 0.01 ≤ RQ or HQ < 0.1, and negligible when RQ 

or HQ < 0.01 (European Commission, 1996). The ILCR was classified as unacceptable (ILCR 

> 10-4) acceptable (10-4 < ILCR < 10-6) or negligible (ILCR < 10-6) (EPA, 2015). 

 

3 Results and discussion 

3.1 Permeate flux, reverse salt flux and MD salt rejection 

Permeate fluxes at the beginning of operation were 2.8 and 1.6 kg m-2 h-1 for FO and 

MD membranes, respectively (Figure 2). After 24 h of operation, JFO reduced to 2.2 kg m-2 h-1 

and continued to decline, stabilizing at about 0.5 kg m-2 h-1. A different behavior was observed 

for JMD, which increased slightly until day 3, because of the increase in DS temperature (Figure 

S1, supplementary material), and then, started to decrease and stabilized in 0.5 kg m-2 h-1. 

An important factor for the observed reduction in JFO is the high MLVSS concentration 

maintained in the bioreactor (6.1 ± 1.1 g L-1), which favored the development of slow-growing 

bacteria, such as methanogenic Archaea [61]. Elevated MLVSS are known to contribute to 

severe fouling and external concentration polarization (ECP) in FO membranes [62]. Higher 

fluxes were obtained by other authors in submerged AnOMBR operation (3 to 3.5 L m-2 h-1) 
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[36,63,64], but at MLVSS in the bioreactors of less than 4.6 g L-1, which may have minimized 

the effect of ECP on the active layer of the FO membrane. Another cause of JFO reduction was 

the internal concentration polarization (ICP). ICP resulted in of DS dilution , because of water 

permeation at the interface between the active layer and the support layer in FO membrane, 

reducing osmotic pressure [65]. Furthermore, with time, the salinity build-up in the bioreactor 

(Figure 3), caused by the accumulation of salts from the feed solution and by the reverse salt 

flux, led to a reduction in the driving force across FO membrane and, thus, JFO decline [64]. 

Although MD performance is relatively independent of the feed salinity, the 

concentration and temperature polarization at the membrane surface impact the permeate flux 

and, as demonstrated by Ricci et al. [39] in the submerged hybrid FO-MD module. In a previous 

work, MgCl2 concentration at the membrane surface increased 24% in relation to the DS 

concentration (0.36 mol L-1) [33], as a result of water permeation through the membrane and 

accumulation of solute. Since the DS concentration was higher, for the same conditions of 

temperature and recirculation rate, it is expected that the concentration polarization phenomena 

contributed to JMD decline. The temperature in the DS and distillate bulk was 45.1 ± 0.9 °C and 

22.9 ± 1.5 °C (Figure S1, supplementary material), respectively, resulting in a temperature 

gradient of 22 °C for MD process. Nevertheless, temperature polarization, which is the 

reduction of temperature at the membrane interface on the feed side and increment on the 

distillate side, reduced the effective temperature difference across the MD membrane, leading 

to lower JMD [66]. 

 

Figure 2 - Permeate flux in FO and MD and electrical conductivity in the ML. 
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MgCl2 was chosen as draw solute because of its low reverse salt flux (Js), among other 

advantages. The concentrations of Mg2+ and Cl- in the bioreactor the sludge samples (Figure 3), 

were initially 5.8 mg L-1 and 177 mg L-1, respectively. Their concentrations increased until day 

21, stabilizing at almost 100 mg L-1, for Mg2+, and 1000 mg L-1, for Cl-. The same pattern was 

observed for electrical conductivity (EC), that increased from 1100 µS cm-1 to 4400 µS cm-1, 

over 21 days of operation, and maintained the latter value until the end of the operation. These 

results indicate that the sludge wasting to regulate sludge retention time at 45 d, was enough to 

reduce salinity build-up in the bioreactor. For the same operation time, Ricci et al. [32], who 

used NaCl to compose DS, found a conductivity of 43 mS cm-1 NaCl, evidence that, indeed, 

MgCl2 has a much lower Js that reduces the salinity impact on bioreactor microbial activity and 

DS replenishment costs. JFO and the AnOMBR-MD performance were not affected by salinity 

build-up. Differently from Ricci et al. [32], the continuous decline of JFO after 21 d must be 

attributed to fouling and ECP, since the osmotic pressure in the ML stabilized during this 

period. 

 

Figure 3 - Salinity build-up in the mixed liquor: Mg2+ and Cl- concentration. 

DS concentration started at 194.6 g L-1 (Figure 4a), considering the sum of Mg2+ and 

Cl-, and on the 2nd day of operation, solute concentration declined, reaching 114 g L-1, since JFO 

was higher than JMD.  Then, salt concentration increased, due to JFO being a little lower than JMD 

and from day 10 to day 32, DS concentration was constant, around 180 g L-1 since the permeate 

flux in FO and MD were similar. 
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Figure 4 - (a) Sum of Mg2+ and Cl- concentration in the DS; (b) Mg2+ and Cl-concentration in 

the distillate; and (c) salinity rejection by the MD membrane. 
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Despite the high salt concentration on the MD membrane surface, distillate 

Mg2concentration was below 130 mg L-1, stabilizing after 25 d (Figure 4b). Since Cl- has a 

smaller hydrated radius than Mg2+, Cl- concentration in distillate was higher than Mg2+, 

remaining between 250 and 350 mg L-1. Nevertheless, MD membrane presented a salt rejection 

higher than 99.6% for both Mg2+ and Cl- (Figure 4c). 

3.2 Characterization of SMP and EPS 

From the beginning of AnOMBR-MD operation until day 10, there was a significant 

decrease in MLTSS and MLVSS (Figure 5). As shown in Figure 3, a continuous increase in the 

bioreactor salinity could have affected the anaerobic consortium of microorganisms. Salinity 

build-up has a severe impact in osmotic membrane bioreactors [67]. Moreover, the convective 

heat transfer from the heated DS to the FO membrane and, from the latter to the ML resulted in 

the increase of the bioreactor temperature from 28.6°C to 40 °C, in just 1.5 h of operation 

(Figure S1, supplementary material). The average ML temperature was 38.1 ± 1.8 °C during 

bioreactor operation, which can benefit micropollutants removal, even under high saline 

conditions [68]. The combined influence of temperature and salinity on AnOMBR-MD 

performance should also be considered, especially if the MD module is submerged. 

Nevertheless, after 10 days, even with the increase in MgCl2 concentration, and subsequent 

stabilization in the ML, MLVSS did not change significantly, being maintained at 6.1 ± 1.1 g 

L-1. Furthermore, sludge particle size, considering both average diameter and D95 (Figure S2, 

supplementary material), also decreased at the beginning of the operation, with no significant 

change after day 9. 

 

Figure 5 - Mixed liquor TSS and VSS in the bioreactor. 

0

5

10

15

20

25

0 5 10 15 20 25 30 35

SS
 (

g 
L

-1
)

Operation time (d)

MLTSS MLVSS



106 

 

As illustrated in Figure 6a, carbohydrates content in SMP was less affected by the 

salinity build-up with the operation time than proteins. The increase in temperature and salinity 

also impacts the release of SMP and EPS, which are the primary source of membrane foulant 

[69]. Chen et al. [63] observed the same behavior in an AnOMBR operated with 0.5 mol L-1 

NaCl as DS. However, they found lower concentrations than in the present study (maximum of 

6.2 mg L-1 for carbohydrates and 49.3 mg L-1 for proteins), which could be related to the lower 

MLVSS maintained in their AnOMBR (3.9 to 4.6 g L-1), thus, less SMP were produced. No 

relationship between conductivity and EPS carbohydrate and protein contents was found in the 

present work. Carbohydrate was detected at concentrations of 4.2 ± 1.9 mg gMLVSS-1, while 

protein reached higher values, of 29.0 ± 5.3 mg gMLVSS-1, with a decrease after day 13, 

increasing again on day 29 (Figure 6b). Luo et al. [70] found out that even though the EPS 

concentration increased with salt loading in a saline aerobic MBR, at the end of operation (70 

days) EPS content decreased. This could be a result of the transformation of EPS into SMP due 

to salinity build-up [71,72], as observed in the present work. 



107 

 

 

Figure 6 - Variation of (a) SMP and (b) EPS in the mixed liquor.  
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protocol for an AnOMBR-MD should be investigated, to guarantee competitive permeate 

fluxes. 

 

Figure 7 - SMP and EPS characterization at the membrane surface. M1: top layer of 

the membrane foulant; M2: upper layer of the membrane foulant; and M3: total foulant. 

3.3 FO and MD membrane fouling 

The observed reduction in JFO and JMD was also related to membrane fouling. Visual 
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and precipitation of magnesium from the draw solute. Carbon tapes used to fixe the sample may 

have also contributed to the carbon found in EDX. Organic and inorganic contaminants 

accumulate in the DS because of the higher rejection by the MD membrane, which is an 

undesired consequence of DS regeneration [27]. 

 

Figure 8 - SEM images for the (a) pristine FO membrane; (b) and (c) used FO membrane; (d) 

pristine MD membrane; (e) and (f) used MD membrane. 
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Figure 9 - EDX mapping of the MD membrane after AnOMBR-MD operation. (Blue: 

fluorine; Cyanide blue: Mg; Red: carbon; and Green: oxygen). 

3.4 Alkalinity, volatile fatty acids and pH 

Alkalinity values greater than 300 mg L-1 CaCO3 were found for the sludge samples 

throughout AnOMBR-MD operation (Figure 10a). Alkalinity is an important parameter in 

anaerobic bioreactors to reduce mixed liquor acidification that directly affects the stability and 

activity of biomass, especially methanogenic organisms [75–77]. The production of VFA by 

microorganisms, mainly in the phases of hydrolysis and acidification can contribute to pH 

reduction in anaerobic treatments [42,78]. VFA concentration in the mixed liquor varied from 

153 to 832 mg HAc L-1 (Figure 10b), while VFA/alkalinity ratio remained between 0.32 and 

0.68 after 7 days, which could indicate some instability in anaerobic digestion [79]. However, 
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even with high concentrations of VFA in the mixed liquor, much lower than the critical value 

of 4000 mg L-1 [80], the pH remained stable at about 7.8 (Figure S4, Supplementary Material), 

which demonstrates the capacity of the AnOMBR to reduce the effects of VFA accumulation. 

This might not be possible in conventional anaerobic MBR, since alkalinity is reduced, due to 

the passage of carbonates and bicarbonates through microfiltration and ultrafiltration 

membranes [64]. 

It is also important to highlight the low concentrations of VFA in the distillate (< 30 

mgHAc L-1). Yao et al. [81] used a membrane distillation bioreactor for wastewater reclamation 

and obtained concentrations of 100 mg L-1 VFA in the permeate when the bioreactor 

temperature was 45 ºC and around 30 mg L-1, at a temperature of 65 ºC. In the AnOMBR-MD, 

the FO membrane acts as the first barrier to contaminants from the bioreactor and the post-

treatment with MD assures the efficiency of the hybrid system in rejecting these compounds. 
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Figure 10 - (a) Alkalinity and (b) VFA during AnOMBR-MD operation. 

3.5 Organic matter and nutrients removal 

The DOC removal efficiency in the AnOMBR was higher than 75.5% and the DOC 
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as discussed in section 3.1, and organic matter, but also by volatile organic compounds 
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Biological removal of DOC (RBio) was higher than 60%, and no accumulation in the bioreactor 

was observed, even with the salinity build-up in the bioreactor up to day 21. 

 

Figure 11 - DOC concentrations and removal efficiency at AnOMBR-MD. (FS concentration: 

122.6 mg L-1). 

Ammonium nitrogen (N-NH4
+) concentrations were higher in ML than in the feed 

solution (Figure 12a). This results from the transformation of organic nitrogen into N-NH4
+ in 
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Figure 12 - Concentrations and rejections during AnOMBR-MD operation: (a) N-NH4
+ and 

(b) P-PO4
3-. (FS concentration: 29.9 mg L-1 P-PO4

3- and 6.4 mg L-1 N-NH4
+). 

The phosphorus concentrations in the DS and the distillate were below the detection 
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P-PO4
3- concentration in the ML supernatant was below the expected value, calculated 

from the mass balance. The Visual MINTEQ 3.1 model (Table 1) indicated that magnesite, 

monetite and struvite may have precipitated in the bioreactor, justifying the reduction in PO4
3- 

as well as N-NH4
+, after day 16. Gu et al. [64] reported possible precipitation of Ca2+, P-PO4

3- 

and other ions on the FO membrane surface during operation of an AnOMBR using NaCl as 

the draw solute. Since MgCl2 was used in the DS in the present research, Mg2+ was also a 

component of the inorganic scaling, as discussed in Section 3.3. With the high rejection by the 

FO membrane, it would be possible to enrich the concentration of nutrients at the bioreactor 

supernatant, and recover nitrogen and phosphorus. Some researchers have reported the recovery 

of PO4
3- from municipal sewage by aerobic OMBR [35,87,88]. However, the simultaneous 

recovery of N-NH4
+ and P-PO4

3- in the form of struvite (NH4MgPO4.6H2O) in the anaerobic 

OMBR is an attractive alternative, because of accumulation of these nutrients, as well as Mg2+, 

due to Js. Furthermore, with continuous recovery of N-NH4
+ and P-PO4

3- and consequently 

reduction of their concentration in the mixed liquor supernatant, scaling could be controlled, 

and fewer ions would pass through the FO and MD membranes, producing a treated effluent 

with better quality. 

Table 1 - Ion concentrations in the ML and possible precipitate species formed 

Parameter 
Operation time (d) 

0 7 14 21 28 
pH 6.9 7.5 7.8 8.2 8.1 

Temperature (°C) 39.5 37.9 36.6 37.7 38.0 
Mg2+ (mg L-1) 5.8 69.1 78.9 98.7 115.9 

Mg2+ (mg L-1) calculated 0.0 324.4 472.2 552.8 603.7 
NH4

+ (mg L-1) 13.8 42.1 47.9 35.4 27.4 
Ca2+ (mg L-1) 20.3 20.3 36.6 16.3 36.6 

Ca2+ (mg L-1) calculated 20.3 122.3 153.9 176.0 175.3 
Cl- (mg L-1) 177.3 780.6 911.0 1034.2 1009.5 

Cl- (mg/L) calculated 0.0 1963.6 2580.6 2792.4 2886.8 
P PO4

3- (mg L-1) 66.7 65.8 81.6 49.3 70.4 
PO4

3- (mg L-1) calculated 66.7 207.0 256.3 283.3 306.7 
DOC (mg L-1) 41.3 43.3 39.7 46.1 37.8 

Alkalinity (mg L-1) 332.7 660.6 859.8 561.6 851.2 
Solid phase 

Magnesite (MgCO3) (mg L-1) 0 171.7 878.4 694.7 1140.6 
Monetite (CaHPO4) (mg L-1) 0 85.7 159.9 119.1 182.1 

Struvite (MgNH4PO4.6H2O) (mg L-1) 0 0 0 74.3 24.5 
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3.6 PhACs and estrogenic activity removal 

PhACs accumulated in DS and distillate tanks. Except for ketoprofen, all the PhACs 

were found in DS at concentrations below 300 ng L-1 (Figure 13a), after 32 d of AnOMBR-MD 

operation. Ketoprofen concentration was almost 600 ng L-1 in the DS and 300 ng L-1 in distillate. 

Ricci et al. [32] already reported on the limitation of the AnOMBR-MD in removing 

ketoprofen, due to its low molar weight and reduced anaerobic biodegradation [47]. 

Furthermore, rejection of ketoprofen by the FO-MD module operated with MgCl2 as DS was 

93% after 8 h of operation, because of its hydrophilicity (log Kow = 0.39) and affinity with the 

FO membrane [33]. Thus, the accumulation of ketoprofen in the ML, over long-time operation 

may have increased its passage through the FO and MD membranes, reducing RAnOMBR and 

RAnOMBR-MD to 75 and 87% (Figure 13b), respectively. Fluconazole, despite being hydrophilic 

(log Kow = 0.56), due to size exclusion (molar mass of 360.83 g mol-1), had RAnOMBR of 97% 

and RAnOMBR-MD of 98.5%. 

The system presented RAnOMBR of more than 87% and RAnOMBR-MD higher than 95% for 

hydrophobic compounds, with log Kow > 3 (17α-ethinylestradiol, fenofibrate and loratadine), 

Hydrophobicity reduced the interaction between the PhACs and the FO membrane, increasing 

the membrane rejection. Also, these three PhACs may have been removed by biotic and abiotic 

mechanisms during anaerobic biological treatment, contributing to the overall performance of 

the system [47]. It is worth emphasizing that for 17α-ethinylestradiol the removals were 

calculated considering the limit of detection, so, RAnOMBR and RAnOMBR-MD could be higher than 

the reported values. 

Betamethasone and prednisone have similar log Kow values (1.68 and 1.66, 

respectively), however, a slight difference in their removal was observed. For betamethasone, 

RAnOMBR was 90.2% and RAnOMBR-MD was 95.6%, while prednisone removal was 96.8% by the 

RAnOMBR and 98% by the RAnOMBR-MD. As shown by Faria et al. [47], under anaerobic conditions, 

betamethasone is mainly removed by biotic process and prednisone is removed by abiotic 

mechanisms, such as biosorption onto the sludge. With salinity build-up observed in the 

AnOMBR-MD, it is expected that the compounds removed through biotic process would be 

accumulated in the ML, which could justify the lower removal of betamethasone, compared to 

prednisone. 
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Figure 13 – (a) PhACs concentration and (b) removal efficiency in the AnOMBR-MD. (Feed 

solution concentration: 2000 ng L-1). *limit of detection for 17α-ethinylestradiol. 
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The estrogenic activity of the synthetic wastewater spiked with 2 µg L-1, used as feed 

solution, was 477 ng L-1 E2-eq. The ML presented lower estrogenicity than FS in all five 

samples collected during the AnOMBR-MD operation and the calculated biological removal 

(RBio) was higher than 65% (Figure 14b). The biological removal of estrogenic compounds was 

governed mainly by biodegradation (Rbiodeg), which started at 64.1%, increasing to 90.1% in 11 

days. Then, a significant decrease to 43.5% was observed on day 15, probably due to the effect 

of salinity build-up. After salinity stabilization, on day 22, Rbiodeg returned to its initial value, 

which was maintained until the end of operation. Some studies have reported that anaerobic 

biodegradation of 17α-ethinylestradiol is difficult under high salinity and its removal is mainly 

due to abiotic mechanisms, like adsorption [47,89]. Nevertheless, the maximum removal by 

sorption onto the sludge (Rbiosorp) was 27.6%, after 32 days of operation. These results indicate 

an adaptation of the microorganisms to the new operating conditions and metabolism of 

estrogenic compounds present in the reactor, resulting in reduction in estrogenic activity from 

the ML was observed at the end of the operation. 

DS concentrations were always below 1.1 ng L-1 E2-eq (Figure 14a), due to the high 

rejection by the FO membrane combined with biological removal (> 99.9%) (Figure 14b). The 

overall removal efficiency of the system varied from 99.97 to > 99.99%, and 0.14 ng L-1 E2-eq 

was the maximum estrogenic activity detected in the distillate. Since 17α-ethinylestradiol has 

estrogenic activity close to 17β-estradiol [52], the concentration of 17α-ethinylestradiol in the 

distillate may be approximately 0.14 ng L-1, indicating a higher removal for this PhAC, without 

considering the limit of detection in the LC-MS method. Ricci et al. [32] and Arcanjo et al. [52] 

observed that the AnOMBR-MD is very effective in removing micropollutants and estrogenic 

activity. In the present study, it was possible to confirm the high reduction in the estrogenic 

effect of these biologically active compounds, even with the PhACs concentration found in the 

distillate. 
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Figure 14 - (a) Estrogenic activity and (b) removal efficiency in the AnOMBR-MD. (FS 

estrogenic activity: 477 ng L-1 E2-eq). 

3.6 Environmental and human health risk assessment 
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the treatment of the DS, to avoid PhACs accumulation and reduce their passage through the 

MD membrane [90]. A high human risk for 17α-ethinylestradiol was also observed, because of 

its high limit of detection. With the combined investigation of PhACs concentration and the 

YES assay, it was possible to confirm a low risk of 17α-ethinylestradiol since its concentration 

was estimated to be 0.14 ng L-1. 

From the temporal analysis of the estrogenic activity in the distillate (Figure S5, 

supplementary material), the acute (RQac) and chronic (RQch) environmental risks related to 

the estrogenic activity were considered medium for the distillate at the beginning of operation 

(Figure S5a, supplementary material), after 4 d, risks were negligible, and then low until the 

end of the AnOMBR-MD operation. The same was verified for the human health risk (HQ). In 

a previous work [52], HQ and RQ were considered high, after the AnOMBR-MD system, due 

to the high detection limit of  the YES assay. With the lower detection limit established in the 

present work, it was possible to verify the actual risk reduction ability of the AnOMBR-MD. 

The Institute of Environment and Health [91] assessed several estrogenically-active 

chemicals present in the environment. It concluded that even drinking water that contains the 

worst-case level predicted for each of these compounds does not constitute a significant risk to 

human health when considered in terms of equivalence to the consumption of the natural 

hormone estradiol. However, the analysis did not take into consideration the effect of the 

mixture of these compounds. In any case, the risk evaluation of EDCs and their combined effect 

on human health is of great importance, so that any chance of potential risk may be predicted. 

Thus, the hybrid AnOMBR-MD demonstrated strong performance in reducing risks, even when 

human health is considered. 

The ILCR of the feed solution with regard to estrogenic activity was considered 

unacceptable but this risk was reduced to negligible in distillate from the AnOMBR-MD 

(Figure S5b, supplementary material), as shown in Figure b. The assessment of cancer risk is 

of great relevance since epidemiological evidence continues to reveal the relationship between 

exposure to EDCs and carcinogenesis, although there are still some gaps in these studies [92]. 

Williams and Darbre [93] tested human breast cell exposure to some EDCs and observed that 

these compounds are directly related, even at low daily doses, to the proliferation of cancer. 

The unacceptable risk of the feed solution reinforces the importance of wastewater and water 

treatment plants in removing EDCs. 
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Figure 15 - Environmental and human health risks for AnOMBR-MD feed solution (FS) and 

distillate. RQac: acute environmental risk; RQch: chronic environmental risk; and HQ: human 

health risk. * Risk was calculated considering the limit of detection for 17α-ethinylestradiol. 

 

4 Conclusion 

The use of MgCl2 as draw solute reduced the reverse salt flux and reduced salinity 

impacts on the microbial community of the AnOMBR-MD. Magnesite, monetite and struvite 

may have precipitated in the bioreactor, due to the accumulation of P-PO4
3- and N-NH4

+ in the 

mixed liquor, combined with the increase in Mg2+ concentration from the reverse salt flux. The 

overall removal of PhACs was higher than 95%, except for ketoprofen (87%). Biological 

removal of estrogenic compounds was affected by the rapid salinity build-up in the bioreactor, 

but after conductivity stabilization, biosorption and biodegradation increased again. The 

AnOMBR-MD has great potential in treating municipal wastewaters containing endocrine 

disrupting compounds, reaching estrogenic compounds removals of greater than 99.99%, after 

32 days. 

Risk assessment showed that better removal of ketoprofen and loratadine is needed, 
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estrogenic activity, the AnOMBR-MD reduced environmental and non-carcinogenic human 

risks from high to low, while incremental lifetime carcinogenic risk decreased to negligible. 
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3 General conclusion 

The performance of an AnOMBR-MD treating municipal sewage was investigated. 

First, when NaCl was used to compose the DS, removal efficiencies of more than 97% of 

dissolved organic carbon and P-PO4
3- were achieved. For N-NH4

+, removal of 77.8% was 

observed, due to the accumulation of this nutrient in the anaerobic treatment. Permeate fluxes 

in FO and MD reduced almost 80%, because of ICP, ECP and Js, that reduced the effective 

osmotic pressure difference, in FO, and temperature and concentration polarization in MD. 

Microbial community changed as a result of salinity build-up and the presence of 

pharmaceutical drugs. Nevertheless, since the system can completely reject the mixed liquor 

volatile suspended solids, microbial richness and diversity increased, with possible 

improvement on the overall removal of organic micropollutants and estrogenic activity. 

MgCl2 was selected as the best salt to be used as draw solute in a submerged FO-MD 

module, since the specific salt flux in the FO was the lowest one, among the 5 solutes 

investigated. Organic micropollutants rejection by FO was higher when Js was low. Inorganic 

salts were completely rejected by the MD membrane. From the 7 pharmaceutical drugs 

evaluated, only ketoprofen was detected in the distillate, after 8 h of operation. 

In the AnOMBR-MD operation with MgCl2 as a draw solute, Js reduced and after 21 d 

the electrical conductivity in the ML stabilized. Even with the lower reduction in osmotic 

pressure difference, FO permeate flux reduced 82%, which indicates that other factors, such as 

ICP and ECP, must be predominant on FO. The influence of organic and inorganic 

contaminants accumulation in DS was also verified. Cristal deposition and pore blocking were 

observed in MD membrane, because of concentration polarization in the MD membrane 

surface. The removal of dissolved organic carbon was greater than 90%, but concentration of 

13 mg L-1 was detected in distillate. The P-PO4
3- concentration in the distillate and DS was 

always bellow the limit of detection. Due to the great rejection by the FO membrane, Mg2+, P-

PO4
3- and N-NH4

+ accumulation in the ML could led to struvite, magnesite and monetite 

precipitation in the ML. 

Estrogenic activity removal by the AnOMBR-MD was not affected by the salt used in 

the DS, which shows the system capacity in retaining contaminants, even if the biological 

removal is compromised by the salinity build-up. The removal of pharmaceutical active 

compounds was higher than 95%, except for ketoprofen, with 87% removal, when MgCl2 was 

used to compose DS. For NaCl as draw solute, removal was greater than 96.4%. 



132 

 

The system showed a remarkable potential in reducing environmental and human health 

risks. However, ketoprofen and loratadine still attributed high acute environmental risk to the 

distillate, in the operation with MgCl2 as DS, because of the high concentration and the higher 

toxicity, respectively. So, it is necessary to improve the removal of micropollutants with more 

toxicity, to guarantee acceptable risks on the distillate. 
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Appendix A – Supplementary material chapter 1 

 

Tables 

Table S1 - Assessment factors to derive PNEC 

Available data Assessment factor 

Long-term NOECs from at least three 
species (normally fish, daphnia and algae) 

representing three trophic levels 
10 

Two long-term NOECs from species 
representing two trophic levels (fish 

and/or daphnia and/or algae) 
50 

One long-term NOEC (either fish or 
daphnia) 

100 

At least one short-term L(E)C50 from 
each of three trophic levels of the base-set 

(fish, daphnia and algae) 
1000 

Source: European Commission [7]. 
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Table S2 - PhACs E(L)C50 values 

Pharmaceuticals Taxon Specie E(L)C50 Value (mg L-1) Reference 

17α-Ethinylestradiol Crustacean Daphnia similis EC50 (Mortality - 48 h) 1.63 [8] 

Betamethasone 

Algae - EC50 (ECOSAR) 41 [9] 

Crustacean - EC50 (ECOSAR) 32 [9] 

Fish - EC50 (ECOSAR) 37 [9] 

Fenofibrate 

Algae - EC50 (ECOSAR) 0.1 [9] 

Crustacean Ceriodaphnia dubia EC50 (Growth inhibition - 7d) 0.76 [10] 

Fish Poeciliopsis lucida EC50 (Cytotoxicity - 24h) 3.25 [11] 

Fluconazole 
Crustacean Thamnocephalus platyurus LC50 (Immobilization - 24h) 100 [12] 

Fish Oryzias latipes LC50 (Mortality - 96h) 100 [12] 

Ketoprofen 
Algae Pseudokirchneriella subcapitata EC50 (Mortality - 96 h) 0.24 [13] 

Fish Danio rerio LC50 (Mortality - 96h) 632 [14] 

Loratadine 

Algae Pseudokirchneriella subcapitata EC50 (Growth inhibition - 50%) 2.15 [15] 

Crustacean Ceriodaphnia dubia EC50 (Reproduction inhibition - 50%) 0.03 [15] 

Rotifer Brachionus calyciflorus EC50 (Reproduction inhibition - 50%) 0.05 [15] 

Fish - EC50 (ECOSAR) 0.02 [9] 

Prednisone Crustacean Brachionus calyciflorus LC50 (Mortality - 24h) 54.6 [16] 

17β-estradiol    5 x 10-6* [17] 
*PNEC value. 
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Table S3 - PhACs NOEC values 

Pharmaceuticals Taxon Specie NOEC  
Value 

(mg L-1) 
Reference 

17α-Ethinylestradiol 

Fish Fundulus heteroclitus NOEC (Mortality - 21 d) 0.5 [18] 

Crustacean Daphnia NOEC (Reproduction) 0.387 [19] 

Algae - - 0.054 [19] 

Betamethasone 

Algae Selenastrum capricornutum NOEC (growth rate and yield - 72 h) 34 [20] 

Crustacean Daphnia magna NOEC (parental survival - 21 d) 17 [20] 

Fish Pimephales promelas NOEC (mean dry weight - 32 d) 0.052 [20] 

Fenofibrate 

Algae Pseudokirchneriella subcapitata NOEC (Population growth rate - 3 d) 3.12 [10] 

Crustacean Ceriodaphnia dubia NOEC (Growth inhibition - 7 d) 0.039 [10] 

Fish Pimephales promelas NOEC (Morphology - 7 d) 0.025 [21] 

Fluconazole 
Algae Pseudokirchneriella subcapitata NOEC (Growth inhibition - 72 h) 3.06 [22] 

Aquatic plant Lemna minor NOEC (Growth rate - 7 d) 0.3 [23] 

Ketoprofen 

Algae Pseudokirchneriella subcapitata NOEC (Growth inhibition - 72 h) 9.94 [24] 

Crustacean Ceriodaphnia dubia NOEC (Reproduction - 6 to 8 d) 22.5 [24] 

Fish Danio rerio NOEC (Hatch, mortality, growth - 9 d) 6.25 [24] 

Loratadine 

Crustacean Daphnia magna NOEC (Reproduction - 21 d) 0.078 [25] 

Algae Pseudokirchneriella subcapitata NOEC (Growth inhibition - 72 h) 0.053 [25] 

Fish Pimephales promelas NOEC (Hatch, mortality, growth - 28 d) 0.084 [25] 

Prednisone Crustacean - NOEC (ECOSAR) 2.48 [26] 

17β-estradiol    2 x 10-6* [17] 
*PNEC value. 
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Table S4 - PhACs TDI and DWGL values 

PhCs TDI (µg kg-1 d-1) Reference DWGL (µg L-1) 

17α-Ethynilestradiol 0.001 [27] 0.035 
Betamethasone 63 [28] 2205 

Fenofibrate 1 [29] 35 
Fluconazole 0.05 [30] 1.75 
Ketoprofen 0.02 [31] 0.7 
Loratadine 0.03 [32] 1.05 
Prednisone 200 [33] 7000 

17β-estradiol (E2-eq.) 0.00007 [34] 0.00245 
 

Table S5 - Parameters concentration in the bulk sludge in AnOMBR-MD operation 

Parameter Day 0 (Seed sludge) Day 50 

pH 7.9 8.1 

Alkalinity (mgCaCO3 L-1) 367.2 550.8 

VFA (mgHAc L-1) 6.20 34.60 

DOC (mg L-1) 19.10 58.34 

N-NH4
+ (mg L-1) 35.55 27.57 

P-PO4
3- (mg L-1) 6.00 31.69 
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Appendix B – Supplementary material chapter 2 
 

Table S1 - Molecular structure of the selected pharmaceutical drugs used 
Compound 

(Chemical Formula) 
Molecular Structurea 

17α-Ethynylestradiol 
(C20H24O2) 

 

Betamethasone 
(C22H29FO5) 

 

Fenofibrate 
(C20H21ClO4) 

 

Fluconazole 
(C13H12F2N6O) 

 

Ketoprofen 
(C16H14O3) 

 

Loratadine 
(C22H23ClN2O2) 

 

Prednisone 
(C21H26O5) 

 
 https://chemicalize.com/ developed by ChemAxon (http://www.chemaxon.com) 
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Table S2 - Draw solution parameters used to calculate permeate flux and polarizations in FO and MD processes 

Solute 
TF 
(°C) 

TDS 
(°C) 

CDS 
(g.L-1) 

ρDS 

(kg.m-3) 
AFO 

(10-12 m3.m-2.s-1.Pa-1) 
ϕ 

μoDS 

(mPa.s) 
μDS 

(mPa.s) 
Do 
(10-9 m2.s-1) 

kf.DS 
(W.m-1.K-1) 

cp.DS 

(kJ.kg-1.K-1) 
aw.DS 

hDS 

(W.m-2.K-1) 

NaCl 37.6 44.6 33.51 1013.96 3.21 0.32 0.94 0.64 1.47 0.60 4.03 0.98 351.14 

MgCl2 37.1 45.1 34.02 1017.81 3.24 0.18 1.01 0.67 1.05 0.60 3.98 0.99 350.49 

NaOAc 35.2 44.6 51.66 1016.42 3.21 0.17 1.07 0.70 1.41 0.63 4.04 0.98 366.24 

MgOAc2 37.1 45.0 112.07 1045.88 3.23 0.19 1.79 1.06 1.28 0.63 3.88 0.93 364.07 

EDTA-Na2 35.7 44.5 88.23 989.22 3.20 0.11 1.28 0.85 0.58 0.47 3.96 0.89 296.90 

 

Table S3 - Distillate parameters used to calculate permeate flux and polarizations in FO and MD processes 

Solute TD 
(°C) 

CD 

(g.L-1) 
ρD 

(kg.m-3) 
μD 

(mPa.s) 
kf.D 

(W.m-1.K-1) 
cp.D 

(kJ.kg-1.K-1) aw.D hD 

(W.m-2.K-1) 

NaCl 25.7 0.00 996.78 0.88 0.61 4.18 1.00 365.92 

MgCl2 26.2 0.00 996.66 0.87 0.61 4.18 1.00 366.23 

NaOAc 24.9 4.00 996.98 0.89 0.61 4.18 0.99 365.36 

MgOAc2 23.6 9.53 997.27 0.92 0.61 4.18 0.96 364.53 

EDTA-Na2 24.4 26.21 997.09 0.90 0.61 4.18 0.93 365.04 
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Table S4- pH of feed solution, DS and distillate 

Solute pHfeed,final pHDS,inicial pHDS,final pHD,final 

NaCl 7.0 6.5 4.7 5.8 

MgCl2 5.3 5.6 3.8 6.5 

NaOAc 8.1 8.5 7.6 4.8 

MgOAc2 8.5 8.0 7.7 5.4 

EDTA-Na2 5.0 4.1 4.1 7.8 

 

Table S5 - Criteria, weights and scores used in TOPSIS for selection of draw solute 

Criteria 
Criteria 

type 
Weight NaCl MgCl2 NaOAc MgOAc2 EDTA-Na2 

JFO (L.m-2.h-1) Benefit 3 4.78 3.64 4.57 4.82 2.81 

JMD (L.m-2.h-1) Benefit 3 3.80 3.35 4.01 3.06 3.00 

Js (g.m-2.h-1) Cost 3 3.00 0.72 2.57 4.58 3.28 

JsMD (g.m-2.h-1) Cost 3 0.00 0.00 0.15 0.31 0.68 

SECpump 
(kW.m-3.d-1) Cost 3 0.155 0.190 0.155 0.175 0.221 

DS cost 
(US$.L-1) Cost 2 0.11 0.49 0.63 4.20 1.39 

DS makeup 
cost (U$.m-3) Cost 3 2.08 2.89 7.58 40.41 22.85 

RFO.EE2 (%) Benefit 2.25 93.47 94.05 88.03 95.13 91.90 

RFO.BET (%) Benefit 1.5 83.34 91.12 99.04 62.87 71.98 

RFO.FEN (%) Benefit 1.8 99.67 89.44 86.33 95.65 99.47 

RFO.FLU (%) Benefit 2.25 74.75 76.49 69.59 80.45 89.49 

RFO.KET (%) Benefit 1.65 70.71 67.91 80.89 79.74 92.32 

RFO.LOR (%) Benefit 1.65 87.10 94.09 88.39 88.51 61.06 

Rg.PRE (%) Benefit 1.65 76.74 83.18 76.91 61.24 87.39 

Rg.EE2 (%) Benefit 4.5 95.87 96.34 96.53 95.79 95.85 

Rg.BET (%) Benefit 3 99.37 99.32 99.35 99.24 99.18 

Rg.FEN (%) Benefit 3.6 99.79 99.78 99.79 99.75 99.73 

Rg.FLU (%) Benefit 4.5 99.90 99.89 99.90 99.88 99.87 

Rg.KET (%) Benefit 3.3 93.61 93.10 87.22 84.67 97.70 

Rg.LOR (%) Benefit 3.3 99.87 99.86 99.86 99.84 99.82 

Rg.PRE (%) Benefit 3.3 99.83 99.85 98.14 99.83 99.83 



140 
 

 

Methodology TOPSIS (Technique for Order Preference by Similarity to Ideal 

Solution) [1,2] 

Step 1: Construction of the decision matrix (C) with m alternatives and n criteria. 

𝐶 = [ 𝑐11 ⋯ 𝑐1𝑛⋮ ⋱ ⋮𝑐𝑚1 ⋯ 𝑐𝑚𝑛] 

Where cij is the observed values of parameters for each alternative. 

Step 2: Normalization of the initial matrix C by vector normalization method, to form 

the standardized decision matrix R = (rij)mxn. 𝑟𝑖𝑗 =  𝑥𝑖𝑗∑ 𝑥𝑖𝑗2𝑚𝑖=1  , i = 1, 2, ..., m; j = 1, 2, ..., n. 

𝑅 = [ 𝑟11 ⋯ 𝑟1𝑛⋮ ⋱ ⋮𝑟𝑚1 ⋯ 𝑟𝑚𝑛] 

Step 3: Calculation of the weighted normalized matrix (A): 𝑎𝑖𝑗 = 𝑤𝑖𝑗 𝑥 𝑟𝑖𝑗 

Where aij is the weighted standardized value wij is the weight of each parameter. 

Step 4: Determination of the positive and negative ideal reference points. A+ represents 

the positive ideal solution and A- is the negative ideal solution. 𝐴+ = (𝑎1+, 𝑎2+, … , 𝑎𝑚+) 𝐴− = (𝑎−, 𝑎2−, … , 𝑎𝑚−) 

and 𝑎𝑗+ = (𝑚𝑎𝑥𝑖𝑎𝑖𝑗, 𝑗 ∈  𝑗1; 𝑚𝑖𝑛𝑖𝑎𝑖𝑗 , 𝑗 ∈  𝑗2 ) 𝑎𝑗− = (𝑚𝑖𝑛𝑖𝑎𝑖𝑗, 𝑗 ∈  𝑗1; 𝑚𝑎𝑥𝑖𝑎𝑖𝑗 , 𝑗 ∈  𝑗2 ) 

Where 𝑗1 and 𝑗2 represents the benefit criteria and the cost criteria. Therefore, for benefit 

criteria, the reference point for the positive ideal solution is the maximum value obtained for 

the alternatives and the reference point for the negative ideal solution is the minimum value for 

this criteria. 

Step 5: Calculation of the Euclidean distances between the alternative (Ai) and the 

positive ideal solution (A+) and Ai and the negative ideal solution (A-) 
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𝐷𝑖+ =  √∑(𝑎𝑗+ −  𝑎𝑖𝑗)2𝑛
𝑗=1  𝑤𝑖𝑡ℎ 𝑖 = 1, … , 𝑚. 

𝐷𝑖− =  √∑(𝑎𝑗− −  𝑎𝑖𝑗)2𝑛
𝑗=1  𝑤𝑖𝑡ℎ 𝑖 = 1, … , 𝑚. 

Step 6: Calculation of similarities to the positive ideal solution 

R𝑖+ =  𝐷𝑖−𝐷𝑖+ +  𝐷𝑖− 

Step 7: Rank the alternatives according to the similarities to the positive ideal solution 

values in descending order. 
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Appendix C – Supplementary material chapter 3 

 

1 Composition of the synthetic wastewater 

 

Table S1 – Composition of the synthetic wastewater used as feed solution in the AnOMBR-
MD 

Component 
Concentration 
(mg L-1) 

Meat extract 208 
Starch 114 
Sucrose 35 
NaHCO3 200 
KH2PO4 120 
NaCl 250 
CaCl2.6H2O 2.68 
MgCl2.2H2O 1.53 
LAS (tensoative) 15 
Soybean oil 51 

 

Table S2 – Physicochemical characterization of the synthetic wastewater used as feed solution 
in the AnOMBR-MD 

Parameter Value 

pH 8.4 ± 0.2 
Electrical conductivity (µS cm-1) 1182 ± 68.7 
COD (mg L-1) 441 ± 57.3 
DOC (mg L-1) 122.6 ± 4.5 
Mg2+ (mg L-1) 4.7 ± 2 
Cl- (mg L-1) 194 ± 10.8 
P-PO4

3- (mg L-1) 29.9 ± 1.5 
N-NH4

+ (mg L-1) 6.4 ± 1.9 
Alkalinity (mgCaCO3 L-1) 184.5 ± 14.7 
VFA (mgHAc L-1) 33.6 ± 7.3 
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Figure S1 - Temperature during AnOMBR-MD operation. 

 

 

 

Figure S2 – Particle size distribution during AnOMBR-MD operation. 
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Figure S3 - (a) FO-MD hybrid module with a pristine FO membrane and (b) after 42 days of 
operation; and (c) fouled FO membrane. 

 

 

 

 

Figure S4 - pH during AnOMBR-MD operation. 
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Figure S5 - (a) Environmental and human health risks, and (b) incremental lifetime cancer 
risk for AnOMBR-MD feed solution (FS) and distillate, considering the estrogenic activity. 

 

 

0.001

0.01

0.1

1

10

100

1000

0 4 11 15 22 32

R
Q

 o
r H

Q

RQac (Distillate) RQch (Distillate) HQ (Distillate)

RQac (FS) RQch (FS) HQ (FS)

Operation time (d)

Negligible

Low

Medium

High

09

08

0.0000001

0.000001

0.00001

1

0.001

0 4 11 15 22 32

ILCR (Distillate) ILCR (FS)

Operation time (d)

Negligible

Acceptable

Unacceptable

10-3

10-4

10-6

10-5

10-9

10-8

10-7

IL
C

R

(a)

(b)


	7872691b32dc4479012ac5a3dfc5cce2a53de100f4f5438ab67da8089e99f611.pdf
	8c59b3b5f5957293c42a5129b53b120bff42cfed4a01e56b88b93fc598eb3674.pdf
	 An anaerobic osmotic membrane bioreactor coupled with membrane distillation for removal of organic micropollutants and estrogenic activity from municipal sewage : 

	17cbbff3fdfabab33cbf03fa28140b5505e617b46675205636876aa691fabb63.pdf
	7872691b32dc4479012ac5a3dfc5cce2a53de100f4f5438ab67da8089e99f611.pdf

