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ABSTRACT 
Existing water supplies and mineral reserves could be augmented using municipal 

wastewater through water reclamation and reuse and through nutrient recovery. Potable water 

reuse is increasingly being considered as an option to supplement diminishing fresh water 

reserves in water scarce regions. The technologies developed for potable reuse have to employ 

multiple treatment barriers (e.g., chemical, biological, and physical) to protect the health of the 

public and the environmental from contaminants, including pathogenic microorganism, nutrients, 

and trace organic compounds (TOrCs). Similar to water reuse, there has been increasing interest 

in nutrient (phosphorus and nitrogen) and mineral (calcium, magnesium, and potassium) 

recovery from wastewater for use as fertilizers and other marketable commodities. 

A pilot-scale hybrid ultrafiltration-osmotic membrane bioreactor (UFO-MBR) treatment 

system was developed and investigated for water reuse and nutrient removal. The UFO-MBR 

couples biological treatment with semi-permeable forward osmosis (FO) membranes and low-

pressure ultrafiltration (UF) membranes in one integrated process. The FO membrane provides 

nearly complete separation of suspended and dissolved solids between a low-salinity activated 

sludge feed stream and a high salinity draw solution (DS). The DS is used to provide the driving 

force for water production in this osmotically driven process. During operation, the DS is diluted 

by water diffusing from the feed and it must be reconcentrated using a dewatering/ 

reconcentration system. In this study, a reverse osmosis (RO) system was used to produce high 

quality product water and to reconcentrate the DS. 

As a result of using FO membranes for separation of suspended and dissolved solids in a 

bioreactor, salts, minerals, and nutrients accumulate in the activated sludge, resulting in reduced 

driving force (difference in salinity between the feed and DS) and inhibition of microbial activity 

in the activated sludge. Salt accumulation is mitigated in the UFO-MBR using a UF membrane 

system to extract dissolved constituents from the activated sludge with the UF permeate while 

retaining the biosolids in the reactor. It has been demonstrated in this study that increased flux, 

reduced fouling, and improved nutrient removal is achieved using the hybrid UFO-MBR system 

compared to an osmotic membrane bioreactor (OMBR) incorporating FO and RO only. 

Furthermore, the UF permeate stream has been shown to be rich with potentially valuable and 

recoverable nitrogen, phosphorus, and minerals. Thus, the objective of this dissertation was to 

assess the feasibility, viability, and sustainability of the UFO-MBR as an integrated water reuse 
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and nutrient recovery technology through pilot-scale testing, system modeling, and life-cycle 

assessment. 
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CHAPTER 1 
INTRODUCTION 

Water scarcity in the arid western and southwestern United States has forced many water 

managers and professionals to consider non-potable and direct potable reuse to augment fresh 

water supplies [1]. Non-potable reuse applications require a reliable water quality, low in 

turbidity, organic matter, and nutrients, to protect users and the environment. Wastewater 

treatment systems employing low-pressure microfiltration (MF) or ultrafiltration (UF) membrane 

bioreactors (MBR) are ideal for non-potable reuse application because of their consistent effluent 

quality compared to traditional wastewater treatment processes [2-6]. Although MF and UF 

membranes are an excellent physical barrier to suspended solids and macromolecules, the 

rejection of dissolved organic matter, and especially trace organic compounds (TOrCs), ions, and 

viruses are negligible [7]. 

 

1.1 Problem statement and significance 

The high water quality required for potable reuse has prompted increased research into 

advanced wastewater treatment processes designed to reliably remove pathogens and chemicals 

of concern. Much of this research has helped to bridge the gap between bench- and pilot-scale 

testing of advanced treatment technologies to full-scale implementation [6, 8-10]. One of the 

most widespread full-scale advanced treatment trains used for potable reuse and protect public 

health is MF or UF followed by reverse osmosis (RO) and ultraviolet advanced oxidation 

processes (UV-AOP) [11, 12]. Suspended and dissolved constituents are separated from the 

wastewater in this treatment train by the MF/UF and RO membranes and any remaining low-

molecular weight organics are oxidized/removed in UV-AOP. Although these systems can treat 

water to drinking water standards, they still have a few inherent drawbacks. These include 

fouling of the MF/UF and RO membranes by organic and inorganic constituents [13], the need 

for RO concentrate disposal, and production of transformation byproducts during UV-AOP [14]. 

Considering these limitations, there is still a need for research into new, advanced treatment 

processes to be used in-place of or in-conjunction with existing advanced water treatment 

schemes. 

This doctoral research focuses on studying a novel hybrid UF-osmotic membrane 

bioreactor (UFO-MBR) as a potential technology for potable reuse and nutrient removal. The 
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UFO-MBR couples UF membrane filtration and forward osmosis (FO) membrane separation in 

one integrated system [15, 16]. The FO membrane provides an impermeable barrier to suspended 

solids and a near impermeable barrier to dissolved inorganic and organic contaminants [17-21]. 

In this study, FO membrane separation was followed by RO treatment, which offers an 

additional treatment barrier for potable reuse [15, 16]. The purpose of the UF membrane system 

is to extract dissolved salts and minerals that would otherwise accumulate in osmotic MBR 

(OMBR) bioreactors due to the retention of dissolved solids by the FO membrane. Additionally, 

the nutrients and minerals contained in the UF permeate may be recovered as a marketable 

product (e.g., chemical fertilizer). Recognizing the potential of the UFO-MBR for potable reuse 

and nutrient/mineral recovery, it is expected that with more research at the bench- and pilot-

scale, full-scale implementation of the technology as an advanced wastewater treatment process 

will be accelerated. 

 

1.2 Objective and scope of work 

The main objectives of this dissertation are to demonstrate the feasibility of the UFO-

MBR as a potable water reuse and nutrient removal wastewater treatment technology, and to 

improve the UFO-MBR operation through modeling and implementation of new DSs to reduce 

salt loss from the DS. To meet the main objectives, four sub-objectives were established. These 

include: 

 

1. Determine if reverse salt flux (RSF), the diffusion of salts from the DS to the activated 

sludge, can be reduced and salt accumulation in the bioreactors can be mitigated using mixed 

salts DS containing sodium and chloride as the major ions and divalent ions (e.g., magnesium 

and sulfate) or organic ions (e.g., sodium acetate and sodium citrate) as the minor ions. 

2. Evaluate the performance of FO through monitoring water flux and nutrient removal/ 

rejection of the UFO-MBR process operating at pilot-scale and treating municipal 

wastewater over an extended testing period. 

3. Determine the viability/feasibility of the UFO-MBR process as a potable reuse technology by 

assessing nutrient removal/rejection and TOrC removal/rejection while treating municipal 

wastewater. 
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4. Compare and contrast a current potable reuse train (MF, RO, and UVAOP) and the hybrid 

UFO-MBR for potable water reuse using life-cycle assessment (LCA), which explored the 

materials, chemicals, and energy required to produce 1-m3 of reclaimed water. 

 

The main and sub-objectives of this research were met through the completion of four 

distinct studies. The focus of each study was on understanding the performance of the UFO-

MBR process and on finding aspects of the that need improvement to make the UFO-MBR a 

competitive water reuse technology. 

 

1.3 Structure of dissertation 

This dissertation builds, expands, and improves on previous bench-scale OMBR research 

conducted over the last decade and on a recent pilot-scale OMBR study led by Prof. Cath and 

Mr. Andrew Wait at the Water Reclamation Research Facility of the Colorado School of Mines 

in Golden, Colorado. This dissertation is a collection of five journal articles written over several 

years of research on OMBR and UFO-MBR systems. Chapter 2 is a critical review of all past 

and present OMBR studies that was published in the journal Environmental Science: Water 

Research and Technology with copyright permission from the Royal Society of Chemistry [22]. 

Chapter 3 is an article on mixed DSs for improved FO performance that is described in Section 

1.3.2 and was published in the Journal of Membrane Science and was reprinted with copyright 

permission from Elsevier [23]. Chapter 4 is an article describing long-term OMBR and UFO-

MBR operation that is described in Section 1.3.3 and was published in the journal Desalination 

with copyright permission from Elsevier [16]. Chapter 5 is an article on TOrC removal during 

UFO-MBR treatment that is described in Section 1.3.4 and was published in Environmental 

Science and Technology and was reprinted with permission from the American Chemical Society 

[15]. Chapter 6 is a manuscript comparing a current advanced treatment technology to the UFO-

MBR using an LCA methodology that is described in Section 1.3.5 and was submitted for 

publication in the journal Desalination. Multiple author release agreements signed by all co-

authors of each publication are provided in Appendix C. Publication reproduction agreements 

granted by each publishing company are also provided in the appendix of this dissertation. 
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1.3.1 The state-of-the-art of OMBR treatment 

The OMBR process has been gaining interest for wastewater treatment and water reuse 

[16, 24-32]. The OMBR couples semi-permeable FO membranes for physiochemical separation 

with biological activated sludge processes for organic matter and nutrient removal. The OMBR 

can also incorporate secondary processes (e.g., RO, membrane distillation, or thermolytic 

distillation) to reconcentrate the high-salinity DS diluted during OMBR operation. In many 

instances these secondary processes provide an additional high-level treatment step for potable 

reuse [24, 33-35]. The combination of processes in the OMBR presents unique opportunities and 

challenges that must be addressed in order to achieve successful commercialization. These 

challenges include membrane fouling, elevated bioreactor salinity, and deterioration of the DS 

quality by chemicals diffusing through the FO membrane, and the potential for simultaneous 

water, mineral, and nutrient recovery. 

In Chapter 2, results from past and recent OMBR studies are summarized and critically 

reviewed. Information about similar and more established technologies (e.g., traditional porous 

membrane bioreactors and FO) is included to help compare and contrast state-of-the-art 

technologies and the novel OMBR approach, and to provide a frame-work for practical system 

configurations that should be considered in future OMBR research and development. 

 

1.3.2 Utilization of mixed DSs in FO 

One of the major challenges highlighted in Chapter 2 is the accumulation of salts in the 

OMBR bioreactors, which reduces the driving force for water flux and is detrimental to the 

activated sludge microbial community [24, 26, 27]. One factor affecting salt accumulation in the 

bioreactors is the migration of salts from the DS to the feed, referred to as reverse salt flux 

(RSF). The driving force for RSF in FO is the salt concentration difference between the DS and 

the feed. Although RSF is driven by the concentration gradient, the rate in which solutes diffuse 

through the membrane is influenced by the physiochemical properties (e.g., hydrated radius, 

charge, and diffusivity) of the solutes in solution. In general, RSF is higher for ions with a small 

hydrated radius, low charge, and high diffusion coefficients [36-40]. 

In Chapter 3, a unique approach to reducing RSF is investigated in which small amounts 

of slower-diffusing, divalent ions are mixed with more diffusive monovalent ions in the DS. 

Results from the study demonstrated that RSF is reduced when MgCl2 is added to a 
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predominantly NaCl DS. A potential mechanism for the results described in Chapter 3 is also 

presented, which focuses on the ionic composition of the fluid within the pore space of 

membrane active layer. 

 

1.3.3 Long-term OMBR and hybrid UFO-MBR evaluations 

In Chapter 3, a unique approach to reducing RSF and accumulation of salts in an OMBR 

was studied using mixed salts DSs. Another approach to reducing the concentration in OMBRs is 

to use an operating strategy or process to remove salts from the bioreactors, while keeping 

biosolids in the reactor. An operating strategy recently evaluated in a separate study is to settle 

the sludge in the bioreactors and decant the salt rich supernatant from the system [28]. A process 

developed and presented in this dissertation is to include a UF system in the OMBR bioreactors, 

referred to as the UFO-MBR [15, 16]. 

In Chapter 4, the novel UFO-MBR process is investigated for performance (water flux 

and RSF), and COD and nutrient removal/rejection. Results from the long-term UFO-MBR 

investigation revealed that the overall removal of chemical oxygen demand (COD), total 

nitrogen, and total phosphorus was higher than 96%, 82%, and 99%, respectively. It was 

demonstrated that low salinity in the activated sludge could be maintained, phosphate could be 

recovered with the UF permeate at concentrations higher than 50 mg/L, and FO membrane 

fouling could be substantially reduced compared to an OMBR not incorporating salt removal. 

Additionally, it was demonstrated that the UFO-MBR is capable of simultaneously producing 

two reuse and recovery streams from one integrated system: a high quality RO permeate stream 

suitable for potable reuse and a nutrient-rich UF permeate stream suitable for irrigation. 

 

1.3.4 Removal and rejection of TOrCs by UFO-MBR 

Technologies to prevent bacterial and viral contamination and to protect public health and 

the environment (e.g., including sand filtration and disinfection) have been implemented for 

decades by water treatment utilities. However, TOrCs, including hormones, pharmaceuticals, 

personal care products, and flame retardants have only recently been recognized as potential 

health hazard to humans and the environment, and traditional water treatment technologies are 

inadequate for TOrC removal and do not prevent TOrCs from reaching drinking water supplies 

[41]. Therefore, it is imperative to develop and evaluate technologies for removal of both legacy 
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contaminants and contaminants of emerging concern. The UFO-MBR technology might meet 

this treatment need because the semi-permeable FO membranes used in the UFO-MBR exhibit 

very high rejection of macromolecules [17], TOrCs [19-21, 42], and ions [17]. 

In Chapter 5, the UFO-MBR system (including bioreactors, FO membranes, and RO 

membranes) is evaluated for TOrC removal and rejection over 35 days while treating municipal 

wastewater. The influent, bioreactors, DS, and RO permeate were sampled every seven days and 

analyzed for 28 TOrCs, 20 of which were detected in the UFO-MBR influent. Among these 20 

TOrCs, 15 were removed by the hybrid UFO-MBR system below the detection limit. High FO 

membrane rejection was observed for all ionic and nonionic hydrophilic TOrCs and lower 

rejection was observed for nonionic hydrophobic TOrCs. With the exceptions of bisphenol A 

(plasticizer) and DEET (insect repellent), all TOrCs detected in the DS were well rejected by the 

RO membrane. In regards to nutrients and TOrCs, it was demonstrated in Chapters 5 and 6 that 

the UFO-MBR can operate sustainably over long periods of time and has the potential to be 

utilized for potable reuse applications. 

 

1.3.5 Life cycle assessment of two water reuse treatment trains 

Water managers and decision makers in water scarce regions have several options for 

new water supply. These include importing water from distant regions, seawater desalination, 

brackish water desalination, and water reclamation and reuse [12, 43-45]. The best water supply 

choice is not always clear and decisions can be further complicated by the multitude of available 

technologies able to produce waters of similar quality [46]. Life cycle assessment (LCA) can 

help clarify this choice. LCA is a common method to holistically measure the environmental 

impacts (e.g., greenhouse gas (GHG) emissions and energy demand) of a system and system 

alternatives. LCA is a ‘cradle to grave’ approach used to evaluate the effects of materials 

acquisition and manufacturing, construction, and system operation. 

In Chapter 7, an LCA tool and methodology were used to study two potable reuse 

treatment schemes: MF followed by RO and UV-AOP (referred to as the current state-of-the-art 

(CSA) treatment in this dissertation) and UFO-MBR. Construction material, energy demand, and 

chemical use data were collected and calculated to determine the energy use and environmental 

impacts of each system. Results from the LCA revealed that energy use and environmental 

impacts of CSA treatment are lower than UFO-MBR treatment. The higher impacts of UFO-
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MBR treatment were associated with large FO membrane area requirements and much higher 

RO energy use for UFO-MBR RO operation compared to CSA RO operation. UFO-MBR 

treatment was further assessed using higher permeability FO membranes and RO energy 

recovery. After optimization, the impacts of UFO-MBR were much closer to CSA treatment and 

lower for CSA treatment scenarios requiring deep-well injection of RO concentrate. Although 

UFO-MBR treatment was shown to have higher energy use and greenhouse gas emissions, these 

results are encouraging considering that the UFO-MBR is a much newer technology, still having 

a lot of room for system improvements and optimization. 
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CHAPTER 2 
THE OSMOTIC MEMBRANE BIOREACTOR: A CRITICAL REVIEW 

Modified from a paper published in Environmental Science: Water Research and Technology1 

 

Ryan W. Holloway2v, Andrea Achilli3, and Tzahi Y. Cath2★ 

 

2.1 Abstract 

The osmotic membrane bioreactor (OMBR) is a hybrid biological-physical treatment 

process that has been gaining interest for wastewater treatment and water reuse. The OMBR 

couples semi-permeable forward osmosis (FO) membranes for physiochemical separation with 

biological activated sludge process for organic matter and nutrient removal. The driving force for 

water production in OMBR is the osmotic pressure difference across the FO membrane between 

the activated sludge and a concentrated draw solution, which is made with inorganic or organic 

salts that have a high osmotic pressure at relatively low concentrations. The draw solution 

becomes diluted during OMBR treatment and may be reconcentrated using reverse osmosis, 

membrane distillation, or thermal distillation processes. The combination of processes in the 

OMBR presents unique opportunities but also challenges that must be addressed in order to 

achieve successful commercialization. These challenges include membrane fouling, elevated 

bioreactor salinity that hinders process performance, degradation of the draw solution by 

chemicals that diffuse through the FO membrane, and the potential for simultaneous water, 

mineral, and nutrient recovery. In this article, results from past and most recent OMBR studies 

are summarized and critically reviewed. Information about similar and more established 

technologies (e.g., traditional porous membrane bioreactors and FO) is included to help compare 

and contrast state-of-the-art technologies and the novel OMBR approach, and to elucidate 

practical configurations that should be considered in future OMBR research and development. 

 
_________________ 
1Reprinted with permission of Environmental Science: Water Research and Technology, 2015 
2Colorado School of Mines, Golden, CO, USA 
3Humboldt State University, Arcata, CA, USA 
vPrimary researcher and author 
★Corresponding author: e-mail: tcath@mines.edu; phone: (303) 237-3402; fax: (303) 273-3413 
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2.2 Introduction 

Diminishing fresh water supplies in arid regions and increasing water demand in growing 

urban centers has prompted increased interest in indirect and direct potable reuse of impaired 

water [1]. Both conventional and advanced treatment processes can be used—alone and in 

combination—to achieve the required water quality for specific beneficial reuse. Conventional 

activated sludge processes coupled with tertiary treatment have been used for many years to 

reclaim water for non-potable reuse. Membrane bioreactors (MBR) are a relatively new 

wastewater treatment technology that combines activated sludge processes with porous 

microfiltration (MF) or ultrafiltration (UF) membrane separation as a substitute to clarification 

(Figure 2.1). MBRs are more efficient treatment technologies for non-potable reuse of reclaimed 

water [2-4], and they can serve as pretreatment ahead of other processes for indirect and direct 

potable reuse of impaired water. 

 

 
Figure 2.1. Activated sludge treatment train and MBR treatment train of domestic or industrial 
wastewater. 

 

The advantages of MBRs over conventional wastewater treatment processes have been 

thoroughly reviewed [5]. These include consistent product water quality, ease of operation and 

automation, small physical footprint, reduced sludge production due to high biomass 

concentration in the bioreactor, and very high rejection of suspended solids (TSS rejection > 

99%) and particles (turbidity rejection > 98%), including pathogenic microorganisms (5-8 log 

removal of total coliform) [5, 6]. For potable reuse, a multiple-barrier treatment approach is 
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required in order to protect public health [1]. Porous membranes may not be adequate on their 

own to provide this protection because of their limited rejection of viruses, ions, and trace 

organic compounds (TOrCs) [7]. Yet, MBRs can be coupled with a downstream reverse osmosis 

(RO) and advanced oxidation processes to comply with more stringent water quality regulations 

[8-13]. 

Another major problem associated with the operation of MF or UF MBRs is membrane 

fouling. Membrane fouling occurs on the MBR membranes and may occur on downstream RO 

membranes [14]. Specifically, dissolved organic compounds (DOC) in the MBR permeate can 

cause severe organic fouling on RO membranes and provide substrate for microbial growth, 

which may exacerbate biological fouling on RO membranes [15]. Membrane fouling lowers 

productivity, increases energy requirements and operation cost, increases frequency of 

membrane cleaning and replacement, and may result in deterioration of treated water quality 

[16]. 

To reduce fouling and enhance rejection of dissolved species and small particles, forward 

osmosis (FO) membranes can be utilized in MBRs in an osmotic membrane bioreactor (OMBR) 

configuration. The OMBR is a multiple-barrier technology, well suited for indirect and direct 

potable water reuse applications [17-26]. The OMBR couples activated sludge processes with a 

dense, semi-permeable FO membrane used for extraction of water from the low-salinity 

activated sludge into a concentrated draw solution. Compared to MF and UF membranes used in 

conventional MBRs, the FO membranes in OMBR offer the advantage of much higher rejection 

(semi-permeable membrane vs. porous membrane) of particles, macromolecules [27], TOrCs 

[28-31], and ions [27]. FO membranes also have lower fouling propensity than MF or UF 

membranes [32, 33], and thus require less air scouring and much less frequent cleaning. When 

comparing an OMBR system (OMBR followed by RO (Figure 2.2)) with a conventional MF or 

UF MBR followed by an RO system, the high rejection of organic and inorganic constituents by 

the FO membrane results in an RO influent with lower fouling potential and higher RO permeate 

quality (two tight semi-permeable membrane barriers) [34]. 

The driving force for water flux in OMBRs is the difference in osmotic pressure between 

the draw solution and the activated sludge. The draw solution is typically made with inorganic 

salts such as sodium chloride or magnesium chloride, but other inorganic and organic salts with 

high osmotic pressure at relatively low concentrations can also be used as draw solutions [35, 
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36]. The draw solution is diluted in the FO process as water diffuses through the membrane from 

the activated sludge and absorbs into the draw solution. The diluted draw solution can be 

returned back to the source reservoir (e.g., ocean) or reconcentrated using a secondary separation 

process to produce a stream of purified water and a stream of reconstituted draw solution. The 

draw solution reconcentration step may utilize thermal [37], crystallization [38], or membrane 

[17, 39], processes, or a combination of them. In most cases, the draw solution reconcentration 

process provides a high-level treatment step, resulting in treated water suitable even for potable 

reuse [29, 40]. 

 

 
Figure 2.2. A schematic of an integrated OMBR system containing an FO MBR and RO system 
for reconcentration of draw solution. Adopted from Holloway et al. [21]. 

 

One of the current inherent limitations of OMBRs is the continuous loss of solutes from 

the draw solution that have to be replenished to achieve sustainable operation. In FO and OMBR 

applications solutes reverse diffuse from the draw solution into the feed stream (activated sludge) 

due to the high concentration difference across the membrane [21, 41], and subsequently 

accumulate in the activated sludge. In OMBRs that utilize RO to reconcentrate the draw solution, 

more draw solution solutes are lost across the RO membranes with the RO permeate—solutes 

diffuse across the RO membrane due to the concentration difference and the semi-permeable 

nature of the RO membrane. Techniques and methods to reduce draw solution solute loss and its 

adverse impacts (e.g., inhibition of biological activity and decline in osmotic driving force) are 

further discussed in Section 2.7.2 of this article. 
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The benefits and limitations of OMBR treatment, outlined above, have been discovered 

through bench- and small pilot-scale studies. Information about these studies is summarized in 

Table 2.1. Benchmarks for OMBR performance (water flux and salt accumulation) and nutrient 

removal have been established through bench-scale studies operated for relatively short time 

periods (less than two months) using synthetic feed solutions (after seeding the system with real 

activated sludge obtained from conventional activated sludge or MBR treatment plants), and 

nearly all of the studies utilized a cellulose triacetate (CTA) membrane from Hydration 

Technology Innovations (HTI, Albany, OR). The bench-scale investigations were conducted 

without a reconcentration step to maintain the draw solution at constant concentration; instead, 

highly concentrated brine was intermittently dosed into the draw solution reservoir to maintain 

constant draw solution concentration in the OMBR. These short-term, bench-scale studies 

conducted with synthetic feed solutions and without draw solution reconcentration step, are a 

good first step to understanding the performance of OMBR treatment and should serve as a 

bridge to pilot- and full-scale testing. One long-term pilot-scale study was conducted with a 

high-pressure RO system to reconcentrate the draw solution [21]. This study helped in defining 

some of the advantages and shortcomings of using RO for draw solution reconcentration. In 

addition to more pilot-scale studies, more uniform approaches to OMBR design and operation 

are needed. These include membrane configurations, sludge retention time (SRT), and hydraulic 

retention time (HRT); and overcoming problems associated with OMBR operation, including salt 

accumulation in the bioreactor and membrane fouling. Previous articles, including one review 

article, only minimally discussed OMBR design [42], and they did not focus on problems 

specific to OMBR design and operation [43-45]. This article aims at highlighting the findings 

from current bench- and pilot-scale studies, defining the benefits, limitations, and current state of 

OMBR technology, and establishing a preliminary framework for the design and operation of 

future OMBR systems. 

 

2.3 OMBR configurations 

In OMBRs, biological oxidation and reduction of organic (carbon) and inorganic 

(nitrogen) constituents is achieved in the bioreactor, and solids separation is accomplished using 

semi-permeable FO membranes. The bioreactors can be arranged in different configurations 

depending on the treatment goal. The configuration of the membranes with respect to the 
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bioreactors can vary; however, they are most commonly configured as an external membrane 

skid or a submerged membrane cassette. 

 

Table 2.1. Summary of data from previous OMBR studies, including principal system 
components and operating conditions 

a Draw solution concentration was maintained constant using a concentrated-brine dosing system, not a separation 
process for reconcentration. 

b Values estimated from reported water flux and tank volumes. Sludge wasting not including in HRT calculation 
because wasting rate was not provided in the original manuscript. 

c Values estimated from reported water flux, tank volumes, and sludge wasting rate. 
 

The volume of the bioreactors is as important as the bioreactor configuration because the 

volume, influent, and sludge wasting flowrates dictate the time that the water is treated in the 

system (HRT) and the time that the activated sludge remains in the system (SRT). The HRT and 

SRT are fundamental treatment parameters that influence carbon and nitrogen removal, and 

water recovery in biologically active wastewater treatment processes. Accumulation of dissolved 

constituents in the bioreactors is a unique phenomenon in OMBRs—it is detrimental to the 

processes and it is a function of the HRT:SRT ratio, but it can be relatively easily controlled in 

hybrid OMBR systems. 

Hybrid OMBRs incorporate processes or methods to remove salts from the bioreactors. 

Examples of processes that have been combined with OMBRs are porous UF and MF membrane 

systems that extract salts from the bioreactors with the UF or MF permeate [21, 23]. A method to 

maintain low bioreactor salinity that has been studied is to use a decant step, which involves 

settling the sludge and draining the clear supernatant from the system [22]. The following section 

focuses on bioreactor configurations, but due to the importance of HRT and SRT, a detailed 

Operating time 
(days) Feed solution 

Bioreactor 
Volume (L) 

FO 
membrane 

Separation 
process 

HRT 
(days) 

SRT 
(days) References 

7 Synthetic 5 CTA Replenisha ND ND [18] 
14 Synthetic 7 CTA Replenisha 21–40 ND [46] 
28 Synthetic 14 CTA RO 3.5 15 [17] 
30 Synthetic 4 NA Replenisha ND 20 [47] 
32 Synthetic 7.6 CTA Replenisha 0.8–2.8a 10 [48] 
40 Synthetic 4.9 CTA Replenisha 0.6 50 [22] 
45 Synthetic 7.6 CTA Replenisha 0.4–0.6 10 [23] 
55 Synthetic 4 TFC Replenisha 0.3–1.8 10 [19] 
73 Synthetic 4 CTA Replenisha ND 1.4 [20] 
108 Synthetic 5 CTA Replenisha ND 14–24c [24] 
124 Municipal 275 CTA RO 1.0–5.2 2–19 [21] 
125 Municipal 340 CTA RO 1.4–4.6 2.3 [21] 
150 Synthetic 3.6 CTA Replenisha 3.9–4.6 0.6–1.6 [23] 
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discussion of these parameters and implication of these parameters to OMBR operation is 

provided in Section 2.6.2. 

 

2.3.1 Bioreactors 

The majority of past OMBR studies have been conducted using a single aerated 

bioreactor coupled with either an external cross-flow membrane cell [18, 25, 47], a submerged 

plate-and-frame cassette [17, 20-24, 26, 39, 48], or a submerged hollow-fiber membrane bundle 

[19]. A single reactor simplifies the design, but may not be ideal for continuous treatment 

because ammonia and nitrate present in the activated sludge readily diffuse across FO 

membranes into the draw solution and may compromise the final product water quality—

depending on the draw solution reconcentration process used [21]. The concentration of nitrogen 

species can be reduced in a single reactor design by alternating between anoxic and aerobic 

conditions (sequencing batch bioreactor (SBR) configuration), but it is difficult to avoid 

accumulation of nitrogen species in the draw solution if water is continuously being extracted 

from the activated sludge through the FO membrane in a single reactor. 

An alternative to the single reactor design that could prevent transport of nitrogen species 

into the draw solution is to biologically treat the wastewater for carbon and nutrient removal in a 

batch reactor with the FO membranes submerged in a separate filtration tank or installed in an 

external cross-flow membrane skid. In this configuration and operating scheme, complete 

nitrification and denitrification can be achieved in a batch-reactor with alternating anoxic and 

aerobic phases before water from the activated sludge is extracted through the FO membranes. A 

similar design has been tested at demonstration-scale with a sequencing-batch MBR (SBMBR) 

employing UF membranes for filtration [49]. It was demonstrated that the SBMBR could achieve 

near complete nitrogen removal in the bioreactors before being processed through the UF 

membrane filtration tanks. This batch reactor design is a significant upgrade over the single 

reactor configurations, which are susceptible to draw solution contamination. 

Another typical bioreactor arrangement for nitrogen removal include an anoxic zone for 

denitrification followed by an aerobic zone for nitrification [50]. Water nitrified in the aerobic 

zone is recirculated to the anoxic zone in which nitrate is reduced to nitrogen gas in the presence 

of organic carbon. This arrangement is highly efficient for traditional municipal wastewater 

treatment because no chemical carbon addition is required for denitrification, and aeration 
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requirements are reduced because a portion of the organic carbon load is removed during 

denitrification. However, this bioreactor configuration must be re-designed for OMBR systems 

because nitrate will continuously diffuse into the draw solution if the FO membranes extract 

water from the primary nitrification stage [21]. Holloway et al. [21] operated an OMBR with an 

anoxic zone before the aerobic zone (where the FO membrane cassette was installed), in which 

the organic carbon contained in the incoming raw wastewater was used as the electron donor in 

the denitrification process in the anoxic tank. They demonstrated that the draw solution nitrate 

concentration reaches levels very close to the concentration in the aerobic bioreactor even when 

denitrification in the pre-anoxic bioreactor was complete. While nitrate is being reduced to 

nitrogen gas in the anoxic stage, incoming ammonia is transformed to nitrite and nitrate only in 

the aerobic (FO) tank, thus nitrate is at its highest concentration there and therefore easily 

diffuses into the draw solution. The presence of nitrate in the primary aerobic stage and in the 

draw solution, even when there is complete denitrification in the pre-anoxic zone, can be 

explained by a simple nitrogen mass balance in the primary aerobic stage: 

𝐴𝑐𝑐! = 𝑄!" + 𝑄!"# 𝐶!"!! − 𝑄!"#𝐶!"!! − 𝐵! 𝐶!"!! − 𝐶!"!! 𝐴!                                  (2.1) 

where AccN is the accumulation of nitrogen in the primary aerobic stage, QFO is the permeation 

rate through the FO membranes, QREC is the recirculation flow between the aerobic stage and the 

anoxic stage, CAN-N is the concentration of ammonia-N in the anoxic stage that enters the aerobic 

stage, CAR-N is the concentration of ammonia-N oxidized to nitrate-N in the aerobic stage, BN is 

the permeability of the FO membrane to nitrate-N, CDS-N is the concentration of nitrate-N in the 

draw solution, and Am is the area of FO membrane. Over time, equilibrium will be reached 

between CDS-N and CAR-N due to the steady diffusion of nitrate from the aerobic bioreactor to the 

draw solution, such that CAR-N – CDS-N ≈ 0 and the mass balance can be simplified to: 

𝐴𝑐𝑐! = 𝑄!" + 𝑄!"# 𝐶!"!! − 𝑄!"#𝐶!"!!                                                                              (2.2) 

Furthermore, if steady-state state conditions are assumed so that AccN = 0 and the 

equation is rearranged, CAR-N can be solved as a function of QFO, QREC, and CAN-N: 

𝐶!"!! =
!!"
!!"#

𝐶!"!! + 𝐶!"!!                                                                                                   (2.3) 

Thus, in the two-reactor design (anoxic stage followed by aerobic stage), even at very 

high recirculation rates (QREC >> QFO), there will always be nitrate in the aerobic stage that will 
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diffuse into the draw solution over time. An alternative strategy to preventing nitrate diffusion 

into the draw solution is to have a series of alternating anoxic and aerobic zones (similar to the 

Bardenpho process [51]) to remove nitrogen before water is processed through the FO 

membranes. 

A bioreactor and membrane configuration that has recently been tested and that can 

partially alleviate nitrogen accumulation in the bioreactors is coupling of OMBR with MF or UF 

membranes [21, 23]. Holloway et al. investigated a hybrid UF OMBR (UFO-MBR) [21] and 

Wang et al. investigated a hybrid MF-OMBR [23], and both were able to demonstrate more 

consistent nitrogen removal in these systems compared to other OMBR studies, in part due to the 

partial removal of ammonia and nitrate through the micro-porous membranes. Another benefit of 

the hybrid system is that phosphorus, which is well rejected by FO membranes [27, 52-54], and 

other solutes (potassium, magnesium, and calcium) can be harvested from the OMBR for 

beneficial use [55]. Extracting dissolved solids from the OMBR bioreactors through the MF and 

UF permeate improves FO water flux (reduced concentration difference between the activated 

sludge and draw solution) and prevents inhibition of nitrifying and denitrifying microorganisms 

in the activated sludge due to elevated bioreactor salinity. More details on the subject are 

provided in Section 2.7.2. 

 

2.3.2 External cross-flow membrane cells and submerged membranes 

The concept of external cross-flow and submerged membranes for OMBRs is still new 

and requires a thoughtful discussion on what will be the most appropriate configuration for pilot- 

and full-scale installations in regards to energy demand, fouling prevention (e.g., feed spacer 

selection and air-scour rates), and draw solution flow channel design. There is limited 

information on OMBR feed side design; thus, established design parameters for MBRs and 

preliminary findings from OMBR studies are used in the following section to establish a 

preliminary feed side design framework for OMBRs. There is even less data on draw solution 

channel design than there is on the feed side design because operational problems such as head 

loss through the draw solution channel and vacuum limitations are not relevant in bench-scale 

testing. Therefore, the discussion on draw solution hydraulic design is focused on foreseeable 

problems with scaling up the OMBR from bench-scale to pilot- and full-scale. 
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2.3.2.1 Feed side: design considerations 

In an external cross-flow design the membrane unit is separated from the bioreactor/s. 

Activated sludge is pumped from the bioreactor and flows along the active [47] or support [18] 

side of the FO membrane installed in the cross-flow pressure vessel, and the draw solution is 

pumped from a dedicated reservoir and flows on the opposite side of the membrane. For 

conventional MF and UF MBRs, external cross-flow membrane cells have been shown to be 

more energy intensive (3-6 kWh/m3) compared to submerged configurations (~ 1 kWh/m3) due 

to the high feed flow velocity required to prevent membrane fouling [56]. For OMBRs, high 

turbulence is required to prevent fouling on the feed side of the membrane and to reduce external 

concentration polarization [57-59]. No publications were found that investigated and discussed 

feed spacer design for OMBRs; however, in a study conducted by Linares et al. [60] treating 

secondary effluent, it was demonstrated that biological fouling was reduced and higher water 

flux maintained using thicker feed spacers (1.2 mm / 46 mil) compared to thinner feed spacers 

(0.7 mm / 28 mil). Secondary effluent has less particulate, fibrous, and organic fouling potential 

than activated sludge; therefore, thicker feed spacers are likely a better option in OMBRs than 

thin feed spacers to prevent clogging of the feed channels by organic and inorganic solids [61]. A 

spacer design that might fit this criteria for cross-flow and plate-and-frame cassettes is the 

microstructure spacer introduced by Fritzmann et al. [62, 63]. This spacer has a two-layer double 

helix, which was designed based on the geometry of a static mixer and has a very open spacer 

design (2.75-7.0 mm diameter). Fritzmann et al. were able to demonstrate improved UF 

performance using the helical spacer compared to traditional net spacers; however, these 

experiments were conducted with a dextran solution and not activated sludge. Although further 

research is required, it is likely that external cross-flow membrane units for OMBRs will 

experience the same higher energy demand and increased fouling propensities that have been 

observed for their conventional MBR counterparts. 

Submerged plate-and-frame or hollow-fiber membrane systems have been investigated at 

both bench- and pilot-scale and could be well suited for full-scale OMBRs [17, 19-24, 26, 39, 

48]. In this configuration, the membranes are immersed in the activated sludge with coarse-

bubble diffusers placed below the membrane modules to airlift activated sludge across the 

membrane and air-scour foulants from the membrane surface. The spacing between the plates, 

fiber density in the bundle, and the total suspended solids concentration in the bioreactor also 
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play an important role in preventing membrane fouling in submerged configurations. Two FO 

membranes (plates and frame) that experienced different intensity of air scouring are illustrated 

in Figure 2.3. 

 

 
Figure 2.3. FO CTA membrane fouling during long-term pilot-scale testing (a) with inadequate 
aeration (b) with sufficient aeration to prevent membrane fouling. Adapted from Coday et al. 
[64]. 

 

As shown in Figure 2.3, inadequate membrane air scouring may result in severe 

membrane fouling and loss of productivity (water flux). The aeration intensity required to reduce 

membrane fouling (specific aeration demand (SAD)) [65, 66] for conventional MF and UF 

submerged MBRs has been well documented, but has not been thoroughly studied for OMBRs. It 

was demonstrated that for UF and MF MBRs approximately 29 m3 of air per hour per m2 of 

membrane area is needed for plate and frame membrane modules and approximately 15 m3/h-m2 

of air is needed for submerged hollow-fiber membrane to prevent membrane fouling [3, 4]. It is 

important to note that the height of the membrane module plays an important role in controlling 

the magnitude of the SAD—taller membrane elements will have lower SAD requirements 

because a unit volume of air is in contact with more membrane area as it travels up through the 

channels in a membrane cassette or between the fibers in a membrane bundle to the surface of 

the bioreactor. It is also desired to optimize the membrane air-scouring rate to reduce energy 

consumption of MBR systems; it has been shown that membrane aeration accounts for close to 

70% of the energy consumption of submerged MBRs [3]. Most importantly, because air is also 

used in the bioreactor to oxidize organic matter and nutrients, a thorough design is needed that 

considers both fouling prevention and aeration requirements for the biological process. 

 

 69 

type #2, there was not any apparent detrimental effect on the rejection properties during opera-

tion, based on the analysis performed of carbon and nutrients in the activated sludge and draw 

solution during Phase II. The extent of fouling observed by the end of Phase II had gone well 

beyond the stage of reversible fouling of the membrane pictured in Figure 35. The accumulation 

of fouling between the plates can be attributed to insufficient mixing and air scouring of the acti-

vated sludge in the spaces between the plates. Modifications to the prototype could be made to 

incorporate the air diffusers more efficiently or the spaces between the plates could be increased, 

with some expense to the packing density of the plate-and-frame module. 

 

   
Figure 36. Photographs of two of the membranes of prototype #2, taken after 126 days of normal 
OMBR operation. The surface in the photograph on the left shows an accumulated layer of foul-
ing attached to most of the surface, with some of the surface, near the bottom of the plate, appar-
ently still relatively clean. The surface of the photograph on the right shows two major fouling 
sites in addition to the near complete-surface coverage of accumulated fouling. 
 

During Phase II fouling was allowed to develop on the surfaces of the membrane, where 

the aeration had not been sufficient to keep the activated sludge from attaching to the membrane 

surface. This is the type of fouling that must be avoided during long-term operation. If prevented 

before it starts with intermittent backwashing and appropriate air scouring, surface fouling may 

not become a problem, as was the case during Phase I. The problems encountered in Phase II in-

dicated that some modification to the OMBR prototype was necessary before pilot testing could 

continue. 
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In a recent OMBR air-scour study conducted by Luo et al. [46], the authors demonstrated 

that the SAD was in fact lower for OMBR-FO membranes compared to traditional MF 

membranes treating activated sludge operating at similar water fluxes. The OMBR water flux 

was shown to be constant in their investigation at SADs as low as 8 m3/m2-h for the OMBR. In 

another OMBR study by Holloway et al. [21], conducted with a larger plate-and-frame cassette 

(1.2 m2 of CTA membrane), it was shown that water flux was constant over 125 days of 

operation at SADs as low as 1.5 m3/m2-h. The difference in the minimum required SAD for 

OMBRs demonstrated by Luo et al. and Holloway et al. is not completely known but it may be 

associated with spacing between plates (channel spacing) and air bubble geometry. Channel 

spacing and bubble geometry (fine- or coarse-bubble) have been shown to be critical in 

increasing the effectiveness of air-scouring, with smaller channel spacing and bubbles having a 

diameter similar to the channel size being the most efficient at preventing membrane fouling 

[67]. Luo et al. [46] used only one plate that was submerged in the OMBR with no mention of 

channel spacing between the membrane and another surface. The channel spacing between plates 

in Holloway et al. [21] was approximately 6 mm, which may have improved the effectiveness of 

the membrane air scouring in preventing fouling. Regardless of the mechanisms controlling the 

difference in required SAD between these two studies, the lower potential SAD for OMBRs 

could result in reduced energy demand for membrane air scouring and total OMBR energy use. 

 

2.3.2.2 Draw solution side: design considerations 

Similar to the feed solution in the external cross-flow cell design, high draw solution 

cross-flow velocities are required to promote turbulent flow and reduce external concentration 

polarization. Pumping the draw solution at high flowrates increases the energy demand in the 

cross-flow module configuration; however, the draw solution flowrate and its associated energy 

consumption can be reduced using specially designed spacers (i.e., tricot-mesh) that enhance 

turbulence and reduce the effects of external concentration polarization [68]. Furthermore, in 

pressure-driven membrane processes, tricot-mesh spacers are already being used as permeate 

carriers (like in the case of the draw solution side) and as an improved membrane support [69, 

70]. 

In the plate-and-frame configuration the draw solution flows between the membranes and 

the plate and in hollow-fiber configuration the draw solution flows on the bore side of the fibers. 
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In plate-and-frame skids the draw solution must flow under vacuum (negative pressure) to 

prevent damage to the membrane and blockage of the feed flow channels due to stretching of the 

membranes away from the plates. This requirement poses limits on the length of the draw 

solution flow channels and the type and number of draw solution spacers in the channel—

requiring special consideration for the head loss in the draw solution channels (generally, not 

more than 40 kPa below atmospheric pressure). 

The draw solution can be pumped under positive or negative pressure through hollow-

fiber or capillary membranes because of their inherent self-supported structure. The draw 

solution flowrate may be limited due to high head loss developed through the fiber length if the 

hollow-fiber FO membranes have very small internal diameter (<150 µm). There has been much 

interest in the development FO hollow-fiber membrane, especially for pressure retarded osmosis 

(PRO) applications, because of the intrinsic mechanical strength of the hollow-fiber geometry to 

resist the hydraulic pressure applied in PRO [71-73]. One problem with these membranes for 

OMBR treatment is that the active layer is on the inside (bore side) of the membrane fiber and 

the internal diameter is relatively small (<1 mm). It would be impractical to pump activated 

sludge through the bore side of these membranes; therefore, development of membranes with the 

active layer on the outside (shell side) of the membrane, like those described in Shi et al., [74] 

will be required for OMBR implementation. 

 

2.3.3 System integration 

Like in all osmotically driven membrane processes, the draw solution used in OMBR is 

diluted when water is drawn from the activated sludge through the FO membrane—it must be 

replaced, replenished, or reconcentrated to sustain the driving force for mass transport and the 

continuous operation of the process. Three common operating strategies are used in FO for draw 

solution management. These include operation in osmotic dilution mode [25, 52], continuous 

replenishment of the draw solution [18, 19], or reconcentration of the draw solution using 

distillation [54, 75] or membrane processes [17, 21, 27, 76, 77]. 

 

2.3.3.1 Osmotic dilution 

In osmotic dilution, the draw solution is allowed to dilute from an initial high solute 

concentration to a lower solute concentration. Osmotic dilution is commonly used for short-term, 
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bench-scale experiments because of the simplicity of the experimental design, the ability to 

measure the water flux over a range of draw solution concentrations, and the certainty that no 

contaminants of interest are entering or escaping the system [78]. The main disadvantage of this 

mode of operation at bench-scale is that the system cannot be evaluated over extended time at 

constant driving force (feed and draw solution concentrations). 

Osmotic dilution for pilot- or full-scale applications has been considered for FO systems 

coupled with seawater RO desalination [40, 76, 79]. In one implementation, seawater can be 

diluted using FO upstream of an RO process to dilute the seawater, increasing water recovery 

and decreasing the specific energy (kWh per m3 water produced) of RO seawater desalination. 

Alternatively, FO is implemented downstream of the RO desalination process to dilute the RO 

brine before being discharged to the environment, thereby reducing the potential negative effects 

of brine discharge [80, 81]. Cath et al. [79] envisioned a combined FO-RO system in which a 

secondary treated wastewater stream is used to dilute seawater through an FO process prior to 

RO seawater desalination, and an FO system downstream of the RO system to dilute the 

concentrated RO concentrate before brine disposal. Achilli et al. [82] investigated a combined 

RO-PRO system in which a secondary treated wastewater stream is used to dilute the 

concentrated RO reject before brine disposal in order to recover the salinity gradient energy 

between the two streams and decrease RO specific energy consumption. These coupled 

processes could effectively be translated to OMBR applications where water reuse and 

desalination are combined into one integrated treatment system. Two configurations of an 

integrated FO system that can conveniently incorporate OMBR are illustrated in Figure 2.4. 

 

2.3.3.2 Draw solution replenishment 

The replenishment mode is mostly used in experimental systems, although draw solution 

salt replenishment is also required when operating with a draw solution reconcentrating process. 

Achilli et al. [35] first introduced the replenishment mode of OMBR operation, which involves 

intermittent dosing of a highly concentrated solution into the diluting draw solution to maintain a 

constant draw solution concentration. This method has been widely adopted [18-20, 22-24, 46-

48]. Replenishment of the feed stream with deionized water is also very common in experimental 

systems to maintain constant feed concentration [84]. The main advantage of the replenishment 

mode is operation at close to constant driving force for extended periods of time, although the 
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driving force may slightly decline due to slow salt diffusion from the draw solution to the feed 

and due to concentration of the feed. Other advantages include assurance that constituents of 

interest are not leaving the system and system simplicity. The replenishment mode is considered 

simple compared to systems that incorporate a reconcentration step, which requires additional 

pumps, valves, sensors, and a more complex online control system. The main shortcoming of the 

replenishment mode is that impurities can be introduced into the draw solution through the 

concentrated dosing solution. For small, research systems this can bias the results from sample 

analysis if blanks are not analyzed and if a thorough mass balance is not performed. Although 

appropriate for bench-scale testing, replenishment is not well suited for pilot- and full-scale 

applications due to the large volumes of concentrated draw solution required for maintaining 

constant draw solution concentration. 

 

2.3.3.3 Draw solution reconcentration 

In the reconcentration mode of operation, draw solution that was diluted during the 

OMBR stage is continuously recirculated in a closed-loop through a desalination process that 

may include thermal [37], crystallization [38], or membrane separation processes [17, 39], or a 

combination of these processes, to produce a stream of purified water and a reconstituted draw 

solution for the OMBR system. One shortcoming of the reconcentration mode is that constituents 

(e.g., solutes, nutrients, TOrCs) in the feed stream that diffuse through the FO membrane into the 

draw solution but are well rejected or retained by the reconcentration stage will accumulate in 

the draw solution [27, 85]. Although the accumulation of feed constituents in the draw solution is 

undesirable, the reconcentration method is the most appropriate for pilot and full-scale 

applications of OMBR because it provides an additional separation barrier when water reuse is 

the objective, it reduces the amount of solutes that need to be added to maintain constant draw 

solution concentration, and it eliminates brine disposal. 

Another shortcoming of the reconcentration method is the potential high energy 

consumption of the desalination process. Because high draw solution concentrations must be 

used to maintain high water fluxes through the current commercial FO membranes, the energy 

demand of the reconcentration process might be significant. High pressure RO is commonly 

cited as an appropriate technology for draw solution reconcentration; however, the energy 

consumption of the RO stage can range from 2 to 4 kWh/m3 to maintain draw solution 



 26 

concentrations of 0.5 to 1.0 M NaCl [86]. The loss of salts through the RO membrane, especially 

at higher draw solution concentrations, could also increase the operating cost of the OMBR 

because salts continuously diffuse through the RO membranes with the permeating water and 

must be intermittently added to the draw solution to maintain continuous operation [87]. The 

amount of salts lost per volume of water produced can be minimized by appropriately sizing the 

RO system. The RO system should be designed for high water flux and element recovery to 

ensure that the salt concentration in the RO permeate is very low. It can be difficult to design and 

construct an optimized RO system for smaller pilot-scale OMBRs because commercially 

available RO elements are oversized (more membrane area and higher water fluxes) compared to 

external cross-flow FO membrane cells or plate-and-frame FO membrane cassettes that are 

custom made for OMBRs. 

 
Figure 2.4. Schematic drawings illustrating two potential integrated FO systems in which OMBR 
can be incorporated in an osmotic dilution configuration: (a) OMBR-RO-OMBR hybrid system 
for enhanced water recovery and reuse in seawater desalination, and (b) PR-OMBR-RO hybrid 
system for water desalination and energy recovery. Adapted from Achilli et al. [83]. 

 

There has been increased interest in using thermal separation process such as membrane 

distillation (MD) and thermal distillation to reconcentrate the draw solution [37, 88-90]. These 

processes could be relatively easily integrated into wastewater treatment facilities that use 

anaerobic digestion or combustion processes to produce biogas or heat from the carbon 

contained in the raw wastewater and activated sludge biomass. In MD, hydrophobic, 

microporous membranes are used to separate a heated brine stream from a cool distillate stream. 

Water evaporates at the pore entrance and vapors diffuse through the membrane pores, driven by 

the difference in vapor pressure between the heated brine stream (high vapor pressure) and 
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colder distillate stream (lower vapor pressure) [91]. The draw solution must be free of ammonia 

or the MD distillate stream will be contaminated because ammonia will diffuse across MD 

membranes. Assuming ammonia contamination of the draw solution can be mitigated by 

ammonia oxidation (nitrification) in the bioreactors, MD has been shown to reject greater than 

97% of low molecular weight organics and TOrCs [92, 93], making the coupled OMBR-MD 

system especially suited for potable reuse applications [79, 94]. Also, very high draw solution 

concentrations can be used (upward of 300 g/L-NaCl) in MD because the vapor pressure driving 

force is minimally affected by ion concentrations [95]. However, the combined thermal and 

electrical energy demand for the various MD processes (50 to 350 kWh/m3) [96] far exceeds the 

theoretical specific energy contained in the carbonaceous fraction of municipal wastewater 

(approximately 1.9 kWh per m3 of wastewater) [97]. Considering the relatively low specific 

energy contained in municipal wastewater, MD for draw solution reconcentration may only be 

applicable in locations where low grade, “waste” heat is available in large quantities. 

Distillation has also been considered for reconcentration of thermolytic salts draw 

solutions when thermal energy is available [37, 88, 89, 98]. The most commonly used 

thermolytic draw solution in FO operations is the ammonia-carbon dioxide solution [37, 88, 89]. 

McCutcheon et al. [88] demonstrated that the ammonia-carbon dioxide draw solution could be 

reconcentrated with distillation processes to much higher osmotic pressures than conventional 

inorganic draw solutions concentrated with RO, allowing for higher FO water flux. The electrical 

energy demand of the ammonium bicarbonate distillation system was reported to be 0.24 

kWh/m3 by McGinnis and Elimelech, [89] well below the theoretical specific energy contained 

in wastewater. However, using the equations provided in their article for the thermal energy 

demand and gained output ratio (GOR) (4.4) and enthalpy of evaporation of steam at 40 ºC (2408 

kJ/kg1), the calculated thermal energy demand for the ammonia-carbon dioxide distillation 

process is approximately 150 kWh/m3, which is also much higher than the theoretical specific 

energy contained in wastewater. MD of inorganic salts and thermal distillation of thermolytic 

salts may be appropriate for certain OMBR scenarios where draw solution having high osmotic 

pressures or high distillate quality are required, or in locations were low-grade heat is readily 

available. Otherwise, RO is currently the best option for OMBR draw solution reconcentration 

due to the relatively low specific energy demand. 
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2.4 OMBR membranes: materials and orientations 

Most OMBR studies to date have used cellulose triacetate (CTA) flat-sheet FO 

membranes [17, 18, 20, 21, 24-26, 47, 48], with the exception of one OMBR study that used a 

thin-film composite (TFC) hollow-fiber membrane [19] developed by the investigators at the 

Singapore Membrane Technology Centre. It is difficult to compare the CTA membrane 

performance to that of the TFC hollow-fiber membrane tested in Singapore because the TFC 

membrane was operated with the active layer of the membrane facing the draw solution, which 

dramatically changes the membrane performance due to differences in concentration polarization 

and fouling mechanisms. In FO studies, TFC membranes demonstrated much higher water 

permeability than CTA membranes [99]; however, the performance of TFC membranes for 

OMBR treatment is not known and should be further investigated in future research. Due to the 

lack of information on TFC membranes in OMBRs, the following discussion is primarily 

focused on CTA membrane material, benefits, and limitations, and on two membrane 

orientations that are commonly used in FO and OMBRs studies: FO mode and PRO mode. 

 

2.4.1 Membrane materials 

The CTA membrane used in almost all OMBR studies is manufactured by and has been 

shown to be well suited for osmotically driven membrane processes because it is resistant to 

fouling, very thin (less than 50 µm), and lacks the thick support layer typical of most semi-

permeable, TFC membranes. The mechanical support of the membrane is provided by a very thin 

polyester mesh over which the CTA is cast [88]. It is important that the membrane support layer 

be thin and porous to reduce internal concentration polarization (ICP) within the pores; high ICP 

lowers the driving force (osmotic pressure difference between the feed and draw solution) for 

water flux [78, 100, 101]. A quantitative measurement often used to compare the support layer of 

different OMBR-FO membranes is the structural parameter (S), which is calculated using the 

support layer thickness (l), tortuosity (τ), and porosity (ε) [102]: 

𝑆 = !  ∙  !
ℇ

                                                                                                                                        (2.4) 

Although the CTA membrane has a low structural parameter compared to other semi-

permeable membranes (e.g., RO membranes) and thus exhibit high water flux at moderate 

osmotic pressure driving forces, the CTA membrane may not be the most suitable membrane for 

OMBRs. This is because CTA is potentially biodegradable [103, 104] and has a narrow pH 
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operating range of 4-6 [105]. Therefore, the development and implementation of more 

chemically stable, polyamide-based TFC membranes is important for OMBR applications. 

Membranes that have shown potential promise for OMBR purposes are new FO TFC membranes 

developed by the Singapore Membrane Technology Centre [19], Oasys Water, Inc. (Oasys 

Boston, MA), and HTI [106]. 

 

2.4.2 Membrane orientation 

Another approach to reducing ICP in FO and OMBRs is to orient the membrane with its 

active layer facing the draw solution [100, 107]. This alignment is used in PRO applications and 

is commonly referred to as the “PRO mode”. The advantage of operating in the PRO mode is 

that dilutive ICP on the draw solution side of the membrane is substantially reduced; thereby, 

increasing the water flux [108]. However, the main drawback of the PRO mode in OMBRs is 

that foulants, including organic solids and inorganic salts, are entrapped in the pores of the 

support layer, resulting in a substantial decline in water flux due to pore clogging (largely 

irreversible) or concentrative ICP [78, 109]. Because membrane fouling is increased when 

operating in the PRO mode, most OMBRs and FO processes treating wastewaters with high 

fouling potential are operated with the active layer facing the feed solution (FO mode). 

Membranes operated in FO mode have been shown to be highly resistant to fouling compared to 

traditional pressure driven membrane processes [33]; however, due to the potential advantage of 

operating an OMBR in PRO mode, the OMBR has been evaluated in both PRO and FO mode. 

Membrane materials, orientation, and configurations in several past OMBR studies are 

summarized in Table 2.2. 

 

2.5 Draw solutions 

Like in all FO applications, OMBR performance is affected by the choice of draw 

solutions [35]. There are three main criteria for selecting a draw solution for OMBRs, they have 

to induce high water flux, have low reverse salt flux (RSF) at moderate draw solution 

concentrations (see Section 2.1), and be nontoxic to microorganisms. RSF is typically lower for 

draw solutions containing divalent ions with a large hydrated radius (e.g., MgCl2, MgSO4) 

compared to draw solutions made of monovalent ions (e.g., NaCl); however, draw solutions 

made of divalent ions tend to have lower water flux than draw solutions made of monovalent 
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ions at similar osmotic pressures [35, 41, 110, 111]. The lower RSF and water flux for draw 

solutions made of divalent ions is due to the lower diffusivity coefficient of divalent ions 

compared to monovalent ions in solution. Low RSF is important for OMBR applications because 

salts that reverse diffuse from the draw solution accumulate in the activated sludge, which 

subsequently decrease the driving force for water flux (concentration difference between feed 

and draw solution) [17, 20, 112] and may be toxic to the microbial community [18, 111, 113, 

114]. 

 

Table 2.2. Membranes, orientations, and configurations evaluated for OMBR application 

Membrane material 
Membrane area 
(cm2) 

Membrane 
orientation Membrane configuration References 

CTA 110 FO and PRO Flow-through cell [25] 
CTA 160 PRO Flow-through cell [18] 
CTA 170 FO Plate and frame [17] 
CTA 180 FO and PRO Plate and frame [26] 
TFC 250 PRO Hollow fiber [19] 
CTA 300 FO Plate and frame [46] 
CTA 360 FO Plate and frame [24] 
CTA 370 FO Flow-through cell [47] 
CTA 370 FO Plate and frame [20] 
CTA 560 FO Plate and frame [48] 
CTA 10,000 (1 m2) FO Plate and frame [21] 
CTA 12,000 (1.2 m2) FO Plate and frame [21] 

 

2.5.1 Inorganic draw solution 

NaCl is widely used as an inorganic draw solution in FO and OMBR because it exhibits 

high water flux at moderate draw solution concentrations, it is easy to dissolve and store, has a 

relatively low cost, and is readily available [35]. However, higher RSF compared to other 

inorganic draw solutions is one of the main downsides of NaCl as a draw solution. Other draw 

solution solutes exhibit lower RSF; however, they are generally more expensive and the water 

flux induced by them is lower at equivalent osmotic pressures compared to NaCl [35]. Process 

performance with various inorganic draw solutions used in past OMBR investigations is 

summarized in Table 2.3. These include water flux, RSF, and specific RSF (SRSF [115], which 

is the RSF normalized by the water flux). Due to the limited number of OMBR studies 

conducted with draw solutions other than NaCl, the performance of other inorganic draw 

solutions used in FO are also summarized in Table 2.3. 
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The highest SRSF for inorganic draw solutions tested in an OMBR and in FO were for 

KCl, KBr, and NH4HCO3 draw solutions, indicating that potassium based salts coupled with a 

monovalent anion are not well suited for OMBRs. The thermolytic salt ammonia-carbon dioxide 

(NH4HCO3) has one of the highest SRSF of draw solutions tested in OMBRs and FO [35, 116]. 

The RSF of ammonia-carbon dioxide is not likely to increase the bioreactor salinity because both 

ammonia and bicarbonate can be removed from the bioreactors via nitrification and 

denitrification; however, if high diffusion rate of carbon dioxide from the draw solution to the 

bioreactors occurs (depending on solute speciation in the draw solution), the pH of the activated 

sludge might decline, which is detrimental to the growth of nitrifying microorganisms below pH 

of 7 [117]. 

The lowest SRSF in OMBRs and FO were tested for draw solutions containing sulfate, 

including MgSO4, Na2SO4, NH4SO4, and K2SO4. Sulfate salts are potentially good draw 

solutions for OMBRs because of their low RSF; however, they might produce hydrogen sulfide 

and sulfuric acid in the bioreactors, and may cause scaling on the OMBR-FO and RO 

membranes (if used for draw solution reconcentration) by sulfate complexes. Zhang et al. [118] 

have shown in a study conducted with a membrane oriented in the PRO mode that FO 

membranes are susceptible to gypsum scaling (a calcium sulfate precipitate). Gypsum scaling on 

FO membranes was also demonstrated to be more severe in the presence of organic matter 

[119]—calcium is accumulated to relatively high concentrations in OMBRs treating municipal 

wastewater [21] and organic matter is in abundance in the bioreactors, providing the environment 

for gypsum scaling when using a sulfate rich draw solution. 

Achilli et al. [35] determined that the most economical draw solutions per liter of water 

produced in a coupled FO-RO system were NaHCO3 ($0.009/L), NaCl ($0.013/L), KHCO3 

($0.015/L), and MgCl2 ($0.018/L). The draw solutions containing bicarbonate (HCO3) are an 

economical option, but diffusion of bicarbonate from the draw solution to the feed could increase 

the pH; however, this draw solution may assist in maintaining moderate pH levels in the 

activated sludge for systems that incorporate biological nitrification processes that involve 

consumption of alkalinity. Another limitation to using NaHCO3 as a draw solution is that the 

pKa of the solution is between 6.4 and 10.3, above the pH limit for CTA FO membranes (~7). 

Considering the cost and potential drawbacks of past studied draw solutions, NaCl and 

MgCl2 are probably the two best draw solution options for use in OMBRs. NaCl is inexpensive 
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and has high solubility and MgCl2 is also relatively inexpensive but can complex with organic 

matter, sulfate, and phosphorus to foul or scale the membrane. However, the fouling potential is 

much lower compared to calcium [120, 121]. It is worth noting that magnesium scaling was not 

observed in the only long-term OMBR evaluation conducted with a MgCl2 draw solution [22]. 

 

Table 2.3. Water flux, RSF, and SRSF for inorganic draw solutions evaluated in OMBR and FO 
applications conducted with the CTA membrane in FO mode 

aValues estimated from reference. 
ND – References that did not provide data for pure water flux, RSF, and SRSF (no data). 

 

A recent development in inorganic draw solutions is the implementation of mixed salts 

draw solutions. Holloway et al. [110] studied the effect of small additions of MgCl2 and other 

solutes to a majority NaCl draw solution. The RSF was reduced and the water flux was the same 

for the mixed MgCl2-NaCl compared to a pure NaCl draw solution at similar draw solution 

OMBR studies 

Solute 

Draw solution 
concentration 
(M) 

Pure water flux 
(L/m2-h) 

RSF 
(g/m2-h) 

SRSF 
(g/L) References 

NaCl 0.51–1.19 7.0 – 14.5 4–11 0.75 [17] 
NaCl 0.005–0.1 ND ND 0.75 [116] 
MgCl2 0.51 7.5 ND ND [22] 
MgCl2 0.005–0.1 ND ND 0.58 [116] 
KCl 0.005–0.1 ND ND 1.14 [116] 
CaCl2 0.005–0.1 ND ND 0.82 [116] 
NH4HCO3 0.005–0.1 ND ND 2.01 [116] 
(NH4)2SO4 0.005–0.1 ND ND 0.36 [116] 
Na2SO4 0.005–0.1 ND ND 0.33 [116] 
K2SO4 0.005–0.1 ND ND 0.40 [116] 
FO studies 

Solute 

Draw solution 
concentration 
(M) 

Pure water flux 
(L/m2-h) 

RSF 
(g/m2-h) 

SRSF 
(g/L) References 

NaCl 0.31–0.87 6.22–12.2 4.6–9.1 0.74–0.75 [35] 
NaCl 0.65 8.2a 5.8a 0.7a [111] 
MgCl2 0.21–0.50 5.67–9.72 3.4–5.6 0.59–0.58 [35] 
MgSO4 0.61–1.17 4.25–5.54 0.9–1.2 0.20–0.21 [35] 
MgSO4 1.24 2.18 0.24 0.11 [111] 
KCl 0.31–0.94 6.73–13.5 6.8–15.3 1.01–1.14 [35] 
CaCl2 0.22–0.56 6.30–11.6 4.8–9.5 0.76–0.82 [35] 
Ca(NO3)2 0.26 – 0.80 5.98 – 10.7 3.7–6.6 0.63–0.62 [35] 
NH4HCO3 0.26–0.87 5.47–10.3 11.7–20.6 2.14–2.01 [35] 
(NH4)2SO4 0.30–0.83 5.94–9.86 2.5–3.6 0.43–0.36 [35] 
NH4Cl 0.32–0.90 6.77–13.0 5.3–10.2 0.79–0.79 [35] 
Na2SO4 0.29–0.90 5.33–9.22 1.9–3.1 0.36–0.33 [35] 
K2SO4 0.28– 0.58 6.26–9.07 2.3–3.7 0.37–0.40 [35] 
KHCO3 0.32–0.99 5.33–10.1 0.8–2.0 0.14–0.20 [35] 
KBr 0.32–0.88 6.62–12.9 12.3–29.2 1.86–2.26 [35] 
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osmotic pressures. Nguyen et al. [122] showed a substantial reduction in RSF and only small 

decline in water flux with the addition of the surfactant Triton X100 to a majority Na3PO4 draw 

solution. It is likely that these two studies have just scratched the surface of innovative draw 

solution chemistries that will improve OMBR and FO performance. 
 

2.5.2 Organic draw solution 

Draw solutions made of organic salts have also been considered for OMBRs because 

organic ions that diffuse into the bioreactors from the draw solution can be biodegraded in the 

activated sludge [36, 111, 116]; yet, these draw solutions have only been tested in FO mode 

using deionized water feed and in cultured toxicity tests. Bowden et al. [36] investigated the 

performance (water flux and RSF) of several organic draw solutions in FO mode and attempted 

to apply these results to OMBR. Ansari et al. [111] screened several organic and inorganic draw 

solutions for anaerobic OMBR treatment by testing the water flux and RSF in FO mode, and by 

testing microbial inhibition using a biomethane potential apparatus. Nawaz et al. [116] 

investigated several surfactants as draw solutions for OMBR applications; however, their study 

was extended to the toxicity of the surfactants to E-coli cultures only and did not include any 

RSF or water flux data. Water flux, RSF, and SRSF for organic draw solutions evaluated by 

Bowden et al. [36] and Ansari et al. [111] are summarized in Table 2.4. 

 

Table 2.4. Water flux, RSF, and SRSF for organic draw solutions evaluated in FO applications 
conducted with a CTA membrane in FO mode (active layer facing the feed) 

a Values estimated from reference. 
 

The data indicate that all the organic salts that they have tested in FO experiments could 

work well as OMBR draw solutions due to the low SRSF compared to inorganic salts (Section 

Solute 
Draw solution conc. 
(M) 

Pure water flux 
(L/m2-h) 

RSF 
(g/m2-h) 

SRSF 
(g/L) References 

EDTA 0.3 2.5a 0.4a 0.16a [111] 
Glucose 1.13 2.3a 0.4a 0.16a [111] 
Glycine 1.31 3.2a 1.5a 0.48a [111] 
Sodium formate 0.32–1.02 5.9–11.7 3.8–7.6 0.065–0.65 [36] 
Sodium formate 0.72 3.9a 2.3a 0.58a [111] 
Sodium acetate 0.52–1.69 5.8–10.4 1.5–3.5 0.26–0.34 [36] 
Sodium acetate 0.72 3.5a 0.9a 0.26a [111] 
Sodium propionate 0.32–1.06 5.5–10.7 0.8–2.3 0.15–0.21 [36] 
Magnesium acetate 0.54–1.85 5.7–8.9 0.6–1.1 0.11–0.12 [36] 
Magnesium acetate 0.84 3.8a 0.6a 0.17a [111] 
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2.5.1). Although it is imperative that these organic draw solutions be tested in OMBR 

applications treating activated sludge before any conclusions on the performance (water flux, 

RSF, and membrane fouling) of organic draw solutions in OMBR systems are made, the methods 

developed by Bowden et al. [36], Ansari et al. [111], and Nawaz et al. [116] are very effective in 

screening potential draw solutions before conducting expensive and time intensive experiments. 

 

2.6 OMBR test conditions and models 

Experimental OMBR test conditions differ greatly between short- and long-term 

investigations. Studies assessing specific aspects of the OMBR such as the effect of sludge 

properties on fouling [26, 123], potential application of inorganic and organic draw solutions 

[36], and microbial toxicity to elevated solute concentrations [111, 116] generally involve short-

term experiments conducted in the absence of a continuously operated activated sludge system. 

These short-term experiments are insightful but are very unique and difficult to compare. 

 

Table 2.5. Summary of OMBR test conditions for continuous, long-term studies conducted with 
activated sludge 
Operation 
(days) 

Feed 
solution 

Reactor 
pH 

Sludge 
wasting 

MLSS 
(g/L) 

HRT 
(days) 

SRT 
(days) SRT/HRT References 

7 Synthetic 6.6–7.9 ND 3.4–3.7 ND ND ND [18] 
14 Synthetic ND ND 7.8–8.8 0.9–1.8 ND ND [46] 
28 Synthetic 7 Y 15 3.5 15 4.3 [17] 
30 Synthetic 6.6–7.9 Y ND ND 10 ND [47] 
30 Synthetic 6.6–7.9 Y ND ND 20 ND [47] 
32 Synthetic ND Y < 1 0.8–2.8a 10 13–3.6 [48]a 
40 Synthetic ND Y < 1 0.7–3.2a 15 23–4.7 [48]a 
40 Synthetic ND Y 6.53–7.15 0.6 50 83 [22] 
45 Synthetic ND Y 1.1 0.4–0.6 10 25–16 [23]c 
55 Synthetic ND Y ND 0.3–1.8 10 33–5.6 [19] 
63 Synthetic ND Y ND 0.6–0.9 50 83–56 [22] 
73 Synthetic 6.5 Y ND 1.4 20 14 [20] 
108 Synthetic 8.5 Y ND 14–24b 50 87–50 [24]b 
124 Municipal 6-7 Y 1.0–5.2 2–19 70 35–3.7 [21] 
125 Municipal 6-7 Y 1.4–4.6 2.3 30–60 13–26 [21]c 
150 Synthetic 6.9–7.6 Y 3.9–4.6 0.6–1.6 30 50–19 [23] 
a Values estimated from reported water flux and tank volumes. Sludge wasting not including in HRT calculation 
because wasting rate was not provided in the original manuscript. 

b Values estimated from reported water flux, tank volumes, and sludge wasting rate. 
c Experiments conducted with OMBRs coupled with UF or MF membrane systems used to reduce bioreactor 
salinity. 

 

Long-term investigations evaluating water flux, solute flux, fouling, and microbial 

activity were conducted using activated sludge systems [17-24, 47, 48] that were continuously or 
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intermittently fed with municipal or synthetic wastewater [15-22, 46, 47]. These experiments 

were conducted at a range of mixed liquor suspended solids (MLSS), HRT, and SRT that impact 

the biological and physicochemical performance of the OMBR. Test conditions for several long-

term OMBR studies are summarized in Table 2.5. 

 

2.6.1 Feed solution 

Synthetic feed solutions are frequently used for continuously operated bench-scale 

OMBR studies conducted with activated sludge. Achilli et al. [17] used a 5 g/L meat extract with 

a C:N:P ratio of approximately 100:5:1, but did not contain appreciable concentration of 

inorganic salts. Lay et al. [20] used a feed stock (C:N:P ratio of 100:6:1) that included several 

salts such as MgSO4, FeCl3, and NH4Cl at low concentrations. Zhang et al. [19] also used 

synthetic feed solutions containing inorganic salts, including magnesium and calcium, and 

observed higher bioreactor salinities compared to Achilli et al. [17] operating under similar 

conditions. 

It is important that synthetic feed solutions used in OMBRs research contain inorganic 

salts having concentrations similar to the simulated wastewater because salts rejected by the FO 

membrane accumulate in the bioreactor. A simple method to closely simulate the inorganic salt 

concentrations of wastewater was developed by Zhang et al. [19, 47] and Qiu et al. [22] who 

used municipal tap water to make up the synthetic feed solution in long-term OMBR studies. 

This resulted in more realistic wastewater characteristics. 

Although studies conducted with synthetic feed solutions provide useful insight into 

OMBR bioreactor and membrane performance, these solutions do not adequately represent the 

complex organic and inorganic composition of real wastewaters. While in all published OMBR 

studies the bioreactors were seeded with real activated sludge from conventional or MBR 

wastewater treatment plants, only in two of them was the OMBR continuously fed with real 

municipal wastewater throughout the study [21, 34]. Holloway et al. [21] demonstrated that in 

addition to sodium and chloride, calcium, magnesium, and other dissolved salts intrinsic to 

municipal wastewater accumulate in the OMBR, resulting in increased membrane fouling. 

Future OMBR research should focus on treatment of real industrial and municipal wastewaters to 

address the advantages and limitations of OMBR treatment that are otherwise overlooked when 

treating synthetic feed solutions. 
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Besides the differences in the inorganic composition between synthetic and real 

wastewater streams, there is evidence that membrane fouling differs between membrane systems 

operated with synthetic and real feed streams due to differences in soluble microbial products 

(SMPs), including proteins, polysaccharides, and humic matter [124]. Results published by 

Villain et al. [125] showed substantial differences in membrane fouling in bench-scale MBRs 

treating synthetic and real wastewater. Increased organic fouling was observed for the MBR 

treating synthetic wastewater compared to the MBR treating real wastewater; however, the 

fouling layer that developed on the membrane filtering synthetic wastewater was more 

reversible. The difference in membrane fouling for MBRs treating synthetic and real wastewater 

streams has been associated with variations in the protein-to-carbohydrate ratio [126, 127]. A 

change in this ratio in the feed stream influences the floc size and hydrophobicity of the 

extracellular polymeric substances (EPS), resulting in significant differences in the extent and 

reversibility of the fouling layer. As suggested by Villain et al. [125], MBR studies, and in the 

current case OMBR studies, should be conducted with real wastewater streams, especially when 

the primary focus is on evaluating membrane fouling in an activated sludge environment. 

 

2.6.2 OMBR test conditions: HRT, SRT, and MLSS 

OMBRs were tested under a wide range of operating conditions, making it difficult to 

compare results between individual studies. Many studies also do not provide values for 

important test parameter including the HRT, SRT, and MLSS concentration. As a starting point 

to standardize OMBR test conditions, it may be prudent to apply the lessons learned from 30 

years of MBR bench-, pilot-, and full-scale operation. 

Typical operating conditions for MF and UF MBRs treating municipal wastewater also 

vary; however, several parameters were identified and fine-tuned to optimize MF and UF 

membrane performance and nutrient removal in MBRs. These include MLSS concentration of 7–

16 g/L, HRT of 2–10 hrs, and SRT of 10–50 day [124, 128-132]. Higher MLSS concentrations 

(compared to conventional activated sludge systems) have been adopted for MBRs to achieve 

full nutrient removal in a smaller footprint and to minimize sludge wasting (e.g., higher water 

recovery) [133]. The maximum suggested MLSS concentration for MBRs is approximately 16 

g/L due to excessive MF and UF membrane fouling and decreased oxygen transfer rates at 

higher MLSS concentrations [130]. MLSS target concentrations that have been adopted for 
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MF/UF MBRs should be considered for OMBRs to take advantage of the smaller footprint and 

reduced sludge wasting, which are the main advantages of MF/UF MBRs compared to 

conventional activated sludge treatment. 

The HRT and SRT are decoupled in MBRs and OMBRs because water is processed 

through the membrane but solids are retained during filtration [133]. The decoupling of the HRT 

and SRT allows for high carbon and nutrient removal at low HRTs, allowing for smaller tank 

volumes and reduced capital cost. The minimum SRT that has been demonstrated in MF/UF 

MBRs that achieve complete nitrification is approximately 10 days [129]; lower SRTs have been 

tested (as low as 2 days) in MBRs with results showing that nitrification is incomplete at SRTs 

of less than 5 days [129, 131]. At SRTs longer than 50 days biological phosphorus removal 

begins to deteriorate, and at even longer SRTs (SRT>80 days) the dewaterability of the sludge is 

reduced [124, 132]. Phosphorus removal in OMBR applications may not be necessary because 

phosphorus is well rejected by FO membranes and can potentially be harvested from the system 

for beneficial use [22]. If phosphorus removal is not required, the SRT may be extended to as 

long as 80 days before the dewaterability of the sludge is negatively affected. In general, future 

OMBR studies should extend the SRT beyond 10 days, which is the minimum for establishing 

good nitrification, to take advantage of some of the marketing points that have been established 

for commercial MBRs. The current limitation to extending the SRT in OMBRs is the increase in 

bioreactor salinity. 

 

2.6.3 Salt accumulation models 

Accumulation of salts in the OMBR bioreactors is a function of the RSF, water flux 

through the FO membrane (Jw), bioreactor influent salt concentration (Cinf), HRT, and SRT [36, 

112]. The HRT and SRT are important parameters influencing salt accumulation in the 

bioreactor because the only way to control the accumulation of salt in an OMBR, except for 

hybrid MF/UF and OMBRs, is through sludge wasting. Bowden et al. [36] developed an 

equation for the steady state salt concentration in the bioreactor (Cb) using a mass balance 

approach and assuming an SRT much longer than the HRT, so that 1/HRT – 1/SRT ≈ 1/HRT, 

thus: 

𝐶!   = (𝐶!"# +
!!
!!
) !"#
!"#

                                                                                                                 (2.5) 
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This approach for calculating the expected steady state concentration of salt in the 

bioreactor is useful but is only appropriate in situations where the water flux and the HRT are 

constant. In reality, salt accumulation and membrane fouling decrease the water flux over time. 

As a result, HRT decreases and the bioreactor salt concentration decreases to a value lower than 

predicted by the model. A model that accounted for the reduction in water flux due to salt 

accumulation was developed by Xiao et al. [112]: 

𝐽!
!"#$%& = 𝐾! 𝑙𝑛 !!"#$

!!"!! !
− 𝑙𝑛 !!!!

!!
                                                                                  (2.6) 

where Km is the mass transport coefficient for the membrane porous support layer, πdraw and πin 

are the respective osmotic pressure of the draw solution and bioreactor, A is the water 

permeability coefficient of the membrane, Am is the membrane area, and Qs is the volumetric 

sludge wasting rate. The calculated steady-state water flux (Jw
steady) is used iteratively in this 

model to calculate a bioreactor salt concentration that is re-entered into the model to recalculate 

Jw
steady. The model developed by Xiao et al. is an improvement over the Bowden model, but it is 

still limited because there is no accounting for the flux loss due to membrane fouling. 

A common conclusion that can be drawn from both models is that the only operating 

parameter that can be adjusted to reduce the bioreactor salinity is the SRT. This seems like a 

simple solution to increase process performance; however, increasing sludge wasting (decreasing 

the SRT) reduces water recovery, increases the volume of sludge that must be stabilized and 

disposed of, and inhibits nitrification at SRTs shorter than 10 days. In an excellent review by Lay 

et al. [43] on elevated salinity in high rejection MBRs such as the OMBR, the authors suggested 

that the HRT should be less than 1 day to mitigate excessive capital costs, and the SRT should be 

maintained between 10 and 30 days to allow for adequate biological activity. It was estimated 

that the bioreactor TDS concentration under these conditions will be 5 to 15 g/L, which was 

assumed to be acceptable to ensure stability of the biological system and not compromise 

membrane performance (water flux and fouling). It is still questionable if nitrification and 

denitrification can be sustained at the suggested bioreactor concentrations, but this may be a 

reasonable starting point for developing future OMBR operating criteria. 

 

2.7 Experimental results and observations from past OMBR studies 

Results and observations from long-term OMBR studies have been primarily related to 

physiochemical performance parameters, including water flux, membrane fouling, RSF, and salt 
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accumulation. Water flux and salt accumulation for 10 long-term OMBR studies are summarized 

in Table 2.6. The removal and rejection of nutrients is not included in Table 2.6 because the 

articles provide very limited data for these constituents; thus, nutrient removal and rejection 

should be a point of emphasis in future studies because nitrogen and phosphorus that are not 

removed biologically accumulate in the bioreactor due to their high rejection, especially 

phosphorous, by FO membranes [52]. 

 

Table 2.6. Summary of long-term OMBR performance 

Initial water 
flux 
(L/m2-h) 

Steady-state 
water flux 
(L/m2-h) 

Water flux 
post 
cleaning   
(L/m2-h) 

Initial 
bioreactor 
salt conc. 
(g/L) 

Steady-state 
bioreactor 
salt conc. 
(g/L) 

Membrane 
Orientation 

Draw 
solution 
conc. 
(M) References 

12 3 NA 0.14 4.1 PRO 1.0 [18] 
9 5 NA 0.4 12 FO 1.0 [46] 
11 9 9.9 0.0 4.5 FO 0.9 [17] 
9 2 NA 0.3a 32a FO 1.0 [48] 
9 2 NA 0.3a 41a FO 1.0 [48] 
8.9 6.6 NA 9.7a 21a FO 0.8 [22] 
10.5 5.5 NA 0.3a 3.2a FO 1.0 [23] 
23 3.9 NA 1.2a 7.7a PRO 0.5 [19] 
7.5 6.5 NA 0.3a 9.7a FO 0.5 [22]b 
3.2 2.7 NA 0.5a 8.1a FO 0.5 [20] 
9.9 5.7 NA 0.5a 18a FO 0.8 [24] 
4.3 1.6 2.5 0.5 8.2 FO 0.5 [21] 
5.3 4.0 NA 0.4 1.2 FO 0.5 [21] 
9.9 5.7 NA 0.5a 18a FO 0.5 [23]c 
a Values estimated from the source. Data originally reported in millisiemens. 
b Experiment conducted with MgCl2 draw solution. 
c Anaerobic OMBR evaluation. 

 

2.7.1 Water flux and membrane fouling and cleaning 

A decline in water flux was observed in each of the OMBR studies summarized in Table 

6. A portion of the flux decline can be attributed to a reduction in the osmotic pressure driving 

force due to the increasing bioreactor salinity. Membrane fouling was evident in the studies 

conducted by Achilli et al. [17], Lay et al. [20], Zhang et al. [19], and Holloway et al. [21] The 

decline in water flux due to membrane fouling as opposed to increasing bioreactor salinity can be 

observed in these studies because the water flux continued to decline after the bioreactor salinity 

reached steady state. The most severe membrane fouling was observed for the two studies 

conducted in PRO mode [18, 19]. The significant flux decline observed in the PRO orientation 

illustrates the detrimental effect and ineffectiveness of operating an OMBR with the membrane 

in PRO mode. 
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2.7.1.1 Fouling – PRO orientation 

Fouling of the membrane porous support layer in PRO mode reduces water transport 

through the pores, resulting in reduced water permeability and increased concentrative ICP, 

which has been shown to intensify organic fouling and scaling [109, 134-136]. Thelin et al. [136] 

showed that fouling by natural organic matter (NOM) was exacerbated while operating in PRO 

mode with an organic rich feed. They also illustrated that the elevated ionic strength in the 

support layer due to concentrative ICP intensified membrane fouling. Similarly, Parida et al. 

[109] demonstrated severe fouling in PRO mode compared to FO mode in experiments 

conducted with 50 ppm total organic carbon (TOC) and 5 mM calcium. 

Zhang et al. [19] examined the extent of organic fouling and scaling in an OMBR 

operating in PRO mode using sequential cleaning steps, which included deionized water to 

remove biofouling followed by acid cleaning to remove scaling. Zhang et al. demonstrated that 

membrane scaling was the primary membrane foulant as approximately 10% of the membrane 

permeability was recovered after removing the biofouling and 72% of the membrane 

permeability was recovered after acid cleaning of the membrane to remove inorganic scaling. 

Membrane scaling in OMBR applications is of particular concern because the ions responsible 

for scaling (e.g., calcium) are at high concentrations in the bioreactor. Holloway et al. [21] 

demonstrated that the calcium concentrations in a bioreactor fed with municipal wastewater 

increased 6 fold during long-term OMBR operation. 

 

2.7.1.2 Fouling – FO orientation 

Long-term OMBR investigations operated in FO mode exhibited considerably less flux 

decline compared to those operated in PRO mode; however, the systems operated in FO mode 

were still affected by membrane fouling [17, 20-23, 26, 47, 48]. Lay et al. [20] inspected the 

fouling layer that developed on a CTA membrane used in an OMBR operated for 73 days in FO 

mode. Visual examination revealed only slight deposition of biomass on the membrane, 

primarily located in hydrodynamic dead zones. A more thorough analysis of the fouling layer 

conducted with a scanning electron microscope (SEM) and energy-dispersive X-ray (EDX) 

showed that the majority of the fouling layer was comprised of a thin gel-like layer determined to 

be EPS, and to a lesser extent gypsum scaling. A gel-like fouling layer was also described by Qiu 

et al. [26] and was determined to be SMP, primarily composed of hydrophobic proteins. Protein, 
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polysaccharide, and inorganic fouling on the OMBR-FO membrane was further supported by 

Wang et al. [23] Additionally, SMPs were shown to increase at higher bioreactor salinities. 

Although organic and inorganic fouling were observed during OMBR operation, the interaction 

between organic and inorganic fouling in OMBR has not been thoroughly studied. However, 

many researchers have examined fouling of FO membranes in the presence of organic and 

inorganic foulants. 

Studies on organic fouling of FO membranes have been conducted with activated sludge, 

algae, polysaccharides, proteins, EPS, and transparent exopolymer particles (TEP) [109, 123, 

135, 137, 138]. Zhang et al. [123] characterized FO fouling using twenty different activated 

sludge solutions with varying MLSS concentrations, particle sizes, polysaccharides, proteins, 

EPS, SMPs concentrations, and multiple other constituents. Using a partial least squares 

regression, it was determined that the concentration of polysaccharide- and protein-bound EPS 

correlated positively with water flux decline. Likewise, Linares et al. [137] conducted FO 

experiments on secondary effluent and determined that the organic fouling layer on the FO 

membrane surface was composed of biopolymers and protein like substances. Gu et al. [138] and 

Parida et al. [109] also found that the FO membrane was fouled by organic constituents; 

however, both investigators determined that the fouling was more severe in the presence of 

cations (calcium and magnesium). 

Mi and Elimelech [139] investigated organic fouling of FO membranes in the presence of 

relatively low calcium concentrations (0.5 mmol calcium) using alginate and bovine serum 

albumin (BSA) as model organic foulants. Findings from the fouling study illustrated that a gel 

layer of cross-linked organic chains fouled the membrane when alginate was used as the model 

foulant but the gel layer formed to a much lesser extent when using BSA. It was hypothesized 

that calcium formed bridges between the carboxylic groups on the alginate but was not effective 

in bridging BSA because of the lack of carboxylic groups. Similar to the model foulants, calcium 

has been shown to be critical in forming gel-like layers with SMPs found in activated sludge 

supernatant [140]. The similarity between alginate and SMPs (particularly exopolysaccharides) 

is the abundance of carboxylic groups that can be bridged by calcium, resulting in rigid and non-

deformable gels [141].  

A unique characteristic of the gel layer is that the structure may change from a non-

porous film covering the membrane surface at low to moderate calcium concentrations (<6 mmol 
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calcium) to a much more porous layer at higher calcium concentrations, specifically due to the 

gel-like structure collapsing on itself [141]. Although the structure of the gel-like fouling layer 

on the FO membrane in high salinity OMBRs is not completely understood, it is likely that the 

gel-like fouling layer that was observed in long-term OMBR experiments is a result of bridging 

between calcium and the SMP present in the activated sludge. Membrane cleaning may be 

periodically required to remove the gel layer from the membrane surface to sustain/recover water 

flux during continuous OMBR operation. 

 

2.7.1.3 Membrane cleaning: Air scouring 

Membrane fouling in OMBRs can be mitigated and partially reversed by air-scouring the 

membrane. Higher membrane air-scour rates in a bench-scale OMBR was shown to reduce the 

volume of biomass on the membrane surface 31 fold, and the coverage of biomass over the 

membrane surface reduced 12 fold compared to a system operated at low membrane aeration 

rates [47]. Holloway et al. also attributed improved OMBR performance (sustained water flux 

over 125 days of operation) to more vigorous aeration using coarse-bubble diffusers compared to 

fine-bubble diffusers for membrane air scouring [21]. In FO fouling studies, periodic aeration of 

the membrane active layer achieved substantial performance recovery—water flux was 

recovered to approximately 98% of the initial water flux when the membrane was tested with 

alginate as a model foulant [139] and up to 89.5% of the initial water flux when the FO 

membrane was tested with secondary effluent feed [142]. Although membrane air scouring is an 

effective way of preventing severe fouling and reversing fouling in systems that are not 

continuously air scoured, physical and chemical cleaning methods may provide a means to 

recover much of the water flux lost over long-term operation. 

 

2.7.1.4 Membrane cleaning: Physical cleaning 

The most elementary physical membrane cleaning procedure that has been tested on 

OMBRs is rinsing the membrane with deionized water after prolonged exposure to activated 

sludge [23]. Chen et al. [23], in anaerobic OMBR experiments, and Wang et al. [48] evaluated 

membrane fouling at 10 and 15 day SRTs. They were able to achieve flux recovery to over 94% 

of the initial water flux of a virgin membrane by physically rinsing the membrane with deionized 

water. The ease at which foulants are removed and water flux is restored highlights the low 
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fouling propensity of OMBR-FO membranes, and specifically the CTA FO membrane 

manufactured by HTI. However, rinsing membranes in pilot- or full-scale systems might not be 

practical because each membrane plate in a plate-and-frame skid has to be removed and rinsed 

individually. For large-scale systems, other strategies might be required. 

 

2.7.1.5 Osmotic backwashing 

Osmotic backwashing is another method for efficient cleaning of OMBR membranes 

without having to remove individual membrane plates [143-145]. In osmotic backwashing the 

feed is replaced with a salt solution and a low-salinity solution is recirculated on the draw 

solution side of the membrane. During osmotic backwashing water diffuses from the draw 

solution side to the feed side of the membrane, thereby dislodging attached organic particles and 

dissolving inorganic foulants from the membrane surface. In special cases when the salinity of 

the feed is high enough (e.g., 15–20 g/L TDS), it is possible to achieve good osmotic 

backwashing by only substituting the draw solution with fresh water (i.e., deionized water or 

dechlorinated tap water), using the concentrated feed as a “draw solution”. Achilli et al. [17] 

demonstrated water flux recovery to 90% of the initial flux by osmotically backwashing the FO 

CTA membrane with deionized water. Holloway et al. [21] was able to achieve recovery to 

approximately 53% of the initial water flux by osmotically backwashing the membrane and had 

slightly better success recovering the water flux using a detergent to chemically clean the 

membrane, achieving recovery to approximately 60% of the water flux of a virgin membrane. 

 

2.7.1.6 Chemical cleaning 

Procedures for chemical cleaning of OMBR membranes have not been established; 

however, several studies examined chemical cleaning of CTA and TFC membranes in other FO 

applications using detergent, chlorine, alkaline, and acid solutions [137, 142, 146]. pH is a 

critical parameter that affects the chemical cleaning (and operational) performance of FO 

membranes, and especially the CTA membrane. The CTA FO membrane can be operated in a 

narrow pH range of 4–7 Outside this range the polymer is hydrolyzed and the membrane is 

permanently damaged [147]. Therefore, cleaning agents have been limited to sodium 

ethylenediaminetetraacetic acid (EDTA), detergents such as Alconox, and light NaOCl solutions, 

all of which are neutralized to a pH of approximately 7 before getting in contact with the 



 44 

membranes. Linares et al. [142] was able to recover the membrane performance to 93.6% of the 

initial water flux by chemically cleaning the membrane active layer with a light EDTA and 

Alconox solution to remove NOM fouling. They observed that the porous support layer was also 

fouled by TEP that had migrated from the membrane active layer into the support. The TEP was 

well removed from the support layer using a 1% NaOCl solution recirculated on the draw 

solution side of the membrane, and after NaOCl cleaning the performance was recovered to 

94.5% of the initial water flux. The use of a low concentration NaOCl cleaning solution was also 

shown to completely remove biofouling from a CTA membrane fouled with a single culture of 

bacteria [146]. Linares et al. [142] have not discussed the pH of the EDTA solution used for the 

cleaning of the CTA membrane. EDTA is a base and could potentially damage the CTA 

membrane if the cleaning solution is not neutralized. Coday et al. [148] stated that the pH of an 

EDTA solution prepared for CTA membrane cleaning was 11 and needed to be neutralized to pH 

7.9 or below before starting the cleaning procedure. 

Cleaning solutions (Alconox, EDTA, and NaOCl) that have been determined to work 

well for CTA FO membranes are not compatible with polyamide-based, TFC FO membranes. 

Exposure to Alconox and EDTA increases the water flux and RSF through the TFC membrane 

due to changes in the polymeric structure of the membrane [149]. As an alternative to detergents 

and EDTA, the polyamide TFC membrane can be cleaned with a basic solution (NaOH) 

followed by an acid (HCl) mixture without compromising the integrity of the membrane active 

or support layers [149]. Results from Wang et al. [149] demonstrated that nearly 100% of the 

water flux was restored and RSF unchanged after base (0.1% NaOH + 0.1% sodium dodecyl 

sulfate (SDS)) and acid (0.5% HCl) cleaning a TFC membrane (pH information was not 

provided). The majority of these cleaning studies were done by applying the cleaning agent to 

the active side of the membrane that was exposed to the foulant-rich feed stream, except for the 

NaOCl cleaning of the support side conducted by Linares et al. [137]. Chemically cleaning the 

active side of the membrane requires that the membranes cassettes be removed from the 

bioreactor to an external chemical cleaning tank, which is a major short-coming for pilot- and 

full-scale OMBR treatment because it is laborious to remove large cassettes from the process and 

increases treatment down-time. 
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2.7.1.7 Chemically enhanced osmotic backwashing 

Ideally, OMBR membranes should be cleaned in-place without removing individual 

plates or cassettes from the bioreactor. Recently, we have explored chemically enhanced osmotic 

backwashing for TFC membranes, which can resolve the limitations of chemical clean-in-place. 

The chemically enhanced osmotic backwash is conducted by replacing the draw solution with a 

very low salinity base (NaOH) or acid (HCl) cleaning solutions, which are continuously 

recirculated on the draw solution side of the membrane. This cleaning is done without removing 

OMBR membranes from the bioreactor. The concept behind the chemically enhanced osmotic 

backwash is that OH– and H+ ions are at high concentrations on the draw solution side of the 

membrane and they diffuse through the membrane support and active layers due to the difference 

in their concentration between the draw solution (cleaning solution) and feed stream (activated 

sludge). The main advantages of chemically enhanced osmotic backwashing include simplicity 

(membrane stay in the bioreactor), reduced volume of cleaning solution compared to submerging 

the cassette in an external cleaning tank, and the application of the chemical agents directly at the 

membrane-foulant interface. The effectiveness of this cleaning procedure is visually illustrated in 

the photographs shown in Figure 2.5. 

The severe fouling illustrated in Figure 2.5a was a result of inadequate air scouring due to 

the coarse-bubble diffuser being plugged with sludge. Osmotic backwashing was used in the first 

attempt of membrane cleaning (Figure 2.5b and 2.5e) by placing the membrane plates in an 

external cleaning tank filled with a concentrated salt solution (25 g/L of NaCl) and deionized 

water recirculating on the draw solution side of the membrane for 1 hour. The osmotic 

backwashing removed the majority of loosely attached biosolids from the membranes, but the 

membranes were still significantly covered with a biofilm. Following the first cleaning attempt, 

the system was operated for approximately two weeks in the activated sludge tanks before a 

chemically enhanced osmotic backwashing was attempted. For the chemically enhanced osmotic 

backwashing, the membranes remained submerged in the activated sludge. The TFC membranes 

used in the study were first cleaned with an NaOH base solution at pH of 10–11 followed by an 

HCl acid solution at pH of 3–4. Results from the chemically enhanced osmotic backwashing 

cleaning method were very encouraging—most of the fouling layer was removed from the 

membrane surface without having to remove the membrane skid from the bioreactor. The 
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chemically enhanced osmotic backwashing could be an improvement to existing techniques that 

require large volumes of chemicals and external chemical cleaning tanks. 

 

2.7.2 Solute accumulation, driving force, and microbial toxicity 

Salt accumulation in the bioreactors is inevitable in OMBR systems treating municipal or 

industrial wastewater because the FO membrane retains salts that enter the bioreactors with the 

influent, and salts that make up the draw solution continuously diffuse through the FO membrane 

from the draw solution to the bioreactors. Elevated bioreactor TDS concentrations results in 

reduced osmotic pressure driving force for water flux and potential inhibition of microbial 

growth and functionality. The driving force for water flux (TDS concentration gradient between 

the activated sludge and draw solution) decreased by approximately 4 g/L, 8 g/L, and 17.5 g/L in 

respective long-term OMBR studies conducted by Achilli et al. [17], Lay et al. [20], and Tan et 

al. [24] operating in FO mode. Results presented by Tan et al. [24] illustrate that almost all of the 

reduction in water flux (approximately 43%) was associated with decreased driving force and not 

membrane fouling. Zhang et al. [19] demonstrated that approximately 70% of the reduction in 

water flux was due to reduced driving force and not membrane fouling in a long-term evaluation 

operated in PRO mode. 

Elevated bioreactor salinity may also be detrimental to the microbial community 

responsible for nitrification, denitrification, and carbon oxidation. Achilli et al. [17] noted that 

ammonia oxidation (nitrification) did not appear to be affected at elevated salt concentrations. 

Evidence of microbial inhibition occurred in a long-term evaluation conducted by Holloway et 

al. [21] in which nitrification ceased as the bioreactor salinity increased above 6 g/L for 

approximately 20 days before eventually being regained. Similarly, denitrification stopped as the 

bioreactor salinity initially increased before returning after 20 days of operation in an OMBR 

study conducted by Tan et al. [24]. It is not entirely unexpected that the denitrification rate would 

initially decrease as the bioreactor salinity increases and eventually return after prolonged high-

salinity operation. Dinçer and Kargi [150], determined that the denitrification rate in a normally 

low-salinity activated sludge decreased by 20% when exposed to NaCl concentrations of 5 g/L. 

Ye et al. [113] also demonstrated that the ammonia-oxidizing bacteria (AOB) responsible for 

nitrification were inhibited at salt concentrations exceeding 2 g/L in evaluation of a sequencing 

batch reactor treating municipal wastewater. However, given time to acclimate at a sufficiently 
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long SRT, nitrification can return at elevated bioreactor salinities because the microbial 

community responsible for nitrification shifts to a community populated by salt tolerant AOB 

and ammonia-oxidizing archaea (AOA) [151]. Although it is not surprising that the OMBR 

microbial community shifts with changing salinity, there is still limited understanding of the 

specific characteristics of the microbial community and should be an emphasis in future OMBR 

research. 

 

 

 
Figure 2.5. FO membrane end-plate (a) before cleaning, (b) after osmotic backwashing cleaning 
with deionized water, and (c) after chemically enhanced osmotic backwashing using base and 
acid in the draw solution channel. FO membrane center-plate (d) before cleaning, (e) after 
osmotic backwashing cleaning with deionized water, and (f) after chemically enhanced osmotic 
backwashing using base and acid in the draw solution channel as opposed to deionized water 
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Alturki et al. [18] concluded that the ratio of mixed liquor volatile suspended solids 

(MLVSS) to MLSS decreased from 0.87 to 0.66 in a long-term OMBR investigation. A decrease 

in this ratio is an indication that biological activity may have deteriorated. Wang et al. [23] 

measured a decrease in DHA, an important enzyme for biological oxidation of organic matter, as 

the bioreactor salinity increased overtime. Chen et al. [23] described a reduction in carbon 

removal during anaerobic OMBR experiments. Considering the array of results obtained from 

long-term OMBR testing, carbon and nitrogen removal is likely inhibited during the initial 

increase in bioreactor salinity. Once salt tolerant microbial communities are established, carbon 

and nitrogen removal resumes, yet at a lower rate compared to that observed in low salinity 

activated sludge processes. It is important to note that in all past OMBR studies the activated 

sludge used to seed the OMBR bioreactors was obtained from conventional activated sludge 

treatment plants. If the sludge is not allowed to acclimate to the basic OMBR operating 

conditions (e.g., longer SRT and HRT), results from experiments conducted to determine the 

effect of increasing salinity on carbon and nutrient removal might be skewed by changes in SRT 

between the system that the activated sludge was collected from and the OMBR studied. Kimura 

et al. [152] have shown that the characteristics of the activated sludge differed between MBRs 

operated at different SRTs and Luo et al. [46] commented that activated sludge should be 

acclimated to OMBR operating conditions before assessing the effects of salinity build-up on 

OMBR performance. 

Mitigating salt accumulation to prevent reduced driving force and microbial inhibition 

requires creative system configurations and draw solution selections. Holloway et al. [21] 

demonstrated that the bioreactor salinity (NaCl equivalent) could be maintained at approximately 

1 g/L using a hybrid UFO-MBR (Figure 2.6). A UF membrane skid, operated in parallel to an 

FO membrane skid, is used in this configuration to extract solutes from the bioreactor with the 

UF permeate, leaving the biosolids in the bioreactor. Results from this study demonstrated that 

operating the OMBR system at low salinity increased the sustainability of OMBR water flux 

(operated at 6 L/m2-h for 125 days without cleaning) and improved nitrogen removal. 

Furthermore, as an ancillary benefit, the UF permeate was rich in phosphorus and nitrogen that 

could potentially be recovered for beneficial use. In a comparable study, Wang et al. [23] 

incorporated a MF membrane into the OMBR to maintain low bioreactor salinities. The water 

flux declined more substantially, from 10.5 L/m2-h to 5.5 L/m2-h, in the MF-OMBR study, but 
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excellent carbon removal and nitrogen oxidation was maintained over the full testing period. The 

higher decline in water flux in the MF-OMBR may have to do with the higher initial water flux 

(10.5 L/m2-h compared to 5.3 L/m2-h in Holloway’s study). Hybrid OMBRs such as the UFO-

MBR and MF-OMBR should be considered in future OMBR research to improve mitigation of 

salt accumulation in OMBR bioreactors.  

 

 
Figure 2.6. A schematic of an integrated UFO-MBR (or MFO-MBR) system containing an 
OMBR, a UF-MBR, and an RO system for reconcentration of draw solution. Adapted from 
Holloway et al. [21]. 

 

The use of organic draw solutions could be another method for reducing salt 

accumulation in the bioreactor. Bowden et al. [36] concluded that magnesium acetate and 

sodium propionate could be viable organic draw solutions due to the low SRSF, biodegradation 

potential, and low capital and replenishment costs. Nawaz et al. [116] recommended several 

different surfactants as potential draw solutions because of the relatively low microbial toxicity 

and RSF. It is important to note that the organic draw solutions proposed by Bowden et al. [36] 

and Nawaz et al. [116] were never tested in an OMBR; therefore, the benefits of using an organic 

draw solution are still questionable. Additionally, researchers should focus on finding organic 

draw solutions for OMBR treatment that are compatible with the microbial community in the 

bioreactor. Ansari et al. [111] have recently highlighted that the RSF and microbial toxicity of an 

organic draw solution solute are interrelated; the RSF of some organic draw solution solutes into 

the bioreactor may increase microbial activity while others hinder microbial activity. 
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2.7.3 Nutrient: Removal, rejection, and recovery 

The mechanisms for membrane rejection and microbial degradation of nutrients, and 

potential for nutrient recovery are very unique to the OMBR. Biological nutrient removal has to 

be carefully evaluated for OMBRs due to the impact of bioreactor salinity on the activity and 

make-up of the microbial community. The rejection of nutrients through the FO membrane is 

important because they will accumulate in the bioreactors to very high concentrations that may 

result in increased diffusion of nutrients, specifically nitrogen, from the feed to the draw 

solution, and may compromise the product water quality of the draw solution reconcentration 

process. The accumulation of nutrients in the bioreactors can also be viewed as a benefit if the 

nutrients can be recovered at high concentrations for beneficial use. 

 

2.7.3.1 Removal and rejection 

Removal and rejection of carbon, nitrogen, and phosphorus have only been reported in 

four OMBR studies, not including hybrid or anaerobic OMBR studies. Achilli et al. [17] 

demonstrated approximately 90% TOC removal and 76% ammonia oxidation in the bioreactor, 

due to biological processes. Achilli et al. further demonstrated 98% rejection of TOC and 90% 

rejection of ammonia by the FO membrane. Tan et al. [24] reported 78% TOC removal and 94% 

removal of ammonia in the OMBR bioreactors after reaching steady-state conditions. Including 

FO membrane rejection the total TOC removal exceeded 97% and ammonia removal increased 

from 94% to 98%. The removal of TOC in the bioreactors operated by Wang et al. [48] 

investigating OMBR performance at 10 and 15 days SRT was also generally high and the FO 

membrane exhibited very high TOC rejection. Overall, Wang et al. were able to achieved more 

than 95% TOC removal and rejection. Although the TOC removal and rejection reported by 

Wang et al. was high, ammonia oxidation in the bioreactors was limited, resulting in elevated 

ammonia concentrations in the bioreactors and draw solution. FO CTA membranes have lower 

rejection of ammonia compared to other inorganic ions [52, 54]; thereby, ammonia contaminates 

the draw solution if not removed in the bioreactors. 

A major shortcoming of almost all published long-term OMBR studies is the lack of data 

for nitrate concentrations. In bioreactors, nitrate is produced via biological oxidation of ammonia 

and it accumulates in the bioreactors if anoxic zones, where nitrate can be reduced to nitrogen 

gas, are not incorporated into the bioreactor design. Results from Holloway et al. [21] illustrate 
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that nitrate can accumulate in the bioreactors to relatively high concentrations (more than 80 

mg/L) even when the OMBR is coupled with an anoxic bioreactor for denitrification. 

Subsequently, the draw solution is contaminated with nitrate due to the low nitrate rejection of 

OMBR-FO membranes [153]. Nitrate contamination of the draw solution is further exacerbated 

when the draw solution reconcentration step has higher nitrate rejection than the OMBR-FO 

membranes drawing water from the activated sludge. This point is highlighted in the results 

presented by Holloway et al. [21]; the concentration of nitrate in the draw solution was very 

high, almost equal to the bioreactor concentration, because the tight seawater RO membranes 

used for draw solution reconcentration had higher nitrate rejection than the OMBR-FO 

membrane. Although the draw solution was contaminated by nitrate, the system used by 

Holloway et al. [21] was still able to achieve total rejection (FO and RO membrane) of ammonia, 

nitrate, and TOC of approximately 89%, 82%, and 96%, respectively due to the multiple 

biological and membrane barriers. A concept that has not been published on but may mitigate 

excessive accumulation of nitrate in the draw solution is periodic polishing of the draw solution. 

This could be done by processing the draw solution through a nanofiltration (NF) stage that 

allows nitrate to pass through the membrane relatively freely but has high retention of the draw 

solution solute (e.g., MgCl2). Future OMBR research should emphasis the impact of nitrate on 

system performance, investigate the potential benefits and limitations of the draw solution 

reconcentration step, and evaluate methods for draw solution polishing [27]. 

 

2.7.3.2 Nutrient and mineral recovery 

Another avenue that should be explored for OMBRs is nutrient (nitrogen, phosphorus) 

and mineral (magnesium, potassium, and calcium) recovery. Nutrients, specifically phosphorus, 

accumulate in the OMBR bioreactors to relatively high concentrations and could be recovered 

via crystallization techniques [21-23]. Phosphorus is commonly removed or recovered from 

wastewater using calcium or magnesium to form calcium phosphate or magnesium phosphate 

precipitates. One of the most commonly explored phosphate precipitates is struvite, a crystal that 

forms in the presence of ammonia, phosphate, and magnesium at pH values between 8 and 10 

[154-156]. Qiu et al. [22] explored struvite recovery from an OMBR by collecting the 

supernatant from the nutrient- and mineral-rich bioreactor activated sludge and adjusting the pH 

of the supernatant using two different methods: NaOH titration and CO2 stripping. Results from 
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the precipitation experiments demonstrated that struvite precipitation is complicated by the 

presence of calcium that preferentially precipitates with phosphorus compared to magnesium 

when the pH is adjusted quickly using NaOH. Struvite precipitation was more achievable when 

the pH was raised using a CO2 stripping method, but the authors concluded that stripping might 

not be cost effective at larger scales. However, Qiu et al. [22] also discussed the potential 

benefits of recovering nutrients and minerals from the OMBR bioreactor supernatant, including 

no need for chemical addition (not including pH adjustment) to form phosphorus precipitates and 

decreasing the salinity of the bioreactor. 

 

2.7.4 TOrCs: Removal and rejection 

Rejection of TOrCs by the FO membrane is one of the major advantages of using 

OMBRs over other traditional treatment processes [28-31, 40, 79, 85, 157, 158]. Alturki et al. 

[18] examined the rejection and microbial degradation of 50 TOrCs in an OMBR operated for 

approximately seven days. The results from this study demonstrated that 25 of 27 compounds 

with a molecular weight higher than 266 g/mol were rejected by the FO membrane to 

concentrations that were below or near the detection limit. The author attributed the high 

rejection to FO membrane selectivity and biological degradation. 

Rejection of compounds with molecular weights lower than 266 g/mol varied from negligible 

to removal below the detection limit. It was speculated that the removal of these low-weight 

compounds was not due to physical separation but to biological degradation because TOrCs that 

are known to have low biodegradability were not removed or rejected in this study. Alturki et al. 

[28] demonstrated the importance of having biological and FO membrane separation to enhance 

TOrC removal. Similarly, Holloway et al. [34] illustrated the effectiveness of using biological 

and membrane treatment for TOrC removal—it was demonstrated that 19 of 20 measured TOrCs 

in real wastewater were completely removed and rejected by the biological and membrane 

barriers, and that the RO reconcentration step provided an additional barrier for TOrC removal. 

Increased TOrC removal using a reconcentration step has also been illustrated by Linares et al. 

[29] and Hancock et al. [40]. The total TOrC rejection in these coupled FO-RO systems 

exceeded 96% and 99%, respectively. One disadvantage of the coupled system is that TOrCs that 

are not well rejected by the FO membrane as by the RO membrane will accumulate in the draw 

solution [40, 85]. 
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2.8 Future challenges 

The OMBR is a promising treatment technology for nutrient recovery and indirect or 

direct potable reuse applications due to the multiple treatment barriers inherent to its design. 

Despite the obvious advantages of the OMBR to remove and reject nutrients and TOrCs, there 

are still many obstacles to overcome before the OMBR could be a viable, commercial treatment 

technology. Future research should focus on further investigating mass transport in OMBRs, 

developing new membrane and membrane modules, recovery of nutrients, general evolution of 

the OMBR and its hybrid configurations (UFO-MBR, MFO-MBR, and other future 

configurations). These include: 

• Developing OMBR design parameters such as appropriate cross-flow velocity and spacer 

design for cross-flow arrangements and the specific aeration demand for submerged 

configurations. 

• Standardizing OMBR operating conditions such as the SRT and HRT to minimize salt 

accumulation but take advantage of the high SRT operating conditions that have become a 

hallmark of traditional MF and UF MBRs used in full-scale wastewater treatment. 

• Determining the effect of salinity build-up and prolonged high salinity operation on the 

microbial community during OMBR treatment. Additionally, characterizing the microbial 

community in an OMBR and how it may differ from conventional low-salinity activated 

sludge treatment processes. 

• Developing membrane cleaning strategies that allow clean in-place; thereby reducing 

chemical costs and system down time. 

• Evaluating the effect (membrane degradation) of long-term exposure of FO CTA and TFC 

membranes to an activated sludge environment. 

• Designing and producing polyamide TFC FO membranes with reasonable water and reverse 

salt flux characteristics, and that are structurally durable and chemically stable to withstand 

the rigors of operating in the chemically and microbially aggressive activated sludge 

environment. 

• Creative design of hybrid OMBR systems capable of removing salts from the bioreactor and 

harvesting nitrogen and phosphorus for beneficial use. 

• Selecting and testing organic draw solutions that could be biodegraded and prevent salt 

accumulation in the bioreactor. 
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• Accurately evaluate the energy consumption of current OMBR configurations and optimize 

energy demand of OMBR to be competitive with traditional wastewater treatment 

technologies. 

 

Lastly, the energy consumption of the OMBR must be competitive with conventional 

activated sludge (CAS) and MF/UF MBR systems implementing advanced treatment processes 

for potable and high quality water reuse. The specific energy demand for full-scale CAS and 

MBR wastewater treatment plants range between 0.3 to 0.6 kWh/m3 [97, 159] and 0.4 to 2.0 

kWh/m3 [3, 4, 160], respectively. Considering that the effluent from CAS and MBR treatment 

must be further treated using advanced treatment technologies such as MF (for CAS), RO, and 

UVAOP to produce high quality reuse water, an additional energy demand must be included to 

the cost of CAS and MBR treatment. The reported specific energy demand of a large-scale 

municipality implementing MF, RO, and UVAOP to treat secondary CAS effluent is 0.6 to 1.2 

kWh/m3 for the advanced treatment train [161]. Therefore, the combined specific energy demand 

of CAS followed by advanced wastewater treatment is likely less than 2.0 kWh/m3. 

The most energy efficient desalination process currently available to reconcentrate the 

draw solution in OMBRs is RO. The approximate specific energy demand calculated using 

ROSA system design software (Dow Filmtec, Edina, MN) for a 3.8 million liters per day (1 

million gallons per day) RO system, optimized with low-pressure RO membranes, designed to 

reconcentrate a draw solution of 40 g/L-NaCl is approximately 1.6 kWh/m3. If a pressure 

exchanger were to be incorporated into the RO system design, the new calculated specific energy 

is approximately 1.1 kWh/m3 (calculated from an energy recovery device model developed by 

Energy Recovery Inc. (ERI, San Francisco, CA)). It is likely, even if an energy recovery devices 

was incorporated, that the specific energy of the OMBR coupled with RO for draw solution 

reconcentration would be on the high end or exceed that of current advanced wastewater 

treatment trains. Thus, the major barrier to full-scale OMBR implementation is to develop 

creative new reconcentration configurations and methods, and novel draw solutions that can 

overcome the major energy penalty associated with OMBRs. 
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CHAPTER 3 
MIXED DRAW SOLUTIONS FOR IMPROVED FORWARD OSMOSIS 

PERFORMANCE 

Modified from a paper published in the Journal of Membrane Science1 

 

Ryan W. Holloway2v, Rudy Maltos2, Johan Vanneste2, and Tzahi Y. Cath2★ 

 

3.1 Abstract 

Reverse salt flux (RSF) of ions from the draw solution (DS) to the feed is a major 

drawback of forward osmosis (FO). RSF is reduced when divalent ion salts such as MgCl2 and 

MgSO4 that have larger hydrated radius are used instead of salts with monovalent ions only (e.g., 

NaCl). However, using divalent ion DSs comes with a cost – namely lower water flux compared 

to NaCl DS at similar osmotic pressures. The objective of this study was to enhance FO by 

lowering RSF while maintaining high water flux by adding low concentrations of divalent ions 

or organic ions to NaCl DS. We have demonstrated that water flux was similar for pure NaCl DS 

and mixed salts DS having low concentrations of divalent or organic ions at the same osmotic 

pressure of pure NaCl DS. Simultaneously, the average RSF was lower for all mixed salts DSs 

tested compared to pure NaCl DS. Results from a student t-test comparing the average RSF of 

the mixed salts DSs to the pure NaCl DS revealed that although the average RSF was lower for 

all the mixed DSs tested, only the mixed salts DS containing MgCl2 had RSF significantly lower 

than the pure NaCl DS. 

 

3.2 Introduction 

Osmosis or forward osmosis (FO) is a membrane separation technology that utilizes 

highly selective semipermeable membranes to extract water from a feed stream to a highly 

concentrated draw solution (DS) [1-4]. The driving force for mass transport in FO is the osmotic 

_________________ 
 
1Reprinted with permission of Journal of Membrane Science, 2015 
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★Corresponding author: e-mail: tcath@mines.edu; phone: (303) 237-3402; fax: (303) 273-3413 

 



 69 

pressure difference between the low salinity feed and high salinity DS. The distinct advantage of 

FO over reverse osmosis (RO) and nanofiltration (NF) is that the system is operated at low 

hydraulic pressures, which reduces the fouling tendency of FO, even when treating impaired 

streams with very high fouling potential [5-9]. FO has been tested at bench-, pilot-, and full-scale 

for treatment of different impaired streams including municipal wastewater effluents [7], 

activated sludge [6, 10-13], digester centrate [9], and produced water from oil and gas 

exploration [5, 8]. 

The semipermeable membranes used in FO, typically cellulose triacetate (CTA) or thin 

film composite (TFC) polyamide membranes, allow water to diffuse across the membrane from 

the feed to the DS relatively freely while retaining most dissolved ions and organic compounds 

[7, 14-18]. Although FO membranes limit the diffusion of ions, solutes still diffuse at a slow rate 

through the membrane from the DS to the feed due to the high concentration difference of ions 

between the two streams. This phenomenon is known as reverse solute flux (RSF) [15, 19-22], 

and is undesired in FO applications because salt accumulation in the feed stream reduces the 

driving force for water flux (osmotic pressure difference), increases the cost of operation, and 

requires that the DS solutes be continuously replenished in closed-loop DS applications [10, 11, 

23-25]. 

The rate at which solutes diffuse across a semipermeable membrane is a function of the 

salt permeability (B) and thickness (t) of the membrane active layer, the porosity (ε) and 

tortuosity (τ) of the membrane support layer, the concentration difference between the feed (CF,b) 

and DS (CD,b), and the diffusivity coefficient (D) of the solutes in solution [26]. Yip et al. [27] 

derived the RSF (JS) equation (Equation 3.1) as a function of these parameters including the feed 

side boundary layer mass transfer coefficient (k): 

𝐽! = 𝐵
!!,!!"# !!!! !!!,!!"#

!!!
!

!! !
!!

!"# !!!
! !!"# !!!!

                                                                                                                   (3.1) 

where JW is the forward water flux through the membrane and S is the structural parameter of the 

membranes porous support layer (S = t ⋅ τ / ε), where t, τ, and ε are the thickness, tortuosity, and 

porosity of the membrane support layer, respectively. As defined by Equation 3.1, the rate at 

which an ion diffuses through the selective active layer of a semi-permeable membrane depends 

on the solute selectivity of the active layer and chemical–physical properties of the solute. In 

general, diffusivity decreases with increasing molecular weight, charge, and hydrated radius of 
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the ion [28]. The physical structure of the support layer also affects the rate of solute diffusion 

from the bulk DS to the active layer. Membranes that have a support layer with low porosity and 

high tortuosity experience higher internal concentration polarization (ICP), which is the dilution 

of the DS in the support layer and reduces the driving force for water flux [26]. The detrimental 

effect of ICP on water flux in FO is further exacerbated when solutes with low diffusivities such 

as magnesium, calcium, sulfate, and certain organic salts are used in the DS. Thus, the RSF can 

be favorably lower and the water flux unfavorably lower when using inorganic and organic DSs 

such as magnesium chloride (MgCl2), magnesium sulfate (MgSO4), and trisodium citrate 

compared to sodium chloride (NaCl) at the same osmotic pressures because of the lower 

diffusivity of the divalent and organic salts through the membrane active and support layers [15, 

23, 24]. 

An ideal DS produces high water fluxes like those induced by NaCl and low RSFs like 

those observed when divalent inorganic and organic salts are used at common DS concentrations. 

Results described by Coday et al. [19] may provide insight into the potential of using DSs 

containing a mix of NaCl and divalent salts to take advantage of the high water flux associated 

with NaCl and low RSF associated with divalent DSs. It was demonstrated in their study that 

when synthetic seawater with low concentrations of divalent ions was used as a DS, the RSF of 

sodium across CTA and TFC membranes was reduced by 55% and 22%, respectively, and the 

RSF of chloride reduced by 25% and 27%, respectively, compared to a DS containing only 

NaCl. Intriguingly, the water flux was equal for both draw solutions in experiments conducted 

with the TFC membrane and only slightly declined with the CTA membrane when seawater (a 

mixture of salts) DS was used instead of NaCl DS. 

The reason for the reduced RSF and relatively constant water flux using seawater as a DS 

compared to NaCl was not explained by Coday et al.; however, studies on coupled solute flux in 

FO [15, 20, 21, 25] and preliminary modeling on the hindered transport of monovalent ions for 

mixed salt solutions [29] provide insight into the mechanisms behind these results. Hancock et 

al. [15, 20] and Phillip et al. [25] examined the coupled transport of ions across FO membranes 

between the feed stream and the DS using an array of solutes in each stream. The findings from 

these studies demonstrated that negatively and positively charged ions diffuse through the 

membrane at equal molar rates (or equivalents for divalent salts coupled with monovalent salts) 

to maintain electro- neutrality in the system. Although both Hancock et al. [20] and Phillip et al. 
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[25] concluded that the driving force for ion transport is governed by solution diffusion 

mechanisms and not electrostatic interactions (such as Donnan potential or ion exchange), their 

publications established that the transport of oppositely charged ions is affected by the diffusivity 

and mobility of the counter ion. For example, the more diffusive chloride ion essentially “drags” 

the less diffusive sodium ion across the membrane from the DS to the feed to maintain the 

electroneutrality in the system [25]. Conversely, magnesium in solution with chloride limits the 

transport of chloride across the membrane because magnesium has a much lower diffusivity 

compared to sodium or chloride in the membrane, thereby retarding the diffusion of chloride 

across the membrane to maintain electroneutrality. Recent studies have also shown that sodium 

and chloride diffuse across the membrane but transport of individual ions of certain charge is 

higher due to attraction to charged functional groups on the FO membrane active layer. It was 

demonstrated by Lu et al. [30] that the RSF of cations increased with increasing membrane 

electronegativity. Although membrane charge is not the primary focus of this study, it is 

important to understand that diffusion across FO membranes depends on both the charge of the 

ions in solution and the membrane used for separation. 

In a transport modeling effort, Yaroshchuk et al. [29] included electrostatic interactions to 

the solution-diffusion model to determine if the diffusion of small monovalent ions would be 

hindered in the presence of divalent ions that are well rejected by the membrane. Results from 

the modeling effort illustrated that solute flux of sodium and chloride could be hindered in the 

presence of minor concentrations of divalent ions due to spontaneously arising electric fields. 

These fields form as a result of a charge imbalance that occurs as the more diffusive monovalent 

ions diffuse across the membrane at a higher rate than the well-rejected divalent ions. However, 

it must be noted that this model was tailored for NF membranes that have a lower selectivity to 

sodium and chloride than to divalent ions, as opposed to FO membranes that exhibit high 

rejection of both monovalent and divalent ions. The difference in membrane selectivity to ions of 

different molecular sizes and charge is necessary for an electrical potential (Donnan potential) to 

develop that hinders the transport of ions through the membrane, which otherwise will freely 

diffuse. Thus, Donnan effects may not play an important role in ion mobility when highly 

selective FO membranes are used for separation. Other effects that must be considered as 

potential reasons for changes in sodium and chloride reverse flux in the presence of divalent ions 

have been described in the NF literature. These include adsorption of divalent cations to 
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negatively charged polymeric membranes and charge shielding of the membrane due to the 

adsorption of the cations [31]. 

Though the mechanism for reduced sodium and chloride flux is complicated by ion–ion 

interactions and ion–membrane interactions, there is compelling empirical evidence presented in 

previous studies [19] that the diffusion of chloride and sodium is hindered when NaCl DS is 

mixed with minor concentrations of divalent ions. Thus, the main objective of the current study 

was to methodically determine the flux reduction of sodium and chloride through FO membranes 

while maintaining high FO process performance (high water flux) when small amounts of 

divalent inorganic and organic ions are added to an NaCl DS. 

 

3.3 Materials and methods 

A series of bench-scale experiments were conducted to evaluate the water flux and RSF 

in FO when using DSs containing a mix of NaCl as the major solute and MgCl2, MgSO4, sodium 

acetate (NaACE), or trisodium citrate (NaCIT) as the minor solute. All mixed salts DS 

experiments were conducted at osmotic pressures equivalent to 0.5 M NaCl (23 bar) and 1 M 

NaCl (48 bar). Single salts (NaCl, MgCl2, MgSO4, sodium acetate, and trisodium citrate) were 

also tested as DSs at an osmotic pressure of 23 bar to compare the water flux and RSF of single 

salts to that of the mixed salts DSs. 

 

3.3.1 Bench-scale apparatus 

Single and mixed salts DS experiments were conducted under the same hydraulic 

conditions and at a constant DS concentration using an automated bench-scale apparatus. The 

apparatus is comprised of a 4-L feed reservoir and a 4-L DS reservoir, two variable speed gear 

pumps (Cole-Parmer, Vernon Hills, IL), feed and DS flow meters, feed and DS heat exchangers, 

a chiller (Fisher Scientific, Waltham, MA), a cross-flow membrane cell, concentrated DS dosing 

pump (Anko, Bradenton, FL), an online DS conductivity probe (Cole-Parmer, Vernon Hills, IL), 

and an analytical balance (Denver Instrument, Bohemia, NY). The feed reservoir was placed on 

the analytical balance to measure changes in water weight as water diffused across the membrane 

from the feed to the DS. The recorded weight and membrane area (138 cm2) were used to 

calculate the water flux. A detailed schematic drawing of the bench-scale apparatus is shown in 

Figure 3.1. 
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Figure 3.1. Schematic drawing of the bench-scale apparatus used for single and mixed salts DS 
experiments. 

 

The DS was continuously mixed using a magnetic stir bar and was maintained at a 

constant concentration using a peristaltic pump that dosed a doubly concentrated DS into the DS 

reservoir based on changes in the DS conductivity. The dosing pump was controlled using 

readings from the online conductivity probe connected to a programmable logic controller (UE9-

Pro, LabJack Corp., Lakewood, CO) and a data acquisition and instrument control software 

(LabVIEW, National Instruments Corp., Austin, TX). 

The feed and DS were continuously recirculated through the cross-flow FO membrane 

cell at a flow rate of 2 L/min and 1.2 L/min, respectively, and pressures of 0.4 bar (6 psi) and 

0.28 bar (4 psi), respectively. The feed flow rate was selected to maintain a cross-flow velocity of 

0.25 m/s in the feed channel per the standard methods for bench-scale FO testing [32]. The DS 

flow rate was set to maintain a slightly lower pressure (0.07-0.14 bar/1-2 psi) in the DS channel 

than the feed to ensure that the FO membrane was not pushed into the spacer-free feed channel. 
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3.3.1.1 Experimental procedure 

At the beginning of each experiment the feed reservoir was filled with 3 L of deionized 

water and the DS reservoir was filled with 1 L of premixed DS. The feed solution was dosed 

with 100 mg of ACS grade NaCl (approximately 33 mg/L) to guarantee that all feed samples 

were well within the detection limit of the analytical instruments used to measure individual ion 

concentrations in the feed and DS. The pH of the DS was adjusted to 7 using hydrochloric acid 

(HCl) or sodium hydroxide (NaOH) prior to each experiment. The pH of the DS was measured 

periodically during testing and adjusted as necessary to maintain it at 7. The pH of the deionized 

water feed was measured before and after each DS experiment. The bench-scale system was 

operated for 30 min with the feed and DS continuously recirculated through the symmetric cross-

flow membrane cell and heat exchangers to ensure that the system was operating at constant 

water flux and temperature (20 ºC) before the first samples were collected from the feed and DS 

reservoirs for analysis. The reservoirs were sampled again at the end of each experiment (90 min 

after the first sample); thus, each experiment was conducted for a total of 2 h. 

Water flux was measured during all mixed salts DS experiments with DSs having 

osmotic pressures of 23 bar or 48 bar while water flux during single salt experiments, excluding 

NaCl, was only measured with DS having an osmotic pressure of 23 bar. The water flux for 

single salt DSs was not measured with DS having an osmotic pressure of 48 bar because the 

concentration of MgSO4 needed for the DS dosing solution (431 g/L) exceeded the solubility 

limit (255 g/L) under the experimental conditions, and because of the high viscosity and 

difficulty to dissolve some of the other salts tested. The NaCl and mixed salts DS experiments 

conducted with a DS having an osmotic pressure of 48 bar were repeated four times with 

different membrane coupons to validate the accuracy of the results. The integrity of the 

membrane was assessed at the beginning of each experiment using an NaCl DS to confirm that 

the water flux and RSF were in a reasonable range for the TFC membrane used for testing. 

Experiments were conducted only once at the osmotic pressure of 23 bar to evaluate if trends in 

mixed salts DS performance were similar to those observed for tests conducted at the higher 

osmotic pressure. 
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3.3.1.2 Draw solution chemistry 

All experiments were conducted with ACS grade single salts (NaCl, MgCl2(H2O)6, 

MgSO4(H2O)7, sodium acetate trihydrate, and trisodium citrate dihydrate) and mixed salts DSs 

using NaCl as the major solute and MgCl2, MgSO4, sodium acetate, or trisodium citrate as minor 

solutes. The concentration of single salt DSs (MgCl2, MgSO4, sodium acetate, and trisodium 

citrate) used for testing was determined based on the equivalent osmotic pressure of a 0.5 M 

NaCl solution (23 bar). The osmotic pressure was calculated using OLI aqueous solution 

software (OLI, Cedar Knolls, NJ). Mixed salts DS experiments were evaluated at osmotic 

pressures equivalent to 0.5 M NaCl and 1.0 M NaCl (48 bar). For each osmotic pressure, the 

minor solute was added to an NaCl DS at concentrations equivalent to 5% and 10% of the total 

osmotic pressure. The concentration of each salt tested for the single salt and mixed salts DSs are 

summarized in Tables 3.1 and 3.2, respectively. 

 

Table 3.1. Concentration of salts in the DS during single solute DS experiments 
DS osmotic pressure = 23 bar 

Solute Solute conc., g/L 
NaCl 29.2 

MgCl2 28.1 
MgSO4

 107.8 
Sodium acetate 69.9 

Trisodium citrate 87.3 
DS osmotic pressure = 48 bar 

Solute Solute conc., g/L 

NaCl 58.4 
 

An additional experiment with MgCl2 DS over a full-range of mixed salts DS 

concentrations was conducted to evaluate the reverse flux of magnesium, sodium, and chloride at 

increasing concentrations of MgCl2. The experiments were conducted at DS osmotic pressures 

equivalent to 23 bar and 48 bar; MgCl2 was added to the NaCl DS at concentrations equivalent to 

5%, 10%, 25%, 50%, 75%, and 100% of the total osmotic pressure. The concentrations of the 

salts used for the MgCl2 experiment are summarized in Table 3.3. 

 

3.3.2 FO membranes 

A TFC polyamide FO membrane from Hydration Technology Innovations (HTI, Albany, 

OR) was used for all experiments, and was installed with the active layer of the membrane facing 
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the feed solution. The TFC membrane is relatively new to the FO membrane industry but has 

demonstrated to have higher solute selectivity and water permeability compared to the CTA 

membrane commonly used in FO applications [33]. 

 

Table 3.2. Concentration of salts in the DS during mixed salts DS experiments 
DS osmotic pressure = 23 bar 

Minor solute = 5% of total osmotic pressure 
(NaCl conc. = 27.9 g/L) 

Minor solute = 10% of total osmotic pressure 
(NaCl concentration = 26.5 g/L) 

Minor solute Minor solute conc., g/L Minor solute Minor solute conc., g/L 
MgCl2 1.7 MgCl2 3.4 
MgSO4 5.7 MgSO4 11.8 

Sodium acetate 3.1 Sodium acetate 6.3 
Sodium citrate 3.1 Sodium citrate 6.2 

DS osmotic pressure = 48 bar 

Minor solute = 5% of total osmotic pressure 
(NaCl conc. = 55.7 g/L) 

Minor solute = 10% of total osmotic pressure 
(NaCl concentration = 52.9 g/L) 

Minor solute Minor solute conc., g/L Minor solute Minor solute conc., g/L 
MgCl2 3.4 MgCl2 6.9 
MgSO4 10.9 MgSO4 22.6 

Sodium acetate 6.2 Sodium acetate 12.7 
Sodium citrate 6.2 Sodium citrate 12.4 

 

Table 3.3. Concentration of salts used during MgCl2 mixed salts DS experiments evaluated over 
the full-range of MgCl2 concentrations 

DS osmotic pressure = 23 bar 
Osmotic pressure of minor solute, % MgCl2, g/L NaCl, g/L 

5 1.7 27.9 
10 3.4 26.5 
25 7.4 21.9 
50 15.5 14.6 
75 21.6 7.3 

100 28.1 0 
DS osmotic pressure = 48 bar 

Osmotic pressure of minor solute, % MgCl2, g/L NaCl, g/L 

5 3.4 55.7 
10 6.9 52.9 
25 14.8 43.8 
50 31.0 29.2 
75 43.1 14.6 

100 56.2 0 
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3.3.3 Analytical procedures 

Feed and DS samples collected during the experiments were analyzed for anions using 

ion chromatography (IC) (DC80, Dionex, Sunnyvale, CA) and for cations using an inductively 

coupled plasma (ICP) spectroscopy (Optima 3000, Perkin-Elmer, Norwalk, CT). Feed and DS 

samples from experiments conducted with organic salts (sodium citrate and sodium acetate) were 

analyzed for total organic carbon (TOC) concentrations using a carbon analyzer (Sievers, GE 

Analytical Instruments, Boulder, CO). Except for the sulfate concentration in the deionized water 

feed that was near or below the detection limit (1 mg/L) of the ion chromatograph, the measured 

concentrations of all other cations, anions, and organic ions of concern in the feed and DS 

samples were above the lower detection limit and below the upper detection limit of the 

instruments used in this study. 

 

3.4 Results and discussion 

Mixed and single salt DSs were evaluated for general trends in water flux and RSF as 

well as statistical differences in the average RSF and specific reverse salt flux (ratio between 

reverse salt flux and forward water flux). Results were further evaluated to elucidate if the 

mechanisms controlling RSF (i.e., solution diffusion, coupled transport to support 

electroneutrality, and electrostatic interactions) adequately describe the observed differences in 

RSF for mixed salts DSs and NaCl DS. 

 

3.4.1 Water flux 

Water flux as a function of DS composition for single and mixed salts DS experiments 

conducted with DS osmotic pressures of 48 bar and 23 bar are shown in Figure 3.2. The average 

water flux for the mixed salts DSs was very similar to the average water flux for the NaCl only 

DS (dashed line) for all experiments conducted at 48 bar osmotic pressure equivalent, except for 

5% MgSO4 and 10% MgSO4, which had a slightly lower average water flux than that of the other 

tested DSs. However, the standard error (standard deviation divided by the square root of n 

samples) of water flux for the MgSO4 mixed salts DSs was well within the standard error of all 

DSs tested. The relatively high standard error in water flux for all DSs evaluated at 48 bar is very 

likely due to variation between different TFC membrane coupons. The difference in the 

performance between membrane coupons is evident as the water flux was within 10% for all DSs 
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tested on an individual coupon while water flux varied by as much as 30% under the same 

operating conditions and DS concentrations between different coupons. 

 

  
Figure 3.2. Water flux for single and mixed salts DS experiments conducted with DS having (a) 
48 bar (n = 4) and (b) 23 bar (n = 1) osmotic pressure. Standard error bars are included in (a). 

 

Similar to experiments conducted with DSs having an osmotic pressure of 48 bar, the 

water flux for all mixed salts DSs evaluated at an osmotic pressure of 23 bar was nearly identical 

to the water flux of the NaCl only DS (dashed red line). However, the water flux for three single 

salts (MgCl2, MgSO4, and trisodium citrate) was substantially lower than that of the NaCl DS at 

the same osmotic pressure. Similar results have been obtained by Achilli et al. [23] and Hancock 

et al. [15] testing single salts, and can be explained by the modified water flux (JW) equations 

derived by Yip et al. [27], which includes the effect of internal ICP: 

𝐽! = 𝐴
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                                                                                                                           (3.2) 

where A is the water permeability coefficient of the membrane, πD,b is the osmotic pressure of the 

bulk DS, πD,b is the osmotic pressure of the feed, and k is the feed side boundary layer mass 

transfer coefficient. Given that the same TFC membrane coupon and bulk DS osmotic pressure 

were used, all variables in Equation 3.2 are the same for each DS experiment except for the 

solute diffusion coefficient (D) and the solute permeability (B). The D values (calculated with 

OLI) for the single salt DSs tested are 1.6x10-5, 1.1x10-5, 0.9x10-5, 1.2x10-5, and 0.7x10-5 cm2/s 
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for NaCl, MgCl2, MgSO4, sodium acetate, and trisodium citrate, respectively [28, 34]. The trend 

in the observed water flux for the single salt DSs closely follows that of the diffusion coefficient 

for each solute, with MgSO4 and trisodium citrate having the lowest water flux and smallest 

diffusion coefficients and NaCl and sodium acetate having the highest water flux and diffusion 

coefficients. To further illustrate the trend in increasing water flux with increasing diffusion 

coefficient of the DS solute, water flux and the diffusion coefficient of each pure DS tested are 

shown in Figure 3.3. 

 

 
Figure 3.3. Water flux and calculated diffusion coefficients for single salt DSs tested at an 
osmotic pressure of 23 bar. 

 

The lower measured water flux of the single salts compared to NaCl is not unexpected; 

however, it is interesting that the water flux did not change for the mixed salts DS experiments 

conducted at DS osmotic pressures of 48 bar and 23 bar compared to pure NaCl DS. There is 

limited data in the literature for the diffusion of mixed electrolyte solutions except for NaCl and 

MgCl2 for which there have been several studies on the diffusivity of these solutes at various 

mixed molar concentrations [35, 36]. Mathews et al. [35] demonstrated that the diffusivity for 

NaCl decreased at increasing molar concentration in a mixed electrolyte solution in which MgCl2 

was the major solute. However, for a mixed electrolyte solution with NaCl as the major salt and 

MgCl2 as the minor salt, the diffusivity for NaCl was virtually constant and the diffusivity for 

MgCl2 decreased with increasing molar concentration [36]. Because the diffusivity of NaCl is 
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similar in the mixed and NaCl only DS experiments, the effect of ICP in the porous support layer 

and the measured water flux for all mixed salts DSs is very similar to the NaCl DS at the same 

osmotic pressure. 

 

3.4.2 Reverse and specific reverse salt flux 

The RSF of all evaluated single salt and mixed salts DSs having an osmotic pressure of 

48 bar was repeated four times with a different coupon for each test and experiments with DSs 

having an osmotic pressure of 23 bar were conducted only once. The total RSF of all major ions 

diffusing from the DS to the feed was calculated on a molar basis for DS experiments conducted 

with DSs having osmotic pressures of 48 bar and 23 bar, and are shown in Figure 3.4. 

The average total RSF for all evaluated single and mixed salts DSs was less than that of 

the NaCl DS at the same DS osmotic pressure. In general, the average total RSF for mixed salts 

DSs tested at 10% of the total osmotic pressure was lower than the RSF of the 5% mixtures 

except for MgSO4 at DS total osmotic pressures of 23 bar and 48 bar and sodium acetate at DS a 

total osmotic pressure of 23 bar. The RSF for the mixed DSs tested with a DS having an osmotic 

pressure of 23 bar is somewhat inconsistent—illustrated by the fact that some mixed salts DSs 

tested at 5% of the total osmotic pressure exhibited lower RSF than the same mixed salts DSs 

evaluated at 10% of the total osmotic pressure. Although there were a few observations that were 

outside the general trend; overall, it appears that the mixed salts DSs did reduce the RSF 

compared to a pure NaCl DS.  

The variability (wide standard error) in RSF data for the experiments conducted at an 

osmotic pressure of 48 bar may be attributed to the relatively small sample size (n=4) as well as 

differences in the physical and chemical properties of the four TFC membrane coupons tested. 

Although it is difficult to draw conclusions from small sample sets (n<20), a student t-test was 

conducted between the average total RSF of each group of mixed salts DSs (MgCl2, MgSO4, 

sodium acetate, and trisodium citrate) at 5% and 10% of the total osmotic pressure and the 

average total RSF of an NaCl DS with an alpha level equal to 0.05. The student t-test was only 

conducted for experimental results obtained with a DS having an osmotic pressure of 48 bar 

because there are multiple results (n=4) that can be used to compute the p-values. There was a 

significant difference (p=0.02) between the mean RSF of 10% MgCl2 and NaCl DSs. There was 

no statistical significant difference between p=0.17 (5% MgSO4) and p=0.51 (5% sodium 
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acetate) for the other mixed salts DSs compared to NaCl. However, of the 40 mixed salts DS 

experiments conducted with DSs having an osmotic pressure of 48 bar and 23 bar, there were 

only two occasions (5% MgSO4 and 5% sodium acetate at an osmotic pressure of 48 bar) in 

which the measured RSF was higher for a mixed salts DS compared to a DS containing only 

NaCl, indicating that there was a positive effect (lower RSF) using the mixed salts DSs 

compared to NaCl. 

 

  
Figure 3.4. Total RSF for single salt and mixed salts DS experiments conducted with DS having 
osmotic pressures of (a) 48 bar (n = 4) and (b) 23 bar (n = 1). The calculated RSF included all 
inorganic ions (measured with IC and ICP) and all organic compounds (measured using a TOC 
analyzer) that diffused from the DS to the feed. 

 

Although the standard error for the water flux and RSF is relatively high for experiments 

conducted with DS having osmotic pressure of 48 bar, the initial results from both mixed salts 

DS experiments conducted at 48 bar and 23 bar osmotic pressure illustrate that the water flux is 

maintained and the RSF can be reduced when using NaCl DSs mixed with ions with lower 

diffusivities. A common way to evaluate the performance of DSs in FO is to calculate the 

specific RSF (Js/Jw), defined as the RSF (Js) normalized by the forward water flux (Jw). The 

specific RSF is an informative FO parameter because it provides a quantitative measure of the 

mass of solutes lost from the DS per volume of water recovered from the feed. The specific RSF 
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for the mixed salts DSs having osmotic pressures of 48 bar and 23 bar are illustrated in Figure 

3.5. The specific RSF for the single salt DSs experiments are also shown in Figure 3.5. 

 

  
Figure 3.5. Specific RSF (Js/Jw) for mixed salts DS experiments conducted with DS having 
osmotic pressures of (a) 48 bar (n = 4) and (b) at 23 bar (n = 1). Solute flux includes all inorganic 
ions and organic compounds that diffused from the DS to feed for each single and mixed salts 
DS experiment. 

 

Similar to the water flux and RSF results, the average specific RSF for all mixed salts 

DSs and single salt experiments was lower than that of the NaCl DS at similar DS osmotic 

pressure. Additionally, the average specific RSF decreased between mixed salts DS experiments 

with the minor solute contributing up to 5% and 10% of the total osmotic pressure with the only 

exception being for 5% and 10% MgSO4 and 5% and 10% sodium acetate for experiments 

conducted with a DS having an osmotic pressure of 23 bar. The lowest specific RSF was 

observed for the single salt DSs due to the low diffusivity of the divalent ions and organic salts in 

solution. Specific RSF had the lowest value for the single salt test evaluated with MgSO4 

because magnesium and sulfate diffuse slowly through the membrane due to the large molecular 

and hydrated sizes and charge of both divalent ions. 

A student t-test was conducted for the mixed salts DSs and NaCl only DS conducted at an 

osmotic pressure of 48 bar to evaluate if there was a significant difference between the average 

specific RSF for each mixed salts DS compared to NaCl (alpha level=0.05). Similar to the RSF 
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results, there was a statistically significant difference between NaCl and 10% MgCl2 (p=0.04). 

There was not a statistically significant difference between the average specific RSF for all other 

evaluated mixed salts DSs compared to NaCl. It is intriguing that the addition of MgCl2 as a 

small contribution to the total osmotic pressure is the only minor solute tested that has a 

significant effect on the total average RSF and specific RSF. There are only two very simple 

reasons that the total RSF is lower for the mixed MgCl2 experiments compared to the other 

mixed salts DSs tested. First, the reverse sodium and chloride flux was the same for all mixed 

salts DSs, but RSF of the minor ions was higher for the mixed salts DSs not containing MgCl2; 

thereby, increasing the total RSF. Second, reverse sodium and chloride flux was reduced to a 

greater extent with the addition of MgCl2 to the NaCl DS compared to the other mixed salts DSs 

tested. To elucidate if there was a larger contribution of minor solutes to the total RSF for the 

mixed salts DSs containing MgSO4, sodium acetate, and trisodium citrate compared to MgCl2, 

the average RSF for the individual multivalent ions and organic compounds tested in the mixed 

salts DS experiments were calculated and are summarized in Table 3.4. 

The RSF for the individual multivalent ions and organic compounds tested was similar 

for all mixed salts DSs and provided very little to the total RSF. On average, the RSF of the 

minor ions (Mg2+, SO4
2–, acetate, and citrate) contributed less than 1% to the total RSF. 

Therefore, any substantial reductions in RSF with the addition of MgCl2 to the majority NaCl DS 

was due to changes in the sodium and chloride reverse flux. The sodium and chloride flux for the 

NaCl only DS and mixed salts DSs having an osmotic pressure of 48 bar are shown in Figure 

3.6. 

 

Table 3.4. Average RSF of individual multivalent ions and organic compounds for mixed salts 
DS experiments conducted with DS osmotic pressure of 48 bar. The standard error for each 
average RSF is also provided 

 MgCl2 MgSO4 Sodium acetate Sodium citrate 

Percent osmotic 
pressure 

Mg2+ flux, 
mmol/m2-hr 

Mg2+ flux, 
mmol/m2-hr 

SO4
2– flux, 

mmol/m2-hr 
Acetate flux, 
mmol/m2-hr 

Citrate flux, 
mmol/m2-hr 

5% 0.08 ± 0.10 0.06 ± 0.02 0.01 ± 0.01 0.53 ± 0.31 0.31 ± 0.15 
10% 0.11 ± 0.02 0.13 ± 0.05 0.02 ± 0.01 0.71 ± 1.88 0.75 ± 0.35 
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Figure 3.6. Sodium and chloride reverse flux for mixed salts DS and NaCl only DS experiments 
conducted with the DS having an osmotic pressure of 48 bar. 

 

The average sodium and chloride flux was lowest (<25 mmol/m2 h) for the experiment 

conducted with MgCl2 making up 10% of the osmotic pressure, considerably lower than the 

sodium and chloride reverse flux for the NaCl only DS (sodium flux >35 mmol/m2-hr and 

chloride flux >30 mmol/m2-hr). The average sodium flux was noticeably higher than the average 

chloride flux for the experiments conducted with the pure NaCl DS. Other researchers have also 

noted higher sodium flux than chloride flux when investigating transport across TFC membranes 

[19]. This difference has been associated with the positively charged sodium ion being attracted 

to the negatively charged carboxyl groups on the active layer of the TFC membrane. In studies 

that have observed sodium diffusing across the membrane at a higher rate than chloride, ion 

electroneutrality has been shown to be maintained by the coupled diffusion of sodium with 

another positively charged ion diffusing in the opposite direction [30]. In the current study, 

electroneutrality was likely maintained by the coupled diffusion of H+ from the feed to the DS as 

sodium diffused from the DS to the feed. In general, the pH of the feed increased by 0.5 for each 

single salt and mixed salts DS tested, indicating that H+ very likely diffused from the feed to the 

DS. Although the rate of sodium flux across the membrane was likely higher than chloride, in the 

current study no statistically significant difference could be calculated for the data presented in 

Figure 3.6, and therefore will be described as diffusing across the membrane at approximately 

equal molar ratios. 
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As discussed above, Hancock et al. [15] and Phillip et al. [25] demonstrated that although 

chloride has a higher diffusivity than sodium, these two counter ions diffuse across the 

membrane at equal molar ratios to maintain the electroneutrality of the system. Thus, the more 

diffusive chloride ion crosses the membrane and essentially “drags” the sodium ion along, 

thereby maintaining electroneutrality. Because sodium and chloride diffuse across the membrane 

at equal molar ratios, there must be a mechanism in which MgCl2 in solution with NaCl hinders 

the diffusion of sodium or chloride to reduce the reverse flux of these two counter ions. 

Though electroneutrality has been used to explain the diffusion of sodium and chloride at 

equal molar ratios, it has been hypothesized that the diffusion of solutes across the membrane is 

not driven by a difference in electrical potential (such as Donnan effects) across the membrane, 

but exclusively governed by solution-diffusion mechanisms in which ions diffuse across the 

membrane as a function of the concentration gradient of the individual ions between the DS and 

the feed [20]. This hypothesis appears to be valid in systems containing only two ions in the DS, 

as was tested by Hancock et al. [15] and Phillip et al. [25]; but in the current study the 

concentration of chloride increased as more MgCl2 was added to the NaCl DS and the 

concentration of sodium increased as more trisodium citrate was added to the NaCl DS. The 

lowest concentration of sodium and chloride in the DS was for the experiment conducted with 

10% MgSO4 when sodium and chloride were replaced with magnesium and sulfate at increasing 

MgSO4 concentrations. If the diffusion of ions across the membrane was strictly governed by the 

concentration gradient, it would be expected that adding MgSO4 would have the largest effect on 

reducing the reverse diffusion of sodium and chloride across the membrane; this was not the case 

in the current study. 

From the reverse sodium and chloride flux results presented in Figure 3.6 it is probable 

that sodium and chloride flux is limited by other mechanisms besides differences in 

concentration for mixed salts DSs. Therefore, there must be other interactions (such as 

electrostatic interactions, Hofmeister effects, and charge shielding) between individual ions or 

between ions and the membrane surface that have a significant impact on the transport of sodium 

and chloride across the membrane and lowering the average RSF. It may be that the lower 

mobility of magnesium compared to sodium and chloride hinder the diffusion of sodium and 

chloride as a result of electrostatic interactions or other phenomena such as differences in the 

diffusion coefficient for mixed electrolyte solutions [35, 36], Hofmeister effects [21, 37], or 
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adsorption of magnesium to the membrane functional groups resulting in charge shielding and 

steric hindrance [31]. 

 

3.4.3 Magnesium chloride reverse and specific reverse solute flux 

The mixed salts DSs containing MgCl2 exhibited the lowest average RSF and specific 

RSF of all the DSs tested at a DS osmotic pressure of 48 bar. The mixed salts DS tested with 

10% MgCl2 with a DS having an osmotic pressure of 23 bar also performed well; although, the 

RSF was not as low as the mixed salts DSs tested with sodium citrate or single salt DSs (MgCl2, 

MgSO4, sodium acetate, and trisodium citrate) at the lower osmotic pressure. Based on the 

performance of MgCl2 as a mixed salts DS, MgCl2 was further evaluated for water flux and RSF 

over a range of mixed DS concentrations including 5%-OP (percent contribution of MgCl2 to the 

total DS osmotic pressure), 10%-OP, 25%-OP, 50%-OP, 75%-OP, and 100%-OP of the total 

osmotic pressure. Water flux and RSF for MgCl2 experiments conducted with a DS having 

osmotic pressures of 48 bar and 23 bar are presented in Figure 3.7. It is important to note that 

only one experiment was conducted with a DS having osmotic pressures of 48 bar and 23 bar 

(Figure 3.7) over the range of mixed DS concentrations to elucidate general trends in water flux 

and RSF over a range of mixed MgCl2 concentrations. 

For the mixed NaCl–MgCl2 DS having total osmotic pressure of 48 bar, water flux 

decreased by 22% (from 13.4 to 10.5 L/m2 h) when transitioning from 100% NaCl DS (0% 

MgCl2) to a 100% MgCl2 DS (Figure 3.7a), and water flux decreased by 16% (from 10.9 to 9.2 

L/m2 h) for DSs having total osmotic pressure of 23 bar (Figure 3.7b). Interestingly, the water 

flux declined by less than 6% for both mixed NaCl–MgCl2 DS experiments between the pure 

NaCl DS and the 50%-OP MgCl2 DS. Beyond 50%-OP MgCl2 the water flux declined by 

approximately 17% and 10% for experiments conducted with DSs having a total osmotic 

pressure of 48 bar and 23 bar, respectively. The limited reduction in water flux at mixed NaCl–

MgCl2 less than 50%-OP MgCl2 may be attributed to the higher diffusivity of the sodium and 

chloride ions at lower mixed MgCl2 concentrations. 

The change in RSF with increasing MgCl2 concentrations was somewhat similar between 

total DS osmotic pressures of 48 bar and 23 bar. For MgCl2 evaluated with a DS having an 

osmotic pressure of 23 bar, RSF decreased somewhat linearly from a 53.9 to 1.46 mmol/m2 h 

between the pure NaCl and pure MgCl2 (Figure 3.7b). For mixed NaCl–MgCl2 DS experiments 
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having an osmotic pressure of 48 bar (Figure 3.7a), the RSF decreased linearly from 85.3 

mmol/m2 h to 4.5 mmol/m2 h across the full range of DS solute ratios tested. To more easily 

interpret the simultaneous water flux and RSF, specific RSF was calculated for MgCl2 over the 

range of DS solute ratios tested at total DS osmotic pressures of 48 bar and 23 bar, as illustrated 

in Figure 3.8. 

 

  
Figure 3.7. Water and total RSF (including Na+, Cl–, Mg2+) as a function of MgCl2 contribution 
to the total osmotic pressure of DSs having osmotic pressures of (a) 48 bar (n = 1) and (b) 23 bar 
(n = 1). 

 

RSF decreased fairly linearly across the full-range of mixed salts DS at a total osmotic 

pressure of 48 bar, from 6.3 mmol/L (pure NaCl DS) to 0.43 mmol/L (pure MgCl2 DS). For 

NaCl–MgCl2 ratios evaluated at a total DS osmotic pressure of 23 bar, specific RSF initially 

declined by 15% with the addition of 5%-OP MgCl2 and was constant up to 50%-OP MgCl2, 

then specific RSF declined abruptly at 75%-OP MgCl2 and 100% MgCl2. The reason for the 

sharper decline in specific RSF once MgCl2 became the major salt (75%-OP and 100% MgCl2) 

and NaCl became the minor salt (25%-OP and 0% NaCl) at a total DS osmotic pressure of 23 bar 

may be a result of the lower diffusivity of NaCl with increasing molar concentrations of MgCl2, 

as has been reported by Mathew et al. [35], or to a decreased driving force (concentration 

gradient) as sodium is replaced by magnesium at MgCl2–OP ratios above 75%. 
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Figure 3.8. Specific RSF as a function of minor solute (MgCl2) contribution to total osmotic 
pressure for DSs having total osmotic pressures of (a) 48 bar (n = 1) and (b) 23 bar (n = 1). 

 

3.4.4 Transport mechanism 

From the limited data set it is difficult to distill an encompassing theory that predicts 

interactions between different ions in solution and between ions and the membrane. However, a 

transport mechanism can be envisioned that provides an explanation for the reduction in solute 

flux while the water flux is unaffected or slightly increases at low mixed DS concentrations. It is 

hypothesized that the ion concentration inside the pore space of the active layer differs 

substantially from the bulk DS concentration, which would explain the limited non-linear 

decrease in water flux with increasing minor ion concentration to a majority NaCl DS. If it is 

assumed that the RSF of individual ions is indicative of the concentration of the ion in the pore 

space, then the pore composition can be calculated using the measured RSF and compared to the 

bulk DS ion composition to determine if the composition in the active layer is more 

representative of a pure NaCl DS or a mixed salts DS. To elucidate the composition of the DS in 

the pore space compared to the bulk DS, the ratio of magnesium RSF to the total RSF was 

plotted against the ratio of magnesium to the total ion (sodium, chloride, and magnesium) 

concentration in the bulk DS as shown in Figure 3.9. 
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Figure 3.9. The ratio of Mg2+ RSF to total RSF as a function of draw solution composition for (a) 
48 bar and (b) 23 bar DS osmotic pressures, respectively. 

 

The results presented in Figure 3.9 confirm that there is ion partitioning in the pore space 

of the active layer of the membrane compared to the bulk DS. This supports the hypothesis that 

the observed non-linear decrease in water flux at increasing magnesium to total DS solute flux 

ratios may be in part due to non-linear increases in the magnesium pore space concentration at 

increasing magnesium to total DS solute flux ratios. Ion partitioning arises most likely for two 

reasons considering Equation 3.1. First, at low magnesium to total DS solute flux ratios the 

driving force for transport of the minor ion (magnesium) is much lower due to the very low 

concentration difference of magnesium between the DS and feed solution and hence, the RSF is 

much lower as well. As the ratio of magnesium to total DS solute flux ratio increases, the RSF of 

magnesium also increases because of the greater difference in magnesium concentration between 

the DS and feed solution (Figure 3.9). Second, the diffusivity of the different ions differs with 

the less diffusive being depleted in the pore space relative to the bulk DS. MgCl2 has indeed a 

lower diffusivity than NaCl (Figure 3.3). Whether differences in concentration, diffusivity, or 

other mechanisms are responsible for the ion partitioning in the membrane active layer, it is 

evident that the pore composition of the pore space increases non-linearly (Figure 3.9) and may 

be responsible for the non-linear decrease in water flux (Figure 3.7) at increasing magnesium to 

total DS solute flux ratios. 

0.000 

0.005 

0.010 

0.015 

0.020 

0.025 

0 0.1 0.2 0.3 

J S
-M

g2+
/J

S-
to

ta
l 

DS ratio (mmol-Mg2+/mmol-total) 

(a) 

0.000 

0.005 

0.010 

0.015 

0.020 

0.025 

0 0.1 0.2 0.3 

J S
-M

g2+
/J

S-
to

ta
l 

DS ratio (mmol-Mg2+/mmol-total) 

(b) 



 90 

At this point the non-linear evolution of the pore concentration was identified as the basis 

for the non-linear decrease in water flux at increasing minor ion concentrations. A tentative 

graphical representation illustrated in Figure 3.10 and an analysis of the forces at the pore level 

might further increase the understanding of the mechanisms at play and elucidate some 

peculiarities in the results, such as the slight increase in water flux at low minor ion 

concentrations. Unlike pressure driven membrane processes, in FO it can be expected that the 

resistance to water transport inside the membrane is not only governed by the membrane itself 

(A, S value in Equation 3.2) but also by the RSF, and hence the ion composition inside the pore 

space. This is also confirmed by Equation 3.2 that predicts a lower water flux with increased 

RSF (higher B value). Conversely, if the RSF is reduced without increasing resistance to water 

transport, the water flux should increase. Indeed, the water flux seems to be systematically 

higher for the mixed solutions at lower concentrations (Figures 3.2 and 3.7). 

From Figure 3.10 it can be envisioned that the ion partitioning in the pores of the 

membrane active layer will affect water and ion transport. In the case of a pure NaCl DS, sodium 

and chloride diffuse rapidly through the pore because of the high diffusivity and smaller hydrated 

radius of the ions; however, due to the smaller size of the ions in the pore, water traveling in the 

opposite direction of the ions is not restricted. For a pure MgCl2 DS, chloride flux is limited to 

maintain electroneutrality with the slower diffusing magnesium ions; however, the large 

hydrated radius of magnesium limits water transport in the opposite direction because the pore is 

essentially blocked with magnesium ions. In the case of a mixed salts DS, the magnesium ions 

travel at a much lower velocity than sodium and chloride ions due to lower diffusivity and lower 

driving force, retarding the transport of NaCl because of steric hindrances, ion shielding, and 

electrostatic interactions. However, water molecules will experience no, or only a very slight 

increased, resistance to transport in the other direction compared to a pure MgCl2 solution. As 

such, the reverse sodium and chloride flux is reduced and water flux is maintained or slightly 

increased when small concentrations of slowly diffusing ions are added to a majority NaCl DS. 
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Figure 3.10. Illustration of potential water and ion transport in FO employing a pure NaCl, mixed 
salts, and MgCl2 DS. 

 

3.5 Conclusions 

The results from this study demonstrate that addition of salts having divalent and organic 

ions at relatively low concentrations, and particularly MgCl2, to an NaCl DS can be effective in 

reducing RSF while maintaining high water flux. There was a positive effect (lower RSF) with 

all mixed salts DSs tested with DSs having an osmotic pressure of 48 bar and 23 bar but the 

mixed salts DS containing 10% MgCl2 at an osmotic pressure equivalent to 48 bar was the only 

mixed salts DS that had a statistically significant lower RSF compared to a pure NaCl DS. This 

is not to state that the other mixed salts DSs are not effective; however, additional research 

would be required to determine statistical significance. The RSF was not only reduced when 

MgCl2 was added to a majority NaCl DS but the water flux also increased slightly at the lowest 

concentrations of MgCl2 added to an NaCl DS. It is hypothesized that the composition of the 

mixed salts DS in the pore space of the active layer of the membrane closely resembles that of a 

pure NaCl DS combined with very low concentrations of magnesium. Although there is a small 
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amount of magnesium in the pore space, the low diffusivity of magnesium prevents sodium and 

chloride from diffusing through the pore at a high rate. It is also important to note that there is a 

low concentration of magnesium in the pore because it does not limit water from diffusing 

through the pore in the opposite direction of the RSF as is the case when high concentrations of 

MgCl2 are used in the DS. This manuscript illustrates the potential for mixed DSs to enhance FO 

for closed loop operations by selecting the appropriate combination of solutes. 
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CHAPTER 4 

LONG-TERM PILOT SCALE INVESTIGATION OF NOVEL ULTRAFILTRATION-

OSMOTIC MEMBRANE BIOREACTORS 

Modified from a paper published in the Journal Desalination1 

 

Ryan W. Holloway2v, Andrew S. Wait2, Aline Fernandes da Silva2, Jack Herron3, Mark D. 

Schutter3, Keith Lampi3, and Tzahi Y. Cath2★ 

 

4.1 Abstract 

An osmotic membrane bioreactor (OMBR) and a novel hybrid ultrafiltration OMBR 

(UFO-MBR) were investigated for extended time. In OMBR, water is drawn by osmosis from 

activated sludge through a forward osmosis (FO) membrane into a draw solution. OMBRs 

provide superior rejection of dissolved constituents, including salts and nutrients, compared to 

conventional UF MBRs, and the FO membranes in OMBR have low fouling propensity. Yet, the 

high rejection of dissolved constituents in OMBR results in accumulation of salts and nutrients in 

the activated sludge, with potential detrimental effects on the biological processes. A new strat-

egy for mitigating salt accumulation was investigated using a UF membrane in parallel to the FO 

membrane in the same bioreactor (UFO-MBR). Results from long-term OMBR and UFO-MBR 

investigations revealed that the overall removal of chemical oxygen demand, total nitrogen, and 

total phosphorus were greater than 96%, 82%, and 99%, respectively. We have demonstrated 

that low salinity in the activated sludge could be maintained, that phosphorus could be recovered 

through the UF permeate at concentrations greater than 50 mg/L, and that FO membrane fouling 

was substantially reduced. Additionally, the UFO-MBR was capable of simultaneously 

producing high quality RO permeate stream and nutrient-rich UF permeate stream from one 

integrated system. 

_________________ 
1Reprinted with permission of the Journal Desalination, 2015 
2Colorado School of Mines, Golden, CO, USA 
3Fluid Technology Solution, Inc., Albany, OR, USA 
vPrimary researcher and author 
★Corresponding author: e-mail: tcath@mines.edu; phone: (303) 237-3402; fax: (303) 273-3413 
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4.2 Introduction 

Wastewater treatment facilities are increasingly being considered as resource recovery 

facilities where water, energy, nutrients, and other materials can be harvested for beneficial 

use/reuse. For example, reclaimed water has been identified as an essential resource that can be 

used to augment or substitute existing supplies through non-potable or indirect and direct potable 

reuse [1]; and nutrients (primarily nitrogen and phosphorus) have been successfully harvested 

from wastewater and used as plant fertilizers in-lieu of conventional chemical fertilizers [2, 3]. 

Furthermore, municipal wastewater treatment facilities may become energy positive enterprises 

as most wastewater streams theoretically contain more potential energy in the organic fraction 

and thermal content than is required to treat the wastewater [4, 5]. 

Non-potable reuse applications require consistent water quality, low in suspended solids 

and turbidity, to reduce the likelihood of bacterial contamination and to protect potential users 

and receiving environments. Membrane bioreactors (MBRs) operated with low-pressure 

microfiltration (MF) or ultrafiltration (UF) membranes are ideal technologies for most non-

potable reuse applications because of the superior and consistent effluent quality that they 

produce compared to conventional clarification processes [6]. For the same reason, UF 

membranes provide an excellent pretreatment for reverse osmosis (RO) membranes by reducing 

colloidal, organic, and biological fouling on RO membranes [7, 8]. Yet, the rejection of low 

molecular weight constituents, including trace organic compounds (TOrCs), ions, and viruses by 

UF membranes is limited [9]. This deficiency might restrict indirect or direct potable reuse 

applications that require a multiple barrier treatment approach to ensure that public health is not 

compromised [1]. 

The osmotic membrane bioreactor (OMBR) is an ideal multi-barrier technology that can 

be used for potable reuse applications [10-16]. OMBRs use forward osmosis (FO) membranes to 

extract water through a dense, semi-permeable membrane from a low-salinity waste stream into a 

high-salinity draw solution (DS). In some implementations an RO system is used to 

reconcentrate the diluted DS and simultaneously recover ultrapure water. Unlike the hydraulic 

pressure difference used in conventional UF or MF MBRs, the driving force for water flux in 

OMBRs is the difference in osmotic pressure between the feed stream, in this case activated 

sludge, and the DS, which can be a concentrated NaCl solution, seawater (with adequate pre-

treatment), or other solutions having high osmotic pressure. The main advantages of FO over 
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other membrane separation technologies for wastewater treatment are the potential low 

membrane fouling propensity and the excellent rejection of macromolecules, TOrCs, and ions 

[17-25]. 

Previous studies have highlighted the advantages and applications of OMBRs [10, 16]; 

however, they have also identified the accumulation of total dissolved solids (TDS) and other 

dissolved constituents in the bioreactor as a major drawback of the OMBR process [10, 13, 16]. 

Accumulation of these dissolved constituents in the OMBR is due to the high rejection of feed 

stream TDS and nutrients by the FO membrane and due to the reverse diffusion of salts from the 

DS into the activated sludge. The increase in activated sludge TDS concentrations results in 

decreased osmotic pressure difference across the FO membrane (lower driving force and water 

flux) and can adversely affect microbial activity and functionality in the bioreactor [26, 27]. 

Salt accumulation in OMBRs was modeled by Bowden et al. [28] and Xiao et al. [29]. 

Although the complexity of these models differs, both studies concluded that the steady state salt 

concentration in the bioreactor is a function of the solids retention time (SRT). Ideally, an 

OMBR would be operated at a short SRT to reduce the concentration of TDS in the bioreactor; 

however, operating at a short SRT limits biological nitrogen removal [30] and reduce water 

recovery (more wasting from the bioreactor). An alternative strategy for minimizing TDS and 

nutrient concentrations in the bioreactor without changing the SRT would be to operate a UF 

membrane parallel to the FO membrane in the bioreactor. In this configuration, which is termed 

UFO-MBR, dissolved constituents are removed from the bioreactor with the UF permeate. 

An additional benefit of the UFO-MBR is the enabling of nutrient recovery. Nitrogen and 

phosphorus that are rejected by the FO membrane and accumulated in the bioreactor can be 

removed and harvested from the system using the UF membrane [31, 32]. Furthermore, the 

concentration of nitrogen and phosphorus in the bioreactor is predetermined by operating the UF 

membrane at different permeate rates — low concentrations recovered at high permeate flow 

rates and high concentrations recovered at low permeate flow rates. Thus, the UFO-MBR 

simultaneously produces high quality FO-RO permeate fit for potable reuse applications and a 

nutrient-rich UF permeate suitable for nitrogen and phosphorus recovery or for non-potable reuse 

applications. While adding a new process to the system might add capital and operating and 

maintenance costs (e.g., energy, chemicals, and membrane replacement), it is very likely that the 

benefits outweigh the shortcomings. 
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A novel pilot hybrid UFO-MBR system that employs a UF membrane and an FO 

membrane in the same bioreactor was constructed and operated for several months. The main 

objective of the study was to evaluate water flux and membrane fouling over time, and rejection 

of feed and DS solutes. Furthermore, the results from the UFO-MBR investigation were 

compared to results from an OMBR study conducted under similar test conditions to determine 

the benefits of using UFO-MBR compared to OMBR. 

 

4.3 Materials and methods 

An OMBR and a hybrid UFO-MBR were tested in two phases of the study for 124 days 

(January 2012 to May 2012) and 125 days (October 2012 to March 2013), respectively. The 

long-term OMBR and UFO-MBR pilot investigations were conducted with raw domestic 

wastewater at the Water Reclamation Research Facility of the Colorado School of Mines in 

Golden, Colorado. 

 

4.3.1 The OMBR, UFO-MBR, and RO systems 

Experiments were conducted using an automated pilot FO-RO system that extracts water 

from activated sludge into a concentrated NaCl DS of 32 g/L and 26 g/L for OMBR and UFO-

MBR testing, respectively. The RO subsystem continuously re-concentrates the DS that becomes 

diluted by the submerged FO membranes, and produces the final reuse-quality RO product water. 

A UF membrane was submerged in the activated sludge bioreactor and operated when needed. 

Schematics of the OMBR and UFO-MBR systems are shown in Figure 4.1. 

Using a peristaltic pump (Cole-Parmer, Vernon Hills, IL), screened (2 mm) makeup raw 

wastewater was pumped into a 105 L anoxic tank whenever the level in the bioreactors declined 

below a preset elevation due to extraction of water through the FO and UF membranes. 

Activated sludge was continuously circulated between the anoxic tank and aerobic tank at a rate 

of 0.5 to 1.0 L/min. Sludge was wasted manually using a graduated cylinder from the aerobic 

tank at a rate of 4L/d starting on day 55 of the OMBR operation, and the calculated SRT at this 

wasting rate is approximately 70 days. During UFO-MBR tests, sludge was wasted automatically 

using a programmable peristaltic pump (Cole-Parmer, Vernon Hills, IL) at a rate of 10 L/d (SRT 

of approximately 30 d) from the aerobic tank for the first 100 days of operation, and was reduced 

to 5 L/d (SRT of approximately 60 d) after day 100 for the remainder of the UFO-MBR testing. 
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Figure 4.1. Schematic of (a) the OMBR system used for long-term evaluation during Phase 1 and 
(b) the UFO-MBR system used for long-term evaluation during Phase 2 of the study. 

 

The volume of the aerobic/OMBR tank was 170 L and the volume of the aerobic/UFO-

MBR tank was 235 L. The FO plate-and-frame skid was submerged in the aerobic tank and was 

continuously aerated at a rate of 20–30 L/min (ActiveAqua™ 70, Portland, OR). The air was 

distributed under the FO membrane plates through an array of fine-bubble diffusers during the 

OMBR investigation and through a coarse bubble diffuser during the UFO-MBR investigation. 
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The purpose of the aeration in the aerobic tank was to promote oxidation of organic matter, 

nitrification, gas lift between membrane plates, and air scouring to reduce fouling on the FO 

membranes. 

DS produced by the RO system was delivered to the FO module. A DS pump was 

installed downstream from the FO membrane module to induce flow of DS under negative 

pressure (i.e., vacuum) inside the five FO membrane plates. The DS flow rate in each plate was 

0.1–0.2 L/min. The DS diluted through the FO process was returned to the DS tank, which is 

also the RO feed tank. The diluted DS was reconcentrated using a fully automated pilot-scale RO 

system controlled by a programmable logic controller (UE9-Pro, LabJack Corp., Lakewood, CO) 

and a data acquisition and instrument control software (LabVIEW, National Instruments Corp., 

Austin, TX). Three seawater RO membranes connected in series were used (SW30-2540, DOW 

Filmtec) [33] and further details of the RO pilot system are provided elsewhere [20, 21]. 

 

4.3.2 The plate and frame FO membrane skid 

The FO plate-and-frame skid was developed by Hydration Technology Innovation (HTI, 

Albany, OR) and consists of five plates with flat sheet HTI cellulose triacetate (CTA) membranes 

[34] mounted on the two sides of each plate. The total FO membrane area in the skid is 1.2 m2. 

The active layer of the FO membrane faces the activated sludge in the aerobic tank and the 

porous support layer faces the DS channels inside the FO plates. A polymeric mesh spacer is 

installed in the DS channels of each plate to provide mechanical support for the membranes, to 

enhance the turbulence of the DS, and to ensure that the DS flows under negative pressure. 

 

4.3.3 The UF system 

The UF system used during the UFO-MBR evaluation is comprised of a hollow-fiber 

membrane bundle, an automated peristaltic pump, and a backwash tank. The hollow-fiber PVDF 

membrane module (Koch Membrane Systems Puron®, Wilmington, MA) has a total membrane 

area of approximately 0.44 m2 and the membrane has a nominal pore size of approximately 0.03 

µm [35]. The peristaltic pump drew permeate through the UF membrane at a rate of 90 ml/min 

for 3 min and then backwashed the UF membrane at a rate of 180 ml/min for 30 s, for a total 

cycle of 3.5 min. The pump operation was controlled by a WinLIN equipment control software 
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(WinLIN Cole-Parmer, Vernon Hills, IL). Backwash water is drawn from a 1.5-L PVC tank that 

also serves for storing of the UF permeate. 

 

4.3.4 FO membrane cleaning 

The FO membranes used for the OMBR testing were cleaned on day 54, 84, and 107 to 

alleviate membrane fouling that was observed during testing. The FO cassette was removed from 

the aerobic bioreactor on day 54 to clean the membranes with tap water using a low-pressure 

nozzle to rinse off any loosely attached organic foulants. The membranes were cleaned on day 84 

by osmotically backwashing the membranes for 1 h in a separate cleaning tank filled with a 

saline solution. The FO membrane cassette was submerged in the saline solution and tap water 

was continuously recirculated on the DS side of the membranes, thereby backwashing the 

membrane as water diffused from the DS side of the membrane to the saline feed tank. Sub-

sequently, the plates were removed from the system and lightly rinsed with tap water. The final 

membrane cleaning (day 107) was conducted by soaking the membrane cassette for 10 min in a 

cleaning solution. After chemical cleaning, the cassette was re-submerged into the aerobic 

bioreactor. These cleaning procedures were not used for the UFO-MBR evaluation because no 

appreciable flux decline was observed during the testing period. 

 

4.3.5 Analytical methods 

The influent, anoxic tank, aerobic tank, DS, and RO permeate were sampled once a week 

and analyzed for ammonia, nitrate, total nitrogen, total phosphorus, chemical oxygen demand 

(COD), mixed liquor suspended solids (MLSS), and volatile mixed liquor suspended solids 

(MLVSS). These analyses (excluding MLSS and MLVSS) were performed using Hach 

TNTplus™ (Loveland, CO) reagent vials and Hach DR 5000™ spectrophotometer. Samples 

were diluted as necessary to minimize chloride interferences and ensure that analytes were 

within the desired range. MLSS and MLVSS concentrations were quantified according to 

Standard Method 2540 using glass fiber filters (PALL Supor®-450, Pall Corporation, Port 

Washington, NY). 

Handheld meters were used for daily measurements of conductivity (Oakton Instruments, 

Vernon Hills, IL) and pH and temperature (Thermo Fisher Scientific Inc., Waltham, MA) of the 
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anoxic, aerobic, and UF permeate/backwash tanks. Online meters were used to continuously 

monitor and record the conductivity, temperature, and pH of the DS and RO permeate. 

Anion analysis was performed using an ion chromatograph (IC) (DC80, Dionex, 

Sunnyvale, CA) to quantify Br–, Cl-, F-, SO4
2-, and PO4

3- in the samples. Cation analysis was 

conducted using an inductive coupled plasma (ICP) spectrophotometer (Optima 3000, Perkin 

Elmer, Norwalk, CT) to quantify metals and cations in each of the samples. Samples for IC and 

ICP analysis were stored at 4 °C and preserved with nitric acid, and were analyzed within two 

weeks of collection. 

 

4.3.6 UFO-MBR model description 

The UFO-MBR system was modeled in an attempt to predict the salinity and phosphorus 

concentration in the anoxic and FO tanks at different FO and UF permeate flow rates. FO and UF 

permeate flow rates can be selected to minimize the salinity and maximize the phosphorus 

concentration in the bioreactor, thereby enhancing flux and reducing microbial inhibition while 

optimizing the phosphorus concentration that can be harvested with the UF permeate. 

An iterative mass balance model developed for the UFO-MBR process was used to solve 

for the salt and phosphorus concentrations in the anoxic tank (CAN) and aerobic tank (CFO). The 

influent flow to the system (QIN) was calculated using the sum of the measured FO water flux, 

the fixed UF permeate flow rate (QUF), and the fixed wasting flow rate (QW). The average 

measured influent TDS concentration (CIN) and calculated reverse salt flux through the FO 

membrane (JRSF), measured in mg/h, were used as the salt input for modeling. The respective 

mass balance equations used to determine CAN and CFO are described by Equations 4.1 and 

4.2:  

𝐶!" = [𝑄!" ∙ 𝐶!" + 𝑄! ∙ 𝐶!" !!!! − (𝑄!" + 𝑄!) ∙ 𝐶!" !!!! ] ∙
(!!!!!!)
!!"

+ 𝐶!"(!!!!)                    (4.1) 

 

𝐶!" = [(𝑄!" + 𝑄!) ∙ 𝐶!" !!!! + 𝐽!"# − (𝑄! + 𝑄!" + 𝑄!) ∙ 𝐶!" !!!! ] ∙
(!!!!!!)
!!"

+ 𝐶!"(!!!!)   (4.2) 

The calculation of CAN and CFO was completed using discrete time steps (6 h). The 

concentration at time (t) was calculated using CAN and CFO from the previous time step (ti − 1) and 

the fixed recycle flow rate (QR), anoxic tank volume (VAN), and aerobic tank volume (VAR). The 

measured concentrations in the anoxic and aerobic tank at t = 0 were used to initialize the model. 
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No measured concentrations were input into the model after initialization; therefor, all calculated 

values of CAN and CAR after initialization were a result of modeled concentrations. The modeling 

results were verified by comparing the modeled anoxic and aerobic tank salinities and 

phosphorus concentrations to the concentrations measured during the UFO-MBR testing. 

 

4.4 Results and discussion 

4.4.1 Water flux 

The OMBR and UFO-MBR were operated at constant DS concentrations of 

approximately 32 g/L and 26 g/L, respectively. Water flux and DS temperature as a function of 

time over the course of the OMBR and UFO-MBR experiments are shown in Figure 4.2. During 

OMBR testing, the FO membranes were cleaned on days 49, 84, and 112 of operation; however, 

during UFO-MBR testing, the FO membranes were not cleaned. During both phases of the study 

the conductivity in the aerobic tank was measured regularly and used to calculate the TDS 

concentration expressed as g/L-NaCl. TDS concentration in the DS and activated sludge as a 

function of time are shown in Figure 4.3. 

During OMBR testing, the initial water flux through the FO membranes was 

approximately 4.2 L/m2-h, followed by a steady decrease in flux over the first 55 days of 

operation. Flux decline can be attributed both to the decrease in driving force and to membrane 

fouling. The driving force across the FO membranes decreased as the bioreactor salinity steadily 

increased from approximately 0.8 g/L to 8 g/L TDS due to reverse salt flux (diffusion of salts 

from the DS to the bioreactor) and to salts entering the bioreactors with the influent, while the 

DS concentration remained constant (Figure 4.3a). The concentration difference across the FO 

membrane declined from 31 to 24 g/L by the time that the salinity in the bioreactor reached a 

steady-state. 

The effect of membrane fouling on flux decline for the OMBR testing is best illustrated 

between the first (day 55) and second (day 84) membrane cleanings. Between these two cleaning 

events the flux declined from 2.5 to 0.5 L/m2-h while the system was operating at a constant 

driving force. This indicates that the flux decline during extended operation was due to 

membrane fouling and not due to a change in driving force. The FO membrane plates were 

removed from the skid for visual inspection upon which it was discovered that the membranes 
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were fully covered with organic and biological foulants. The extent of membrane fouling during 

the OMBR testing is depicted in Figure 4.4. 

 
   

Figure 4.2. Water flux and draw solution temperature over the course of (a) 124 days of OMBR 
and (b) 125 days of UFO-MBR operation. 

 

 
Figure 4.3. TDS concentration in the FO bioreactor and draw solution over the course of 
operation of the (a) OMBR and (b) the UFO-MBR systems. 

 

Water flux as a function of time for the UFO-MBR testing is shown in Figure 4.2b. 

During the first three weeks the system was operated in an OMBR mode, after which the UF 

subsystem operation started. Prior to starting the UF subsystem, a decline in FO water flux (5.7 

to 3.8 L/m2-h) was evident over the first three weeks due to the steady increase in bioreactor 

salinity (Figure 4.4b). However, once the UF membrane operation started, FO water flux 

increased and stabilized at approximately 4.8 L/m2-h for the remainder of the UFO-MBR testing. 

Although water flux during UFO-MBR operation appeared to be stable, small fluctuations in the 
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water flux were discernible and appeared to be related to changes in the draw solution 

temperature (Figure 4.2b). 

 

 
Figure 4.4. Membrane fouling on one of the membranes used during OMBR testing. Similar 
fouling was observed on all inspected membranes. 

 

Temperature can have a substantial effect on the flux through semi-permeable 

membranes due to changes in the water viscosity and thus an increase or decrease in diffusivity 

of water through the membrane [34]. To eliminate the apparent influence of temperature on 

water flux, the FO flux during OMBR and UFO-MBR testing was normalized to a temperature 

of 25 °C using temperature correction factors developed by DOW FILMTEC [36]. The 

normalized temperature corrected (TC) flux and salinity difference between the draw solution 

and activated sludge over the course of the OMBR and UFO-MBR testing are shown in Figure 

4.5. 

The operating temperature for the OMBR evaluation was less than 25 °C during the first 

110 days of operation; therefore, the TC flux results shown in Figure 4.5a shifted up from the 

water flux results shown in Figure 4.2a. Alternatively, the results towards the end of the OMBR 

operation were shifted down in Figure 4.5a from those shown in Figure 4.2a because the 

temperature then was above 25 °C. Consequentially, the TC flux decline (5.8 to 0.6 L/m2-h) was 

greater than the non-corrected flux decline (4.2 to 0.5 L/m2-h), which implies that FO membrane 

fouling in the OMBR was more severe than expected using just water flux data. 
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type #2, there was not any apparent detrimental effect on the rejection properties during opera-

tion, based on the analysis performed of carbon and nutrients in the activated sludge and draw 

solution during Phase II. The extent of fouling observed by the end of Phase II had gone well 

beyond the stage of reversible fouling of the membrane pictured in Figure 35. The accumulation 

of fouling between the plates can be attributed to insufficient mixing and air scouring of the acti-

vated sludge in the spaces between the plates. Modifications to the prototype could be made to 

incorporate the air diffusers more efficiently or the spaces between the plates could be increased, 

with some expense to the packing density of the plate-and-frame module. 

 

   
Figure 36. Photographs of two of the membranes of prototype #2, taken after 126 days of normal 
OMBR operation. The surface in the photograph on the left shows an accumulated layer of foul-
ing attached to most of the surface, with some of the surface, near the bottom of the plate, appar-
ently still relatively clean. The surface of the photograph on the right shows two major fouling 
sites in addition to the near complete-surface coverage of accumulated fouling. 
 

During Phase II fouling was allowed to develop on the surfaces of the membrane, where 

the aeration had not been sufficient to keep the activated sludge from attaching to the membrane 

surface. This is the type of fouling that must be avoided during long-term operation. If prevented 

before it starts with intermittent backwashing and appropriate air scouring, surface fouling may 

not become a problem, as was the case during Phase I. The problems encountered in Phase II in-

dicated that some modification to the OMBR prototype was necessary before pilot testing could 

continue. 
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The TC flux (Figure 4.5b) was higher than the non-corrected flux (Figure 4.2b) during the 

entire UFO-MBR test because the temperature was lower than 25 °C for the entire evaluation 

period. Furthermore, the variation in flux (Figure 4.2b) was substantially reduced when corrected 

for temperature (Figure 4.5b). The TC flux was steady during UFO-MBR operation with major 

changes in TC flux appearing to be related to increases or decreases in the salinity difference 

between the DS and aerobic tank. 

 

   
Figure 4.5. TC flux, TC pure water flux, and salinity difference between the draw solution and 
feed over the course of (a) 125 days of OMBR (a) and (b) 124 days of UFO-MBR (b) operation. 
TC pure water flux for the OMBR evaluation was conducted with a tap-water feed and a constant 
draw solution concentration of 32 g/L NaCl. TC pure water flux for the UFO-MBR evaluation 
was conducted with a tap-water feed and a constant draw solution concentration of 26 g/L NaCl. 

 

The salinity in the FO tank (Figure 4.3b) increased during the first three weeks of UFO-

MBR operation resulting in a decline in the TC flux. Subsequently, the UF subsystem was put 

into operation, the bioreactor salinity decreased and stabilized, and the flux recovered. The TC 

flux minimally decreased between day 40 and day 125 of operation at a rate of approximately 

0.005 L/m2-h per day, likely as a result of slow FO membrane fouling. The extent of membrane 

fouling during the UFO-MBR experiment is shown in Figure 4.6. 

The marked difference in membrane fouling between the OMBR and UFO-MBR testing 

may be attributed to differences in air scouring (fine bubble vs. coarse bubble aeration) and to 

accumulation of cations in the aerobic tank. One of the main purposes of aeration between the 

membrane plates is to provide scouring on the membrane surface and prevent membrane fouling. 

The organic and biological fouling that developed on the FO membranes during the OMBR 

evaluation was likely induced by insufficient scouring on the membrane surface by the fine 
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bubble aeration, while coarse bubble aeration during the UFO-MBR operation resulted in better 

scouring and lower membrane fouling. While no prior studies correlate air-bubble diameter and 

reduction in membrane fouling in OMBR systems, a critical review conducted by Böhm et al. 

[37] on bubble geometry and membrane fouling for traditional plate-and-frame MBRs concluded 

that increased bubble diameter (up to the width of the channel between plates) significantly 

increased membrane scouring and reduced fouling. 

 

 
Figure 4.6. Typical fouling on the FO membranes used during UFO-MBR testing. 

 

The second potential cause for severe membrane fouling during OMBR testing is the 

accumulation of divalent cations in the OMBR aerobic tank in which the FO membranes were 

submerged. Ionic strength has been shown to contribute to organic fouling in traditional MBRs, 

with increased fouling observed at elevated divalent ion concentrations, primarily calcium [38]. 

Calcium was found to interact with soluble microbial products and polysaccharides in activated 

sludge to increase the formation of the fouling gel and cake layers that collect on the surface of 

MF and UF membranes in traditional MBR applications [39]. A few studies investigated the 

effects of calcium on organic fouling of CTA FO membranes, and in all cases the addition of 

calcium was observed to induce membrane fouling [40-42]. 

The concentrations of major ions in the FO tank were measured on four separate 

occasions during the OMBR evaluation and are summarized in Table 4.1. Calcium concentration 

in the FO tank increased eightfold to a maximum of 1680 mg/L over the evaluation period. In 

comparison, the calcium concentration used in previous FO fouling studies [40-42] ranged from 
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20 to 200 mg/L. The excessively high concentration of calcium in the FO tank during the OMBR 

evaluation very likely resulted in calcium complexation with organic carbon in the activated 

sludge and precipitation of calcium salts, both of which may have induced the severe membrane 

fouling that was observed. 

 

Table 4.1. OMBR FO tank ion concentrations as measured by IC and ICP 

 
Ion concentration (mg/L) 

  Day 8 Day 53 Day 83 Day 124 
Calcium 206 297 387 1,680 

Magnesium 54 97 252 520 
Potassium 52 125 253 578 
Sodium 401 3,545 3,408 3,574 
Chloride 1,103 5,676 5,434 5,122 
Nitrate 35 2.2 1.3 4.4 

Phosphate 16 145 141 175 
Sulfate 638 1,628 2,781 2,531 

 

During the UFO-MBR investigation the concentrations of major ions were measured 

after the aerobic tank had reached a steady-state salinity. The measured calcium concentration in 

the FO tank under steady-state conditions was approximately 60 mg/L, less than 4% of the 

maximum concentration measured during OMBR testing. Thus, the FO membrane was likely not 

exposed to the same severe fouling mechanisms from calcium complexation during UFO-MBR 

compared to OMBR testing. 

 

4.4.2 TDS accumulation in the bioreactors 

The accumulation of solutes in the bioreactor is controlled by reverse salt flux through the 

FO membrane and by the presence and concentration of solutes in the wastewater influent, which 

are well rejected by the FO membrane. The rate of solute diffusion through the membrane 

depends on membrane selectivity, diffusion coefficient of the solute, and on the concentration 

difference across the membrane. The benchmark reverse salt flux for the OMBR and UFO-MBR 

FO membranes was determined by submerging the FO cassettes in tap water prior to testing in 

activated sludge. The conductivity of the tap water was measured over 24 h with the FO system 

operating at a constant DS concentration. The change in conductivity (as g/L NaCl), the volume 

of the tank containing the FO membrane cassette, and the membrane area were used to calculate 
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the reverse salt flux. The calculated reverse salt flux for the OMBR and UFOMBR investigations 

were approximately 1.77 g/m2-h and 1.75 g/m2-h, respectively. The average TDS concentration 

of the municipal wastewater fed to the OMBR and UFO-MBR reactors in this evaluation was 0.5 

g/L. 

The rejection of influent salts by the FO membrane coupled with the reverse salt diffusion 

from the DS to the bioreactor accounted for the TDS accumulation in the OMBR and UFO-MBR 

is illustrated in Figure 4.3. The TDS reached a peak concentration (approximately 8 g/L) during 

OMBR testing (Figure 4.3a) when daily sludge wasting started after 8 weeks of operation. 

Wasting of 4 L/day to maintain a MLSS concentration of 5 g/L and 70 day SRT was not able to 

reduce the TDS concentration in the aerobic tank below 8 g/L. 

The TDS concentration in the aerobic tank during UFO-MBR testing (Figure 4.3b) 

illustrates the benefit of operating a UF membrane in parallel to the FO membrane. The wasting 

rate at the beginning of UFO-MBR testing, prior to starting the UF system, was 10 L/day during 

which the TDS concentration increased tenfold from 0.4 g/L to 4g/L. As soon as the UF 

subsystem was started, the TDS concentration rapidly declined and remained constant at 

approximately 1 g/L until the end of the UFO-MBR investigation. 

 

4.4.3 Nutrient rejection and accumulation 

4.4.3.1 OMBR performance 

During the OMBR investigation the concentration of phosphate in the DS and RO 

permeate was below the detection limit. These results agree with observations in previous FO 

studies that achieved more than 99% rejection of phosphate [43, 44]. High phosphate rejection is 

also a very good indicator for FO membrane integrity. The concentrations of total phosphorous, 

nitrate, ammonia, and COD for the different streams in the OMBR system are shown in Figure 

4.7. 

Phosphorus steadily accumulated in the anoxic and aerobic tanks over the first 53 days of 

OMBR operation because of high phosphorus rejection by the FO membranes. Sludge wasting 

began after day 53 at which point the phosphorus concentration in the tanks leveled off and 

remained relatively constant until the end of the test. The rejection of phosphorus by the FO 

membrane was greater than 98% and the total system (FO and RO) rejection was greater than 

99% over the course of the OMBR investigation. 
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Figure 4.7. The concentrations of (a) total phosphorus, (b) nitrate, (c) ammonia, and (d) COD in 
the OMBR influent, anoxic tank, FO tank, draw solution, and RO permeate over 124 days of 
OMBR operation. 

 

The nitrate concentration was relatively high and the ammonia concentration was low in 

the anoxic and aerobic tanks, and in the DS for the first 20 days of OMBR operation. High nitrate 

and low ammonia concentrations in the bioreactors are indicative of adequate ammonia oxidation 

(nitrification). Nitrate accumulation, especially in the anoxic tank, suggests that nitrate reduction 

(denitrification) was limited during the first three weeks of OMBR operation. Over the same 

period of operation, the nitrate concentration in the DS increased as a result of nitrate diffusing 

through the CTA FO membrane from the aerobic/FO tank into the DS. Once the biological 

denitrification process was established at the beginning of the fourth week, the nitrate 

concentration throughout the system was consistently low. Even when the nitrate concentration 

in the DS was high during the first three weeks of OMBR operation, the concentration of nitrate 

in the RO permeate was consistently less than the secondary drinking water maximum 

concentration limit (10 mg/L), making the product water suitable for most reuse applications. 
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Previous studies also demonstrated low rejection of nitrate by CTA FO membranes [19, 45, 46], 

which demonstrate the importance of incorporating denitrification process in an OMBR system. 

Ammonia concentration in the anoxic and aerobic tanks slowly increased from day 8 to 

day 31 before increasing dramatically from day 31 to day 43. The high ammonia concentration 

coupled with the low nitrate concentration indicates that nitrification was limited between day 31 

and day 54. There could be multiple explanations for the loss of nitrification but the most likely 

is that the microbial community was negatively impacted by elevated TDS concentrations in the 

anoxic and aerobic tanks (Figure 4.3a). Ammonia oxidizing bacteria (AOB), primarily 

responsible for nitrification in activated sludge, have been shown to be sensitive to changes in 

salinity. Ye et al. [27] evaluated the influence of increasing salinity on AOB activity in a 

sequencing batch reactor and concluded that AOB are strongly inhibited at salinity 

concentrations greater than 1% (~10 g/L). Although the salinity in the aerobic tank remained 

high for the remainder of the investigation, the ammonia concentration in the FO tank began to 

decline on day 43 and was completely oxidized after 101 days of operation, indicating that AOB 

might have acclimated to the high salinity conditions. The return of nitrification at high salinity 

may be explained by a shift in the microbial community from salt sensitive microbes to salt 

tolerant AOB and ammonia oxidizing archaea (AOA). Wu et al. [47] demonstrated that the 

population of saline tolerant AOB and AOA that are in relatively low abundance under low 

saline conditions can increase at high salinity given sufficient SRT. 

The COD removal in the anoxic and aerobic tanks was highly varied through the OMBR 

testing, ranging from 82% at the beginning and 11% at the end of the testing period. The reason 

for the difference in COD degradation during OMBR testing is not known; regardless, the 

combined FO and RO membranes exhibited excellent COD rejection throughout the 

investigation. The COD concentration in the RO permeate was consistently less than 10 mg/L, 

illustrating the benefit of employing a multi-barrier treatment approach such as the OMBR. 

 

4.4.3.2 UFO-MBR performance 

The UFO-MBR influent, anoxic and aerobic/FO tanks, draw solution, and RO permeate 

streams were sampled weekly for phosphorus, nitrate, ammonia, and COD analysis. The UF 

permeate was sampled for analysis once a week following startup of the UF system on day 21. 
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The measured nutrient concentrations for the UFO-MBR system over the duration of the 

evaluation period are shown in Figure 4.8. 

Total phosphorus concentration exceeded 175 mg/L in the anoxic tank and 220 mg/L in 

the aerobic tank after 24 days of OMBR operation. Once the system began operation in the UFO-

MBR mode, phosphorus concentration in the anoxic and aerobic tanks started to decrease as a re-

sult of phosphorus being extracted from the aerobic tank through the UF membrane. The 

phosphorus concentration in the aerobic tank and UF permeate was consistently between 45 and 

50 mg/L throughout the remainder of the UFO-MBR investigation. These results were obtained 

through operation of the FO membrane system and UF membrane system at similar permeation 

flow rates. Higher or lower concentrations of phosphorus could be maintained in the aerobic tank 

by operating the UF system at decreased or increased permeate flow rates, respectively. 

Nitrate concentrations increased in the anoxic and aerobic tanks through the first 18 days 

of operation to approximately 75 mg/L. The nitrate concentration decreased after day 18 as a 

result of the UF system being put into service and from denitrification in the anoxic tank. The 

decline in nitrate concentration can be partially attributed to denitrification because its 

concentration in the anoxic tank was negligible from day 48 of operation to the end of the 

experiment, although nitrate rich wastewater was continuously pumped from the aerobic tank to 

the anoxic tank. The nitrate concentration in the DS was similar to the nitrate concentration in 

the aerobic/FO tank due to the relatively fast diffusion of nitrate through the CTA membrane. 

Using a tight seawater RO membrane to reconcentrate the DS resulted in RO permeate nitrate 

concentrations regularly below 5 mg/L after the engagement of the UF system. 

The influent ammonia concentration was constantly between 35 and 50 mg/L throughout 

the 125 days of UFO-MBR operation. The ammonia concentration in the anoxic tank was always 

higher due to the anoxic conditions in the tank, but its concentration in the FO tank was 

negligible for almost the entire testing period as a result of adequate oxidation conditions and 

nitrification in the aerobic tank. 

The degradation of COD in the anoxic and aerobic tanks was much more stable during 

the UFO-MBR than OMBR testing. The average COD removal in the two biologically active 

tanks was approximately 78% throughout the UFO-MBR investigation. One deviation that can 

be noted in the UFO-MBR COD removal/rejection is the spikes in COD concentration that were 

observed in the draw solution. On several occasions the COD concentration was greater than 200 
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mg/L with a maximum concentration of 275 mg/L measured on day 61 of the testing. The reason 

for the elevated COD concentrations in the draw solution is not known but it is important to note 

that the RO permeate COD concentration remained below 5.5 mg/L even when the draw solution 

concentration spiked. The average COD removal/rejection from the influent to the RO permeate 

exceeded 99% throughout the UFO-MBR testing period. 

 

 

 
Figure 4.8. Anoxic tank, FO tank, draw solution, and RO permeate (a) total phosphorus, (b) 
nitrate, (c) ammonia, and (d) COD concentrations over 125 days of UFO-MBR operation. 

 

4.4.4 UFO-MBR salinity and phosphorus modeling 

A simple mass balance model was developed to predict salinity and phosphorus 

concentrations in the FO tank during the UFO-MBR testing using the average wastewater 

influent salinity, measured FO water and reverse salt fluxes, set wasting flow rate (i.e., SRT), set 

recycling flow rate between the aerobic/FO to anoxic tanks, and set UF permeate flow rate. The 

UF membrane was not operated during the first 21 days, and therefore the system was modeled 

as an OMBR for that period of time. The measured and modeled salinity and phosphorus 
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concentrations in the aerobic tank as a function of operating days are shown in Figure 4.9a and 

Figure 4.9b, respectively. 

 

   
Figure 4.9. UFO-MBR measured and modeled FO tank (a) salinity and (b) phosphorus 
concentrations as a function of days of operation. 

 

The modeled salinity concentration in the aerobic tank increased at a similar rate as the 

measured salinity concentration and reached the same peak value of approximately 4 g/L. The 

modeled salinity following the start-up of the UF system decreased more rapidly than the 

measured concentration; however, the modeled and measured steady-state salinity concentrations 

were equal (1 g/L). 

The peak modeled phosphorus concentration (~175 mg/L) did not match the measured 

peak phosphorus concentration (~225 mg/L). While TDS is made up of mostly conservative 

constituents, which are negligibly affected by biological processes, microbial phosphorus uptake 

and release were not accounted for in the mass balance and may have contributed to the 

difference between the measured and modeled phosphorous concentrations in the FO tank. 

Although the model peak concentration did not match the actual peak concentration, the modeled 

steady-state phosphorus concentration was similar to the measured concentration. 

The model results illustrated in Figure 4.9 demonstrate that the UFO-MBR system could 

be modeled with relative certainty with respect to aerobic tank salinity and phosphorus 

concentrations operating with or without the UF system parallel to the FO membrane under the 

modeled conditions. The model was also used to predict the aerobic tank salinity and phosphorus 

concentrations at different UF permeate to FO permeate flow rate ratios (QUF/QFO). This was 

done because the ideal UFO-MBR operating strategy would be one that maximizes the 
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phosphorus concentration in the UF permeate to optimize recovery and minimize the salinity 

concentration in the FO tank to reduce inhibition of the microbial community. Modeling results 

as a function of QUF/QFO ratios are shown in Figure 4.10. 

 

 
Figure 4.10. Modeled aerobic tank salinity and phosphorus concentrations as a function of the 
UF permeate to FO permeate flow rate ratios. 

 

The salinity and phosphorous concentrations in the aerobic tank decrease as a power 

function with increasing UF permeate to FO permeate flow rate ratio. In practice, the maximum 

aerobic tank salinity should not exceed 2 g/L to prevent inhibition of the microbial community. 

For the system tested and modeled in this study, the QUF/QFO ratio to achieve an FO tank 

salinity of 2 g/L
 
would be approximately 0.2 and the corresponding phosphorus concentration 

would be approximately 75 mg/L. In the future, this model will be refined to account for system 

size, membrane characteristics, and operating modes. 

 

4.5 Conclusions 

The OMBR and UFO-MBR systems were investigated for more than 120 days of 

continuous operation while consistently producing high quality RO permeate from domestic 

wastewater. Both systems exhibited excellent removal/rejection of nitrogen, phosphorus, and 

COD from the screened influent to the RO permeate. The average removal of nitrogen, 

phosphorus, and COD during the OMBR and UFO-MBR testing exceeded 82%, 99%, and 96%, 

respectively, for both evaluations. Although the nitrogen removal was low compared to the 

phosphorus and COD, the RO permeate concentration was never higher than 10 mg/L and 5 

mg/L for the OMBR and UFO-MBR testing periods, respectively. 
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The OMBR and UFO-MBR both performed well with respect to nutrient 

removal/rejection, but membrane fouling was significantly reduced during testing of the UFO-

MBR compared to the OMBR. The UFO-MBR was operated at a stable flux of 4.8 L/m2-hr over 

the duration of the investigation without a single membrane cleaning. The steady flux can be 

attributed to the UF system drawing salts from the bioreactor, thereby maintaining a constant 

driving force and potentially reducing the concentration of cations that have been associated with 

more severe membrane fouling. An ancillary benefit of coupling the UF system with the OMBR 

was that a nutrient rich stream could be extracted from the reactor with the UF permeate. The 

nutrients from this stream have the potential of eventually being harvested for beneficial use. 
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CHAPTER 5 
REMOVAL OF TRACE ORGANIC CHEMICALS AND PERFORMANCE OF A 

NOVEL HYBRID ULTRAFILTRATION-OSMOTIC MEMBRANE BIOREACTOR 

Modified from a paper published in Environmental Science and Technology1 

 

Ryan W. Holloway2v, Julia Regnery2, Long D. Nghiem3, and Tzahi Y. Cath2★ 

 

5.1 Abstract 

A hybrid ultrafiltration-osmotic membrane bioreactor (UFO-MBR) was investigated for 

over 35 days for nutrient and trace organic chemical (TOrC) removal from municipal 

wastewater. The UFO-MBR system uses both ultrafiltration (UF) and forward osmosis (FO) 

membranes in parallel to simultaneously extract clean water from an activated sludge reactor for 

non-potable (or environmental discharge) and potable reuse, respectively. In the FO stream, 

water is drawn by osmosis from activated sludge through an FO membrane into a draw solution 

(DS), which becomes diluted during the process. A reverse osmosis (RO) system is then used to 

reconcentrate the diluted DS and produce clean water suitable for potable reuse. The UF 

membrane extracts water, dissolved salts, and some nutrients from the system to prevent their 

accumulation in the activated sludge of the osmotic MBR. The UF permeate can be used for non-

potable reuse purposes (e.g., irrigation and toilet flushing). Results from UFO-MBR 

investigation illustrated that the chemical oxygen demand, total nitrogen, and total phosphorus 

removals were greater than 99%, 82%, and 99%, respectively. Twenty TOrCs were detected in 

the municipal wastewater that was used as feed to the UFO-MBR system. Among these 20 

TOrCs, 15 were removed by the hybrid UFO-MBR system to below the detection limit. High FO 

membrane rejection was observed for all ionic and nonionic hydrophilic TOrCs and lower 

rejection was observed for nonionic hydrophobic TOrCs. With the exceptions of bisphenol A and 

DEET, all TOrCs that were detected in the 

_________________ 
1Reprinted with permission of Environmental Science and Technology, 2014 
2Colorado School of Mines, Golden, CO, USA 
3University of Wollongong, Wollongong, NSW, Australia 
vPrimary researcher and author 
★Corresponding author: e-mail: tcath@mines.edu; phone: (303) 237-3402; fax: (303) 273-3413 
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DS were well rejected by the RO membrane. Overall, it was demonstrated that the UFO-MBR 

can operate at constant water flux and remove nutrients and TOrCs from municipal wastewater 

and has the potential to be utilized for potable reuse applications. 

 

5.2 Introduction 

The need to develop alternative sources of water has increased as climate change and 

growing populations further exacerbate the pressure on existing fresh water supplies. Reclaimed 

water is one of such alternative sources for augmenting fresh water supplies through water reuse. 

The challenge for water reuse applications is to efficiently employ a combination of biological, 

chemical, and physical treatment barriers to provide adequate removal of pathogenic 

microorganisms, nutrients, and especially trace organic chemicals (TOrCs) for public and 

environmental health protection [1]. 

Wastewater treatment facilities using either conventional activated sludge (CAS) or 

membrane bioreactor (MBR) were designed to remove organic carbon, nutrients such as nitrogen 

and phosphorus, and pathogenic microorganisms; however, they have not been specifically 

designed to remove TOrCs (e.g., pharmaceuticals, steroid hormones, and industrial chemicals) 

that could potentially pose risks to humans and the environment [2]. The removal of TOrCs by 

CAS treatment processes is highly variable and generally low. Thus, additional treatment 

processes such as nanofiltration (NF) or reverse osmosis (RO) [3-7], activated carbon adsorption 

[8], advanced oxidation [9, 10], and ozonation [11, 12] are required subsequent to activated 

sludge treatment to ensure adequate TOrC removal. 

Highly selective membrane separation technologies such as NF and RO have an 

advantage over most other processes for TOrC removal because TOrCs can be physically 

removed from the product water instead of transformed to unidentified compounds by for 

example oxidative techniques. High TOrC rejection (>85%) by NF and RO has been 

demonstrated in bench- [13, 14], pilot- [5], and full-scale studies [3, 15] treating tertiary treated 

effluent for water reuse. The removal of TOrCs through semipermeable membranes used for 

these processes is a function of the physicochemical properties of the compound such as 

molecular weight, charge, and hydrophilicity, as well as of the membrane, such as charge, 

hydrophilicity, and salt permeability [16]. 
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Similar to NF and RO, excellent TOrC rejection has been demonstrated using the 

osmotically driven forward osmosis (FO) membrane process [17-31]. In particular, Xie et al. [31] 

reported that due to the retarded forward diffusion phenomenon, using the same membrane 

material, FO could outperform RO for rejection of hydrophobic TOrCs. Xie et al. [31] described 

the retarded forward diffusion phenomenon as the hindrance of TOrC transport from feed to 

draw solution in the membrane pores caused by the diffusion of draw solute in the opposite 

direction. FO differs from RO and NF in that the driving force for FO is the difference in osmotic 

pressure (salt concentration) between the low salinity feed stream and high salinity draw solution 

(DS) compared to hydraulic pressure difference between the feed and product water in RO and 

NF. In FO, water diffuses through the semipermeable FO membrane from the feed solution to 

the DS; thus, the DS is diluted during FO and the feed becomes more concentrated [32, 33]. To 

recover fresh water and maintain a constant DS concentration, FO is commonly coupled with a 

DS recovery process such as distillation [34], membrane distillation (MD) [35, 36], or RO [37-

39]. In addition to reconcentrating the DS, a major benefit of using a hybrid FO-MD or FO-RO 

process is that two highly selective barriers are employed in series for removal of almost all 

dissolved feed constituents, including TOrCs [22]. 

A further implementation of FO in a multi-barrier treatment approach is the osmotic 

membrane bioreactor (OMBR) [40-45]. Instead of a microfiltration or ultrafiltration membrane, 

an FO membrane is used in OMBR to extract water from activated sludge into a concentrated 

DS. The OMBR has several advantages over conventional MBR technologies, including low 

membrane fouling propensity and superior rejection of suspended and dissolved contaminants 

[26, 38]. One shortcoming of the OMBR is that dissolved constituents accumulate in the 

bioreactor due to high rejection of the FO membrane and reverse salt diffusion of draw solution 

into the feed, resulting in decreased driving force across the FO membrane and biological 

activity in the bioreactor, both of which reduce the efficiency of the system in terms of water 

recovery and nutrient removal [46, 47]. 

In a previous study, we demonstrated that the accumulation of salinity in the bioreactor 

could be mitigated by integrating a UF membrane into the OMBR system to bleed out dissolved 

constituents from the activated sludge [48]. This resulted in a novel hybrid process called UFO-

MBR that can simultaneously produce one effluent stream through the UF membrane, suitable 

for non-potable reuse, and high quality stream through the hybrid FO-RO dual-barrier system 
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suitable for potable reuse. In this study, we aim to extend our previous work to evaluate the 

performance of a UFO-MBR system with respect to water flux, nutrient removal, and TOrC 

removal. The results are used to determine the applicability of the UFO-MBR system for potable 

water reuse. 

 

5.3 Materials and methods 

A pilot-scale UFO-MBR was operated continuously from October 2012 to May 2013, 

treating municipal wastewater at the Water Reclamation Research Facility of the Colorado 

School of Mines in Golden, Colorado. The system was evaluated for water flux, salt 

accumulation, and nutrient removal (biologically) and rejection (by membranes) over the full 

testing period, and it was investigated for TOrC removal and rejection for 35 days. The TOrC 

investigation was conducted toward the end of the full testing period (March to April 2013) to 

ensure that the microbial community was well established and the system operating under 

steady-state conditions. 

 

5.3.1 UFO-MBR pilot system 

A schematic drawing of the UFO-MBR process is illustrated in Figure 5.1. The UFO-

MBR system comprises a 105-L anoxic bioreactor and a 235-L aerobic bioreactor containing a 

submerged FO plate-and-frame cassette (Hydration Technology Innovations, Albany, OR) and a 

UF hollow-fiber PVDF membrane module (Koch Membrane Systems Puron, Wilmington, MA). 

The FO plate-and-frame cassette has five plates, each with two cellulose triacetate (CTA) 

membranes (one on each side) with a total system membrane area of 1.2 m2. The active layer of 

the FO membrane faces the activated sludge in the aerobic bioreactor and the porous support 

layer faces the draw solution channels inside the FO plates. The UF module has a membrane 

surface area of approximately 0.44 m2, and the nominal pore size of the membrane is 0.03 µm. A 

computer controlled peristaltic pump was used to draw permeate through the membrane at 90 

mL/min for 3 min followed by a membrane backwash at the end of each permeate cycle at 180 

mL/min for 30 s. 

The anoxic bioreactor was fed with prescreened (2 mm) municipal wastewater from a 

student residential complex. Sludge from the anoxic bioreactor was transferred to the aerobic 

bioreactor by gravity, and sludge from the aerobic bioreactor was recirculated back to the anoxic 
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bioreactor by a pump at a flow rate of 0.25 L/min. A detailed description of the UFO-MBR 

system and operating conditions are provided elsewhere [48]. The UFO-MBR system was also 

integrated with a pilot RO system for DS recovery. 

The pilot-scale RO system is fully automated and uses a programmable logic controller 

(UE9-Pro, LabJack Corp., Lakewood, CO) and a data acquisition and instrument control 

software (LabVIEW, National Instruments Corp., Austin, TX) to maintain a constant DS 

concentration by varying the hydraulic pressure through an array of three spiral-wound thin-film 

composite membranes (SW30 2540, Dow Filmtec, Edina, MN). A detailed description of the 

pilot system is available elsewhere [38]. 

 

5.3.2 Analytical methods for water chemistry 

Samples from the influent, anoxic and aerobic bioreactors, DS, and RO permeate were 

collected weekly for ammonia, nitrate, total nitrogen, total phosphorus, chemical oxygen demand 

(COD), and mixed liquor suspended solids (MLSS). The MLSS concentration in the anoxic and 

aerobic bioreactors was quantified according to Standard Methods 2540. Samples were diluted as 

necessary to avoid sodium and chloride interferences, and measured using Hach TNTplus 

(Loveland, CO) reagent vials with a Hach DR 5000 spectrophotometer. 

Conductivity, pH, and temperature in the bioreactors, and of the UF permeate were 

measured daily. The RO subsystem performance was continuously monitored using online 

meters that recorded the conductivity, temperature, and pH of the DS and RO permeate. 

 

5.3.3 TOrC analysis 

TOrC concentrations were determined using an analytical method modified from 

Vanderford and Snyder [49] as reported in Teerlink et al. [50]. The method includes isotope 

dilution, solid phase extraction, followed by quantification by high performance liquid 

chromatography coupled with tandem mass spectrometry (LC/MS-MS). A description of the 

procedure for sample preservation, solid phase extraction, and analysis is provided in Appendix 

A. Key physicochemical properties of TOrCs that were detected in the municipal wastewater and 

their average concentrations are summarized in Table A1 of Appendix A. 
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5.3.4 Rejection calculations and TOrC mass balance 

The concentration of TOrCs in the UFO-MBR influent, UF permeate, DS, RO permeate, 

and anoxic and aerobic bioreactors were measured every seven days over the 35 day testing 

period to determine the removal and rejection of TOrCs in the bioreactors and across the FO and 

RO membranes. The TOrC rejection by the RO membrane could be directly calculated using 

measured concentrations; however, TOrC removal in the bioreactors and rejection by the FO 

membranes had to be estimated using a mass balance approach. The process flows, bioreactor 

volumes, and TOrC concentrations used to calculate the rejection and removal, and develop the 

mass balance equations are illustrated in Figure 5.1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Flow diagram of the UFO-MBR system used for the TOrC rejection study. 

 

The percent rejection of TOrCs by the RO membrane (RRO) is calculated using the 

measured TOrC concentration (CDS) in the DS and in the RO permeate (CRO) as described by 

Equation 5.1: 

𝑅!" = (1− !!"
!!"
) ∙ 100                                                                                                               (5.1) 

The percent TOrC rejection by the FO (RFO) membrane is calculated using a mass 

balance that accounts for the accumulation of TOrCs in the DS due to higher TOrC rejection by 

the RO membrane compared to the rejection by the FO membrane. Thus, RFO is calculated using 

the calculated TOrCs concentration in the water crossing the FO membrane (C*
DS) and the 
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measured TOrC concentration in the aerobic bioreactor (CAR) as determined using Equations 5.2 

through 5.6: 

𝑅!" = (1− !!"
∗

!!"
) ∙ 100                                                                                                               (5.2) 

 

𝐶!"∗ = !!"
!!"

                                                                                                                                   (5.3) 

 

𝑀!" =
(!!"!!!" !!! )

(!!!!!!)
+ !!"

(!!!!!!)
                                                                                                 (5.4) 

 

𝑀!" = 𝑉!" ∙ 𝐶!"                                                                                                                         (5.5) 

 

𝑀!" =
(!!"!!!" !!! )

!
∙ 𝑄!"(𝑡 − 𝑡!!!)                                                                                        (5.6) 

C*
DS is calculated from the mass flowrate of TOrCs that crossed the membrane (ṀDS), 

which is a function of the change in the mass of TOrCs in the DS (MDS) over time and the mass 

of TOrCs that left the DS over the same period with the RO permeate (MRO). The MDS and MRO 

are calculated using the measured TOrC concentration in the DS (CDS) and DS tank volume (VDS) 

and TOrC concentration in the RO permeate (CRO) and RO permeate flowrate (QRO), 

respectively. All mass balance concentration units are in ng/L and time unit is hr. 

Similar to estimating the FO rejection, percent TOrC removal in the bioreactors (RBIO) is 

determined using a mass balance approach. The mass balance is used to calculate the modeled 

mass of TOrCs in the bioreactors (MMBIO) assuming that no TOrCs were removed from the 

system through biological degradation or adsorption. The MMBIO is subtracted from the measured 

(actual) TOrC mass in the bioreactor (MABIO) to estimate RBIO as described by Equations 5.7 

through 5.12: 

𝑅!"# = (!!"#$!!!"#$
!!"#$

) ∙ 100                                                                                                      (5.7) 

 

𝑀!"#$ = 𝑀!" +𝑀!" = 𝐶!" ∙ 𝑉!" + 𝐶!" ∙ 𝑉!"                                                                          (5.8) 

 

𝑀!"#$ = 𝑀!"#$ 𝑡 − 𝑡!!! +𝑀!"(!!!) +𝑀!"(!!!)                                                                  (5.9) 
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𝑀!"#$ = 𝑀!" −𝑀!" −𝑀!" − 𝑄!(
!!"!!!" !!!

!
)                                                                   (5.10) 

 

𝑀!" =
(!!"!!!" !!! )

!
∙ 𝑄!"                                                                                                         (5.11) 

 

𝑄!" = 𝑄!" + 𝑄!" + 𝑄!                                                                                                          (5.12) 

MABIO is calculated using the measured TOrC concentration in the anoxic bioreactor (CAN) 

and aerobic bioreactor (CAR) and corresponding bioreactor volumes (VAN and VAR). MMBIO is 

determined using a mass balance that included the mass entering the system (ṀIN), the mass 

exiting with the UF permeate (ṀUF), the mass diffusing through the FO membrane to the DS 

(ṀDS), and the mass wasted which is a function of the wasting rate (QW). The mass of TOrC for 

the respective inputs and outputs is calculated at each time step (time between measurements) 

using the measured concentrations and flowrates (QIN, QUF, QFO, and QW). 

 

5.4 Results and discussion 

5.4.1 Water flux and bioreactor salinity 

Throughout the investigation the UFO-MBR was operated with a NaCl DS having a 

concentration of 42 g/L. The UF subsystem was operated at an average flux of 7 L/m2-h over the 

first 14 days of experimentation to maintain a steady-state salinity in the anoxic and aerobic 

bioreactors. Between day 14 and 28 the UF system was turned off to evaluate the effects of 

solute accumulation on system performance, and after day 28 the UF system was turned on 

again. The FO water flux, DS temperature, aerobic bioreactor salinity, and DS salinity over the 

testing period are shown in Figure 5.2. 

The FO water flux shown in Figure 5.2a was steady over the study period apart from 

some variations due to changes in DS temperature and aerobic bioreactor salinity. The FO water 

flux increased from approximately 4 to 4.5 L/m2-h over the first 14 days of the TOrC removal 

evaluation as a result of an increase in the DS temperature from 13.8 to 17.7 °C. Temperature 

affects FO flux due to changes in solution viscosity at the feed-membrane and DS-membrane 

boundary layers [30, 51-53]. 
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Figure 5.2. (a) FO water flux and DS temperature and (b) aerobic bioreactor salinity and DS 
concentration during the 35 days of UFO-MBR TOrC removal and rejection testing. 

 

After the UF system was turned off at day 14, the FO water flux declined marginally by 

about 0.6 L/m2-h primarily due to an increase in salinity in the aerobic bioreactor (Figure 5.2b) 

from 1.6 g/L to 3.6 g/L NaCl, which diminished the osmotic pressure driving force between the 

feed and DS. The water flux recovered to approximately 4.7 L/m2-h once the UF system was 

turned on and the salinity in the aerobic bioreactor decreased to lower than 2 g/L NaCl. 

 

5.4.2 Bioreactor solids, SRT, and nutrient removal 

Samples from the UFO-MBR were analyzed weekly for MLSS and nutrient 

concentrations as part of monitoring system performance (nutrient removal). The MLSS data 

from the anoxic and aerobic bioreactors were used to calculate the solids retention time (SRT) in 

the bioreactors. MLSS concentrations in the bioreactors and the corresponding SRT over the 

testing period are shown in Figure 5.3. 

The MLSS in the aerobic and anoxic bioreactors remained relatively constant, between 

1.6 and 3.6 g/L, throughout the study. The MLSS concentrations in the bioreactors fluctuated but 

were very similar, indicating that the sludge was well mixed and circulated between the two 

bioreactors. The MLSS concentration in the aerobic bioreactor was consistently higher than in 

the anoxic bioreactor because water was constantly removed from the activated sludge through 

the UF and FO membranes, leaving behind the suspended solids. 

0.0 
2.5 
5.0 
7.5 
10.0 
12.5 
15.0 
17.5 
20.0 
22.5 
25.0 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0 4 8 12 16 20 24 28 32 36 40 

D
S 

te
m

pe
ra

tu
re

, °
C

 

FO
 w

at
er

 fl
ux

, L
/m

2 -
h 

Days of operation 

FO water flux 
DS temperature 

UF system 
offline 

(a) 

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

0 

1 

2 

3 

4 

5 

6 

7 

8 

0 4 8 12 16 20 24 28 32 36 40 

D
S 

co
nc

en
tr

at
io

n,
 g

/L
 N

aC
l 

A
er

ob
ic

 ta
nk

 sa
lin

ity
, g

/L
 N

aC
l 

Days of operation 

Aerobic tank 
salinity 
DS salinity 

UF system 
offline 

(b) 



 131 

 
Figure 5.3. MLSS concentrations in the aerobic and anoxic bioreactors and system SRT during 
the UFO-MBR TOrC removal testing. 

 

The SRT during testing ranged from 63 to 68 days, fluctuating with changes in the MLSS 

concentrations in the bioreactors. Operating at long SRTs (>20 days) is typical of bench-scale 

OMBR [42, 48] and full-scale MBR systems [54, 55]. The advantages of operating MBRs at 

long SRTs include lower sludge production/wasting [56], reduced membrane fouling potential 

[54, 57], and increased removal of recalcitrant compounds and TOrCs [58-60]. 

In addition to monitoring the solids concentrations in the bioreactors, ammonia, nitrate, 

total phosphorus, and COD of the influence and effluent were also measured on a weekly basis 

(Figure 5.4). The average influent ammonia concentration over the testing period was 

approximately 44 mg/L and it was completely oxidized to nitrate in the aerobic bioreactor and 

remained at an average concentration of approximately 5 mg/L in the anoxic bioreactor. As a 

result of low ammonia concentrations in the aerobic bioreactor, the concentration of ammonia in 

the DS and RO permeate were below 0.08 mg/L (detection limit) for all measurements. 

Elevated concentrations of nitrate were detected in the anoxic bioreactor, aerobic 

bioreactor, and DS during the first 4 weeks of testing. High nitrate concentrations in the anoxic 

bioreactor may have been due to a carbon limitation, an insufficient hydraulic retention time 

(HRT) in the anoxic zone for complete nitrate reduction (denitrification), or a reduction in the 

denitrification rate due to the denitrifying microorganisms being negatively affected by the 

elevated salt concentration in the anoxic bioreactor [61]. The substantial decrease in nitrate 

concentration in the anoxic tank with increasing influent COD concentration at the end of the 
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investigation period might support the hypothesis that denitrification was incomplete because the 

system was carbon limited. 

 

Figure 5.4. The concentration of (a) ammonia (NH4
+), (b) nitrate (NO3

-), (c) total phosphorus 
(TP), and (d) soluble COD in the UFO-MBR influent, anoxic bioreactor (AN tank), aerobic 
bioreactor (AR tank), UF permeate, DS, and RO permeate. The UF system was turned off after 
sampling on day 14 and restarted after sampling on day 28 of operation. 

 

Nitrate concentrations in the aerobic bioreactor and DS were elevated throughout the 

study. The high nitrate concentration in the aerobic bioreactor is due to the oxidation of ammonia 

(nitrification) to nitrate under the aerobic conditions in the bioreactor, and the elevated 

concentration in the DS is due to low nitrate rejection by the FO CTA membranes [38, 41, 62]. 

The nitrate concentration in the RO permeate was consistently less than 10 mg/L prior to 

stopping the UF system, after which, the nitrate concentration in the RO permeate increased as a 

result of the higher levels of nitrate in the DS. 
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The influent phosphorus concentration remained consistent over all measurements with 

an average concentration of approximately 16.6 mg/L. The minimum measured concentration of 

phosphorus in the bioreactors was 44 mg/L and increased to a maximum concentration of 110 

mg/L in the aerobic bioreactor when the UF system was not operating. The high concentration of 

phosphorus in the bioreactors is a result of phosphorus being well rejected by the FO membrane, 

as evident by the low measured phosphorus concentrations in the DS, and of the lack of 

environmental and operational conditions in the bioreactors that would support biological 

phosphorus removal. 

Similar to phosphorus, COD was well rejected by the FO membrane. The concentration 

of COD in the DS was less than 3 mg/L for all but two measurements. The COD did not 

accumulate in the bioreactors, as observed with phosphorus, because the carbon was biologically 

removed in the bioreactors. Overall, the COD was completely removed from the influent to the 

RO permeate. 

 

5.4.3 Bioreactor TOrC removal 

Two pathways are regularly observed for TOrC removal in activated sludge processes: 

microbial transformation (biodegradation) and physical separation (adsorption) [58, 63-68]. 

Biodegradation is governed by the bioreactor configuration because TOrCs are metabolized in 

the aerobic and anoxic bioreactors, and can be further degraded when the sludge is recirculated 

between these two unique environments [69]. Operating conditions such as SRT and MLSS 

concentration can also affect TOrC removal by biodegradation due to increased contact with the 

biologically active solids. The adsorption of TOrCs to activated sludge varies depending on the 

hydrophobicity, charge, and liquid phase concentration of the compound, and on the 

characteristics of the sludge, including the fraction of organic carbon, MLSS concentration, and 

food-to-microorganism ratio [64, 65, 67, 68]. To describe the adsorption of TOrCs in activated 

sludge, Freundlich and Langmuir isotherm models can be used to calculate adsorption 

coefficients. However, these calculated coefficients must be applied with caution because they 

can vary among different biological systems. 

Due to the complex mechanisms responsible for TOrC removal in activated sludge 

processes, the percent removal of TOrCs by biodegradation and adsorption in the UFO-MBR 

aerobic and anoxic bioreactors was calculated as a single value using a mass balance that only 
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included the measured liquid-phase TOrC concentrations of the influent, aerobic and anoxic 

bioreactors, and DS as described by equations 5.7 through 5.12. Solid phase TOrC 

concentrations were not considered in this evaluation because only TOrCs in the aqueous phase 

will potentially transport through the UF, FO, and RO membranes, impacting the final product 

water quality. The aqueous phase removal of 20 TOrCs and associated Log D are shown in 

Figure 5.5. 

 

 
Figure 5.5. Average combined removal (n = 8) of 20 TOrCs through the bioreactors ordered by 
increasing percent removal. Sorption coefficients (Log D) for each compound are provided on 
each bar and values indicated on the secondary y-axis. The molecular weight of each compound 
is provided in parenthesis. 

 

The removal of TOrCs in the bioreactor ranged from 15% to 100%, and can be grouped 

into two categories: the low and moderate (removal <80%) and high (removal >90%) removal of 

compounds. All readily biodegradable compounds were well removed by the biological reactor. 

Aside from sulfamethoxazole (Log D = −0.32) and diclofenac (Log D = 0.95), the removal 

efficiency of the remaining compounds generally increased with increasing Log D (Figure 5.5). 

The lack of correlation indicates that adsorption was likely a less relevant removal pathway for 

TOrCs that were highly removed during UFO-MBR operation. BIOWIN (v4.10, United States 
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Environmental Protection Agency), a model widely used to predict the biodegradability of 

organic compounds, could not effectively simulate the biodegradation and adsorption processes 

in the UFO-MBR. Limitations of the model are discussed elsewhere [70, 71]. Hence, removal of 

most of the analyzed TOrCs in this study could not be explained by their BIOWIN indices (Table 

A2, Appendix A). 

TOrCs that were poorly or moderately removed by the bioreactor include sucralose 

(15%), sulfamethoxazole (64%), TCEP (57%), TCPP (70%), fluoxetine (55%), TDCP (67%), 

bisphenol A (74%), and diclofenac (75%). Sucralose was detected in the influent at 

concentrations exceeding 40 µg/L and was not degraded or adsorbed in the bioreactors owing to 

its poor biodegradability and low log D [72]. Sulfamethoxazole, fluoxetine, and diclofenac are 

pharmaceutical compounds with reported removal of less than 20% in nitrifying and nutrient 

removing wastewater treatment plants [66, 73]. The chlorinated flame retardants TCEP, TCPP, 

and TDCP are recalcitrant in the aqueous environment [74, 75] and resistant to biological 

degradation in municipal wastewater treatment plants [58]. Bisphenol A, a plasticizer, is highly 

biodegradable in municipal wastewater treatment plants [76, 77]; however, removal and rejection 

results for bisphenol A can be skewed for experiments conducted with plastic appurtenances 

because this compound will leach from these appurtenances during operation and testing [78, 

79]. 

Twelve TOrCs were highly degraded in the bioreactors: four (acetaminophen, caffeine, 

ibuprofen, propylparaben) are considered to be highly degradable [66, 80], five (naproxen, 

diphenhydramine, atenolol, oxybenzone, triclocarban) reported to be moderately degradable [63, 

66, 80, 81], and three (acesulfame, DEET, trimethoprim) would have low removal expectancies 

in municipal wastewater treatment systems [58, 72, 82]. Lange et al. [72] surveyed the influent 

and effluent of 17 municipal wastewater treatments plants for artificial sweeteners concentration; 

results from this survey revealed that acesulfame was not removed through any of the traditional 

treatment systems. Similarly, low removal of DEET and trimethoprim through CAS plants was 

reported by Bernhard et al. [58] and Gobel et al., [82] respectively. However, in MBR systems 

operated at long SRTs, removal of DEET and trimethoprim increased substantially with 

increasing SRT [58, 82]. 
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5.4.4 FO and RO TOrC rejection 

Of the 20 TOrCs detected in the UFO-MBR influent, 18 compounds were detected in the 

DS and 12 in the RO permeate. Rejection of TOrCs by the FO membrane was calculated using a 

mass balance (Equations 5.1 through 5.6) and rejection by the RO membrane was calculated 

using the measured TOrC concentrations in the DS and RO permeate. TOrC rejection by the FO 

and RO membranes, ordered by charge and increasing molecular weight, are shown in Figure 

5.6. 

Rejection was greater than 99% by the FO and RO membranes for all measured 

negatively and positively charged TOrCs. Nonionic (neutral at pH values around 7) and 

hydrophobic (log D > 2 at pH 8) TOrC rejection by the FO membrane was lower compared to 

the charged species; yet, the rejection tended to increase with increasing molecular weight. 

Similar to the rejection of charged TOrCs, the RO membrane demonstrated near complete 

rejection of nonionic compounds; however, lower rejection was observed through the membrane 

for the hydrophobic nonionic TOrCs. 

High rejection of charged TOrCs by the CTA FO membrane used for the UFO-MBR 

evaluation has been previously documented in bench- and pilot-scale studies treating synthetic 

wastewater [22] and secondary effluents [23, 26]. The mechanism for the rejection of negatively 

charged species has been associated with electrostatic repulsion by the slightly negatively 

charged CTA membrane and may also be in part due to the formation of a larger hydrated layer 

around the ionic species. Indeed, the high rejection of positively charged TOrCs can be explained 

by the large hydrated radius of ionic species in an aqueous solution. 

Alturki et al. [17] reported that TOrC rejection exceeded 85% for all measured TOrCs 

with a molecular weight greater than 266 g/mol in a short-term OMBR evaluation; this result is 

in general agreement with similar FO research. Furthermore, FO TOrC removal experiments 

conducted with secondary effluent have demonstrated higher rejection by fouled FO membranes 

compared to that by virgin membranes for positively charged and some nonionic compounds [23, 

26]. It has been hypothesized that the fouling layer may prevent partitioning of these compounds 

through the membrane because of pore blocking and adsorption to the organic cake layer. The 

CTA FO membranes were removed at the conclusion of the evaluation and inspected for 

membrane fouling. Although the fouling was not severe, there was evidence of organic, 
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inorganic, and biological fouling on the membrane surface that would have influenced TOrC 

rejection while operating in the activated sludge. 

 

 

 
Figure 5.6. Average TOrC rejection by (a) FO and (b) RO membranes during UFO-MBR testing 
(n = 8) ordered by charge, hydrophobicity, and molecular weight. TOrCs that were rejected 
completely by the FO membrane (a) are not shown in graph (b) for the RO membrane because 
rejection could not be calculated. 

 

The rejection of TOrCs by the RO membrane was similar to that of the FO membrane for 

all charged species but exhibited higher rejection for the nonionic and hydrophobic nonionic 
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TOrCs. High rejection of the hydrophilic nonionic TOrCs (acetaminophen, caffeine, acesulfame, 

TCEP, TCPP, and TDCP) by the SW30 RO membrane compared to the CTA FO membrane may 

be due to the higher selectivity of the SW30 RO polyamide active layer [83]. The rejection of the 

nonionic hydrophobic compounds with low molecular weight (DEET and bisphenol A) was the 

lowest for the FO and RO membranes; however, the RO membrane rejection was approximately 

three times greater for DEET and 30% greater for bisphenol A compared to the FO membrane. 

This result differs from those reported by Hancock et al. [23] in which DEET and bisphenol A 

were better rejected by the CTA FO membrane than the SW30 RO membrane. Similarly, Xie et 

al. [31] reported that bisphenol A rejection in FO mode was higher than that in RO mode. 

However, these studies were conducted with deionized water or secondary effluent as the feed 

solutions, not activated sludge. The chemical and physical properties of the fouling layer affect 

convective and diffusive transport of TOrCs through the membrane in both FO and RO mode; 

therefore, the difference in results of the current study and previous works may be associated 

with properties of the fouling layer [22, 83]. 

The total UFO-MBR system removal was calculated using the influent and RO permeate 

concentrations. The removal included degradation in the anoxic and aerobic bioreactors and 

rejection by the FO and RO membranes. The total average system removal and removal over 

time for five TOrCs that were not completely removed during the tested period are shown in 

Figure 5.7. 

The UF system was offline for 14 days (between days 14 and 28) during which the total 

system removal (calculated from the influent to the RO permeate) of bisphenol A, DEET, TCEP, 

and sulfamethoxazole decreased. The most significant decrease in rejection was observed for 

bisphenol A (20%) and DEET (12%), both of which increased in concentration in the bioreactors 

(bisphenol A from 135 ng/L to 268 ng/L and DEET from 62 ng/L to 94 ng/L) while the UF 

system was offline. As a result of increasing bioreactor concentrations, the concentrations of 

bisphenol A and DEET increased in the DS from 67 ng/L to 132 ng/L and 146 ng/L to 404 ng/L, 

respectively. Consequently the concentrations of both compounds increased in the RO permeate 

from 50 to 60 ng/L and 53 to 110 ng/L for bisphenol A and DEET, respectively. The change in 

system removal over this period demonstrates the dynamic relationship between the operation of 

the UF membrane and FO-RO hybrid membrane system on UFO-MBR treatment performance. 
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Figure 5.7. Overall TOrC removal by the UFO-MBR system (a) averaged over all measurements 
(error bars show the standard deviation of 8 measurements) and (b) the removal of bisphenol A 
(BPA), DEET, TCEP, sulfamethoxazole (SMX), and TCPP over the testing period. The UF 
system was turned off after sampling on day 14 and restarted after sampling on day 28 of 
operation. 

 

5.5 Conclusions 

The UFO-MBR removed 15 of the 20 measured TOrCs to a concentration below 

quantification limits from the influent to the RO permeate when the bioreactor was operated at 

an HRT of 30 h. Five TOrCs were detected in the RO permeate at quantifiable concentrations in 

the low ng/L range (20 to 190 ng/L); of the five, four compounds (sulfamethoxazole, TCEP, 

TCPP, and DEET) were removed on average by greater than 95%. The low removal efficiency 

for sulfamethoxazole may be a consequence of the analytical technique not being sensitive 

enough to detect changes in the sulfamethoxazole concentration at the very low measured 

concentrations (15 ng/L). Bisphenol A (87% removal) was the only compound to be removed on 

average by less than 90%. The removal of bisphenol A was not only the lowest but the removal 

efficiency also appeared to be affected by the operation of the UF system. Furthermore, as 

discussed above, leaching of bisphenol A from plastic materials during testing can lead to lower 

than expected rejection/removal. 
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CHAPTER 6 
LIFE-CYCLE OF TWO POTABLE WATER REUSE TECHNOLOGIES: MF/RO/UV-

AOP TREATMENT AND HYBRID OSMOTIC MEMBRANE BIOREACTORS 

 

Ryan W. Holloway1v, Leslie Miller-Robbie1, Mehul Patel2, Jennifer R. Stokes3, and Tzahi Y. 

Cath1★ 

 

6.1 Abstract 

A life cycle assessment tool and methodology were used to study two potable reuse 

treatment schemes: the current state-of-the-art (CSA) treatment and hybrid ultrafiltration osmotic 

membrane bioreactor (UFO-MBR). CSA treatment combines conventional wastewater treatment 

followed by low-pressure membrane filtration, reverse osmosis (RO), and ultraviolet advanced 

oxidation processes (UV-AOP). The UFO-MBR couples biological treatment processes with 

forward osmosis (FO) membranes and ultrafiltration (UF) membranes in one integrated system. 

RO is coupled with FO in the UFO-MBR process to produce ultra-pure product water and a 

reconcentrated draw solution (DS) for use in the FO process. Construction material, energy 

demand, and chemical use data were collected and calculated to determine the energy use and 

environmental impacts of each system. Results from the LCA illustrate that the energy use and 

environmental impacts of CSA treatment are lower than UFO-MBR treatment. The higher 

impacts of UFO-MBR treatment were associated with the required large area of the FO 

membrane and high RO energy use. UFO-MBR treatment was further assessed using higher 

permeability FO membranes and RO energy recovery. After optimization, the impacts of UFO-

MBR were much closer to CSA treatment. 

 

6.2 Introduction 

Water reuse is being considered in water scarce regions to complement fresh water supplies 

through non-potable, indirect potable, and direct potable water reuse [1]. Conventional  
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wastewater treatment processes are acceptable for non-potable water reuse applications (e.g., turf 

grass, landscape, and agricultural irrigation) that do not require the wastewater to be treated to 

drinking water standards. However, indirect potable reuse (e.g., surface water and groundwater 

augmentation) and direct potable reuse schemes require an advanced multi-barrier treatment (i.e., 

biological, chemical, and physical processes) to protect the public from pathogens, trace organic 

chemicals (TOrCs), and other contaminants of concern [1]. Although potable reuse requires 

additional treatment compared to other reuse options, it is an attractive option for several 

reasons: 1) treated water is not contaminated by inorganic and organic pollutants contained in the 

natural aquatic environment, thereby not requiring a second round of treatment as with indirect 

reuse, 2) existing drinking water infrastructure can be used, as opposed to non-potable reuse, and 

3) reuse water can potentially offset peak energy and water demands in existing drinking water 

treatment facilities. The benefits of potable reuse and the challenges of treating wastewater to 

meet drinking water standards have prompted research, development, and application of 

advanced treatment technologies [2]. 

 

6.2.1 Life cycle assessment of reuse technologies 

Water managers and decision makers in water scarce regions have several options for 

new water supplies. These include importing water, seawater desalination, brackish water 

desalination, and water reuse [2-5]. The best water supply choice is not always clear and 

decisions can be further complicated by the multitude of available technologies that can produce 

waters of similar quality [6]. Life cycle assessment (LCA) can help clarify this choice. LCA is a 

common method to holistically measure the environmental impacts (e.g., greenhouse gas (GHG) 

emissions and energy demand) of a system and system alternatives. LCA is a ‘cradle to grave’ 

approach that evaluates the effects of materials acquisition and manufacturing, construction, and 

system operation [7, 8]. 

Previous LCA studies assessing water supply options have determined that under certain 

conditions life cycle impacts of water reuse on the environment are similar to those for imported 

water (transfer of water between geographical regions) and have a much lower environmental 

impact than seawater desalination [3-5]. Although water reuse has been shown to have equal or 

lower environmental impact than other water supply options, there have been very few LCA 

studies on the life-cycle impact of different water reuse technologies [6, 9-12]. In one such study, 
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Ortiz et al. [6] found that submerged membrane bioreactor (MBR) configurations had lower life-

cycle impacts compared to traditional tertiary wastewater treatment coupled with external 

membrane filtration. This finding from Ortiz et al. is somewhat surprising considering that 

MBRs are often cited as using more energy compared to traditional tertiary treatment followed 

by membrane filtration [13]. This point illustrates that the conclusions from LCA studies are not 

always obvious and may differ from traditional system analysis that only include cost and energy 

data. In this study, two potable reuse technologies, an established potable reuse scheme and a 

new hybrid osmotic MBR, are evaluated using an LCA methodology to assess the environmental 

impacts of construction, maintenance, and operation of these two distinct water reuse schemes. 

 

6.2.2 Established potable reuse scheme 

A common treatment train considered for potable water reuse is conventional tertiary 

wastewater treatment followed by low-pressure membrane filtration (microfiltration (MF) or 

ultrafiltration (UF)), high-pressure reverse osmosis (RO) separation, and ultraviolet advanced 

oxidation processes (UV-AOP). For the purposes of this study, this configuration will be referred 

to as the current state-of-the-art (CSA) treatment train. Conventional tertiary treatment is used to 

remove carbon, nitrogen, and phosphorus from wastewater using biologically active aerobic and 

anoxic reactors. Low-pressure MF and UF membranes remove nanometer-size particles and 

larger (including microorganisms) from wastewater, providing superior and consistent water 

quality compared to traditional media filtration [14]. Dissolved organic matter (such as TOrCs) 

and inorganics (such as sodium, chloride, sulfate, phosphate, calcium, and magnesium) that pass 

through the low-pressure membranes are almost completely separated from water by the highly 

selective, semipermeable RO membranes [6, 15-17]. Finally, UV-AOP combines oxidation and 

UV treatment to oxidize any remaining low-molecular weight organic compounds [18, 19]. 

Although very successful for treating wastewater to drinking water quality, the large physical 

footprint, increased capital cost, need for RO concentrate disposal, and high energy consumption 

make it necessary to explore other technologies and schemes for potable reuse of impaired water. 

 

6.2.3 Osmotic membrane bioreactor 

Implementing a MF or UF MBR into the CSA potable reuse scheme alleviates potential 

physical space limitations and improves the biological treatment processes, but does not mitigate 
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concerns associated with TOrC and nutrient removal, capital cost, RO concentrate disposal, and 

high-energy consumption. In an attempt to address these problems, researchers have investigated 

osmotic membrane bioreactors (OMBRs) as a potential improvement to the CSA treatment train 

[20-32]. In the OMBR, water is drawn across a selective semi-permeable forward osmosis (FO) 

membrane from a low-salinity activated sludge to a high-salinity draw solution (DS) driven by 

the difference in osmotic pressure between the two streams. In most instances an RO system is 

utilized to reconcentrate the DS after it becomes diluted during the FO process, and to produce 

high purity product water. The potential benefits of using an OMBR coupled with an RO 

subsystem compared to the CSA reuse scheme include: 1) the FO membrane provides a superior 

barrier to TOrCs [21, 23, 33-38], 2) the FO membrane protects the RO membrane from fouling 

and reduces RO membrane cleaning requirements [39], and 3) RO brine disposal is substantially 

reduced when the system is operated in a closed-loop configuration. 

Initial OMBR bench-scale investigations highlighted the potential advantages of using 

FO membranes in activated sludge, including minimal membrane fouling, sustainable nutrient 

removal, and excellent rejection of nutrients and TOrCs [20-22]. Although low membrane 

fouling was observed, water flux declined in each of the early bench-scale investigations due to 

salts accumulating in the OMBR bioreactors. Salts slowly accumulate in the OMBR bioreactors 

due to diffusion of solutes across the FO membrane from the concentrated DS to the activated 

sludge and due to the retention of salts contained in the influent by the FO membranes. Elevated 

salt concentrations in the bioreactors have also been shown to inhibit the microbial activity in the 

activated sludge [21, 24, 26, 27]. 

 

6.2.4 Hybrid ultrafiltration osmotic membrane bioreactor 

To alleviate problems associated with high bioreactor salinities that occur in continuously 

operating OMBRs, low-pressure UF membrane filtration can be coupled with an OMBR in a 

hybrid configuration referred to as an ultrafiltration osmotic membrane bioreactor (UFO-MBR) 

[23, 24]. Long-term evaluations of the UFO-MBR revealed that the bioreactor salinity could be 

maintained at relatively low concentrations (< 1.5 g/L-total dissolved solids (TDS)), thereby 

maintaining the driving force (salinity difference between the bioreactor and DS) for water flux 

across the FO membrane and limiting any inhibition of the microbial community responsible for 

carbon oxidation, nitrification/denitrification, and phosphorous removal. 
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In addition to reducing bioreactor salinity, the purpose of the hybrid UFO-MBR system is 

to produce two different reuse streams: non-potable water (through the UF membrane) and 

potable water (through the FO and RO membranes). The UF permeate stream is rich in nitrogen 

and phosphorus that accumulate in the bioreactors due to the high rejection of these nutrients by 

the FO membrane. Nutrients can be recovered from the UF permeate as fertilizers or other 

beneficial products, while the water can be utilized for landscape and agricultural irrigation. The 

water drawn from the activated sludge across the FO membrane into the concentrated DS is 

recovered using a reconcentration process such as RO or membrane distillation (MD) [23, 24, 

40, 41]. It has been demonstrated that coupling two tight membrane barriers (FO in the OMBR 

with RO for DS reconcentration) for wastewater treatment is very effective at rejecting TOrCs 

and nutrients that may otherwise contaminate the final potable product water if only one physical 

barrier is implemented [23]. 

The hybrid UFO-MBR is a much newer treatment technology than CSA treatment; 

however, conducting an LCA on the UFO-MBR and comparing the life-cycle impacts to CSA 

treatment can be useful in determining if the UFO-MBR can be a competitive advanced water 

treatment process in terms of overall environmental impact. Thus, the environmental impacts of 

hybrid UFO-MBR and CSA treatment for water reuse are the focus of this manuscript. 

 

6.3 Material and methods 

Life cycle energy use and environmental impacts of potable reuse using two different 

treatment schemes were evaluated. Energy demand, construction materials, and chemical use 

were input into an LCA model. Outputs from the LCA were based on material 

acquisition/production and plant operation, including energy use, GHG emissions (in carbon 

dioxide (CO2) equivalents), carbon monoxide (CO), volatile organic compounds (VOCs), 

particulate matter (PM), and nitrogen oxides (NOx). 

 

6.3.1 Objectives and scope 

The main objective of this study is to compare the energy use, GHG emissions, and other 

environmentally relevant emissions of two potential potable reuse technologies using an LCA 

methodology [7, 8]. The two water reuse treatment systems evaluated were the CSA treatment 

plant, which includes conventional activated sludge treatment, MF, RO, and UV-AOP and the 
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hybrid UFO-MBR, which includes biological treatment, UF, FO, and RO. Other objectives 

included determining unit processes that contribute the most to the total environmental impact 

(highest energy demand and GHG emissions) of each system and optimizing the UFO-MBR unit 

processes based on the findings of the unit process evaluation. 

The scope of the LCA encompassed the construction, operation, and maintenance of a 

CSA and UFO-MBR treatment plant over a 25-year lifetime. The system boundary used to 

evaluate each treatment scheme only included on-site plant processes; wastewater collection and 

treated water distribution piping and pumping were not included in the system boundary, and 

therefore they are not included in the LCA. Nutrient recovery and reuse from wastewater 

treatment by land application of biosolids and mineral precipitates (e.g., struvite recovery) have 

been shown to reduce the environmental impact of wastewater treatment because they offset the 

impact of conventional fertilizer production [3, 42, 43]. Nutrients and minerals can be recovered 

from the UF permeate of the UFO-MBR system and including nutrient/mineral recovery into the 

UFO-MBR LCA would likely reduce the calculated environmental impact of UFO-MBR 

treatment. However, nutrient recovery/reuse was not included in this study because the main 

focus was water reuse. Direct emissions from wastewater treatment (e.g., nitrous oxide (N2O) 

produced during biological nitrogen removal and methane (CH4) produced during anaerobic 

digestion of primary and secondary solids have also been shown to increase the life-cycle impact 

of wastewater treatment plants [3, 10]. Direct emissions vary between different biological 

wastewater treatment schemes and change with the extent of treatment—increasing for systems 

that achieve very low nitrogen and phosphorous effluent concentrations. Direct emissions were 

not included in this study because the objective was to evaluate the advanced treatment train for 

potable water reuse and it was assumed that direct emissions from the biological process would 

be similar for CSA and UFO-MBR treatment. 

The functional unit for the LCA was the production of 1 m3 of reusable (potable and/or 

non-potable) water. For CSA treatment, this only included the final potable water that was 

treated through the full treatment train. RO concentrate was considered to be a waste stream and 

was not included in the functional unit. Two reuse streams were included in the functional unit of 

the UFO-MBR LCA: potable water treated through the FO and RO membranes, and non-potable 

water extracted from the activated sludge through the UF membranes. The life-cycle impact of 

wastewater treatment is affected by the effluent quality (potable or non-potable); thus, the 
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environmental impact of MBR and UF treatment will be lower than the environmental impact of 

CSA treatment. However, it is important to include the UF permeate as part of the functional unit 

because non-potable water can be a valuable part of the water supply portfolio [44]. For 

example, the California Department of Water Resources reported that residential outdoor water 

use in Southern California accounts for 20% to 40% of the total residential use [15]. The fraction 

of non-potable water produced through the UF membrane in this study was 33%, well within the 

range reported for outdoor water use by the California Department of Water Resources. The 

required potable water quality parameter used in the LCA was a TDS concentration less than 500 

mg/L, the U.S. Environmental Protection Agency’s (EPA) secondary drinking water standard. 

The required non-potable water quality parameter was permeate with TDS concentration of less 

than 1,000 mg/L, which is within the acceptable range for most turf grass irrigation [45]. 

The influent and effluent flows, construction materials, and energy and chemical use data 

for CSA treatment were collected from Orange County Water District’s (OCWD) ground water 

replenishment plant that treats 265,000 m3/day (70 million gallons per day (MGD)) of secondary 

treated wastewater effluent to drinking water standards. As part of the OCWD’s treatment 

process, RO concentrate (45,400 m3/day (12 MGD)) is discharged through an ocean outfall. 

Concentrate disposal can have an environmental impact, but the impact is difficult to assess 

because it is highly dependent on the sensitivity of the environment to which the concentrate is 

discharged [46]. Because the specific environmental impacts of discharging the concentrate are 

not known for the metrics used in this study (i.e., energy use, and emissions of GHGs, CO, 

VOCs, PM, and NOx), it was not included in the LCA for the scenario requiring offshore 

discharge. Concentrate disposal was considered in the LCA for inland CSA treatment scenarios, 

which may require deep well injection of the concentrate as a primary disposal method [47]. The 

impact of deep well injection was added to the CSA LCA by calculating the energy demand over 

a range of injection pressures from 17 to 69 bar (~250-1000 psi). A complete description of the 

energy, material, and chemical inputs used in the LCA analysis for all CSA treatment plant 

scenarios (ocean and inland applications) is provided in Section 6.2.3. 

A case-study of the full-scale Nordkanal Wastewater Treatment Plant located in 

Nordkanal, Germany was used as a basis for the influent flow to the UFO-MBR (48,100 m3/day 

(12.7 MGD)) [48], to size the UFO-MBR process tanks and to estimate the energy use of the 

MBR, including biological treatment, UF membrane filtration, and membrane aeration demand. 



 155 

Energy, material, and chemical inputs for the UFO-MBR’s FO and RO treatment processes were 

determined using operating data from a pilot-scale UFO-MBR [24] and from UFO-MBR, FO, 

and RO models. The UFO-MBR was modeled at four different DS concentrations (20, 30, 40, 

and 50 g/L NaCl) to determine if there was an optimum operating DS concentration to minimize 

the energy and environmental impacts of the treatment plant. A detailed description of energy, 

material, and chemical inputs, and modeling software used in the LCA is provided in Sections 

6.2.3 and 6.2.5. 

 

6.3.2 Life cycle assessment tool and methodology 

A comprehensive hybrid LCA decision support tool, Wastewater-Energy Sustainability 

Tool (WWEST), was used to evaluate the energy use and environmental impacts of the CSA and 

UFO-MBR from ‘cradle to grave’ [49]. WWEST utilizes an economic input-output LCA (EIO-

LCA) methodology to assess the impacts of materials acquisition and production and a process-

based LCA methodology to assess the impacts of plant construction, operation, energy use, and 

maintenance. The main purpose of this study was to compare the life-cycle impact of the two 

distinct treatment systems, not to capture every possible effect of the two processes. Thus, a 

consequential LCA approach was used to compare the treatment systems. A full description of 

the LCA methodology used in WWEST is provided by Stokes and Horvath [50]. In place of an 

independent review by an LCA practitioner, two LCA experts contributed to this study. 

 

6.3.3 Modeling tools: ROSA, FOROSA, ERI, and OMBR sizing model 

Several models were used in calculating the energy and sizing a full-scale UFO-MBR. 

Water flux and reverse salt flux through the FO membranes were calculated using a novel 

forward osmosis – reverse osmosis system analysis (FOROSA) program [51]. Bioreactor solute 

concentrations and FO membrane area were determined using a UFO-MBR model developed 

and presented in a previous publication [24]. Reverse osmosis system analysis (ROSA) program 

(Dow Filmtec, Edina, MN) and an energy recovery device model (PX Power Model, ERI, San 

Francisco, CA) were used in parallel to determine RO membrane area requirements and RO 

energy demand. A description of each model is provided in the following sub-sections. 
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6.3.3.1 FO performance model (FOROSA) 

FOROSA is a first-of-its-kind integrated FO–RO modeling software developed at the 

Colorado School of Mines (Golden, CO) that uses iterative optimization techniques to model 

water and solute fluxes based on user inputs, membrane characteristics (e.g., membrane water 

permeability, solute permeability, solute resistance, membrane area), and solution chemistry 

(e.g., feed solution and DS solute compositions and concentrations). Water flux is modeled in 

FOROSA using equations developed by McCutcheon and Elimelech [42, 52] with modifications 

proposed by Cath et al. [53]. The water flux equation embedded in the model accounts for 

internal and external concentration polarization as defined by Equation 6.1: 

𝐽! = 𝐴! 𝜋! exp −𝐽!𝐾 − 𝜋! exp − !!
!

                                                                              (6.1) 

where Jw is the water flux, At is the water permeability coefficient, πD is the osmotic pressure of 

the bulk DS and πF is the osmotic pressure of the bulk feed solution, K is the resistance to solute 

diffusion in the membrane support layer, and k is the external mass transfer coefficient. Fouling 

effects can also be evaluated in FOROSA but were not considered in the current study. 

Solute flux is modeled in FOROSA using a mass balance approach. The reverse solute 

flux from the DS to the feed solution is predicted using an equation similar to the equation 

developed by Phillip et al. [54]. Reverse solute flux is calculated in series: first through the 

porous support layer, then through the semi-permeable active layer. The reverse solute flux is 

defined by Equation 6.2: 

𝐽! =
!!!!

!! !!!!! !"# !!!
!

                                                                                                                  (6.2) 

where CD is the bulk DS concentration, B is the active layer solute permeability coefficient, D is 

the diffusion coefficient of the solute, and S is the structural parameter of the membrane support 

layer [53]. The parameters used for the model, predicted water flux, and predicted solute flux for 

each of the different DS concentrations using lower and higher permeability membranes are 

summarized in Table B1 of Appendix B. 

 

6.3.3.2 UFO-MBR sizing model 

A UFO-MBR model, described in our previous publication [24], was used to calculate 

the expected bioreactor salinity with one-third of the flow extracted through the UF membranes 
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and two-thirds of the flow treated through the FO membranes. For the current study, the UFO-

MBR model was extended to calculate the FO membrane area, estimate the number of FO plate-

and-frame cassettes, required DS flowrate, and concentration of the DS flowing out of the FO 

membrane elements. The FO membrane area was calculated using the average water flux 

determined by FOROSA and the specified potable water production rate (32,100 m3/day (8.5 

MGD)). The number of plate-and-frame cassettes was determined using the calculated 

membrane area and an assumed total plate height of 4 m (three 1.3-m plates stacked vertically 

and operated in series) and width of 0.6 m; these dimensions were selected based on current UF 

and MF submerged plate-and-frame cassette design [55]. The number of plates was used to 

calculate the required DS flowrate assuming an inlet DS flow 0.2 L/min per plate. The low inlet 

DS flowrate (0.2 L/min) was chosen using the operating DS flowrate from our pilot-scale UFO-

MBR [24] and to account for the increase in DS flow through the full-scale plates as water is 

absorbed from the feed into the DS during UFO-MBR operation. The widths of the plates 

installed on the pilot-scale UFO-MBR are approximately 0.3 m (half of the width of the full-

scale plates) but are much shorter (0.6 m) than the plates designed in this study. Thus, the initial 

cross-flow velocity through the larger plates would be about half of the cross-flow velocity used 

in the pilot-scale system but the exit DS flow rate and cross-flow velocity would be three to five 

times higher (depending on the DS concentration) than the initial cross-flow velocity as water is 

drawn into the DS across the much longer full-scale plates. The DS concentration flowing out of 

the FO membrane cassettes was determined for inlet DS concentrations of 20, 30, 40, or 50 g/L 

NaCl using a simple mass balance that included the calculated DS flowrate, water permeation 

rate, and inlet DS concentration. 

 

6.3.3.3 RO sizing and energy recovery device modeling 

The ROSA RO system design software was used to size and evaluate the performance of 

pilot- and full-scale RO systems. The DS flowrate and concentration after FO membrane 

treatment (calculated with the UFO-MBR model) were used as inputs to ROSA. The RO system 

design (number of stages, pressure vessels, and membrane elements) was used in ROSA to meet 

three design requirements: RO brine concentration of 20, 30, 40, or 50 g/L NaCl, RO permeate 

flowrate of 32,100 m3/day (8.5 MGD), and RO permeate NaCl concentration of less than 500 

mg/L (the EPA secondary drinking water standard). RO membrane selection varied based on the 
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DS concentration. RO permeate NaCl concentrations of less than 500 mg/L could be met using 

brackish-water membranes (BW30HR-440i, Dow Filmtec) for RO brine concentrations of 20, 

30, and 40 g/L NaCl, but a mix of brackish-water and seawater membranes (SW30XLE-440i) 

was required to achieve an RO permeate concentration of less than 500 mg/L for the system 

modeled with RO brine concentration of 50 g/L NaCl. The ROSA inputs, outputs, and system 

design for each concentration of the RO brine are summarized in Table B2 of the Appendix B. 

The outputs from ROSA were used as inputs to a power model of an energy recovery 

device [56]. The energy recovery device used in the power model was a pressure exchanger (PX-

Q300, ERI); the purpose of the pressure exchanger is to transfer energy from the high-pressure 

RO concentrate to the low-pressure RO feed. User inputs include RO feed pressure and salt 

concentration, RO concentrate pressure and salt concentration, and RO system recovery. Energy 

recovery and system design were optimized in the energy recovery model by adjusting the 

number of pressure exchangers included in the design. The inputs and outputs of the energy 

recovery model for each DS concentration are shown in Figures B1 through B4 in Appendix B. 

 

6.3.4 CSA treatment facility: description and inventory analysis 

The OCWD ground water replenishment plant receives secondary treated wastewater 

from an adjacent conventional wastewater treatment facility. The secondary effluent is first 

filtered through 17,784 submerged polypropylene MF membrane bundles followed by low-

pressure RO and UV-AOP. The RO system comprises 2250 pressure vessels containing 7 spiral-

wound membrane elements in each vessel; the recovery of the RO system is approximately 85%. 

The UV-AOP system contains 3,888 low-pressure UV lamps installed in 27 pressure vessels, and 

the applied UV dose is 500 mJ/cm2. A schematic drawing of the CSA unit processes, system 

boundary, LCA inputs, and process flows are shown in Figure 6.1. 

 

6.3.4.1 Energy demand 

OCWD provided energy, chemical use, and construction material data for their CSA 

plant but they did not have data on the conventional treatment facility that provides the 

secondary effluent feed for the CSA treatment. Therefore, conventional treatment energy 

demand was estimated using data from similarly-sized treatment facilities [57]. The energy data 

provided by OCWD and illustrated in Figure 6.1 was used for the base case CSA scenario: a 
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facility that discharges the RO brine through an ocean outfall. No energy demand for brine 

disposal was included for the base case CSA scenario; however, four other CSA scenarios were 

analyzed for inland applications, disposing of the brine using deep-well injection. The energy 

demand for deep well injection was calculated over a range of injection pressures of 17, 34, 52, 

and 69 bar (250, 500, 750, and 1000 psi) and at a daily brine flow of 45,400 m3/day (12 MGD). 

The power requirement for brine disposal and total CSA energy demand for brine disposal 

pressures ranging from 0 to 69 bar are summarized in Table 6.1. 

 

 
Figure 6.1. Schematic drawing of system boundary, flows, unit processes, and energy, materials, 
and chemical inputs used for the LCA of the CSA treatment plant. 

 

Table 6.1. Summary of power required for RO brine disposal and life-cycle energy use of CSA 
treatment at brine disposal pressures of 0, 17, 34, 52, and 69 bar 
Disposal pressure, bar (psi) Disposal power requirement, kW Life-cycle CSA energy use, kWh/m3 

0 (0) 0 1.1 
17 (250) 1,200 1.2 
34 (500) 2,300 1.3 
52 (750) 3,500 1.4 

69 (1000) 4,700 1.5 
 

6.3.4.2 Chemical use 

Various chemicals are used in CSA treatment facilities to clean membranes and UV 

lamps, to adjust the pH, and to add alkalinity to the RO permeate. Many of these chemicals (e.g., 
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calcium hydroxide, citric acid, sodium hydroxide, sulfuric acid, and hydrogen peroxide) were 

included in the LCA; however, a few of these chemicals (e.g., anti-scalants and certain 

membrane cleaning solutions) are proprietary and data needed to include them in the LCA are 

not readily available. OCWD does not have data for chemicals (e.g., coagulants, polymers, and 

organic carbon) used in the conventional treatment plant providing the secondary effluent for 

CSA treatment; therefore, they were not included in the CSA LCA. Chemicals used for 

conventional/activated sludge treatment were also excluded from the UFO-MBR LCA to ensure 

that the chemicals input into the LCA of both systems were only related to advanced treatment. 

The omission of chemical use for conventional treatment may slightly increase the calculated 

life-cycle impact of CSA and UFO-MBR treatment, but the effect should only be marginal 

because energy use, which was included in the LCA, has been shown to be the major contributor 

to the life-cycle impact of conventional wastewater treatment [9, 42]. Chemicals evaluated for 

each CSA unit process (MF, RO, and UV-AOP) and the amount used are summarized in Table 

6.2. 

 

6.3.4.3 Inventory of construction material 

The inventory of construction material was estimated for conventional treatment and 

provided by OCWD for the CSA treatment facility. Sizing of the conventional treatment 

clarifiers and activated sludge basins was completed using general sizing assumptions for 

wastewater treatment plants from Metcalf and Eddy [58]—these values are embedded in 

WWEST. The material inventory for the CSA treatment plant was limited to process piping and 

pumps, basin dimensions for submerged MF treatment, membrane and membrane housings (MF 

cassettes and RO pressure vessels), and UV lamps and lamp housings. The materials input into 

WWEST were selected carefully to ensure that similar components were represented equally for 

the CSA and UFO-MBR treatment plants. Using this material input method guaranteed that 

neither of the potable reuse treatment schemes would be weighted unfairly against the other and 

is consistent with the principles of consequential LCA. Details of material inputs into WWEST 

for the CSA treatment plant are summarized in Table B3 of Appendix B. 
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Table 6.2. Summary of chemical inputs for each CSA unit processes 
MF 

Chemical Use, g/m3 
Calcium hydroxide 15 

Citric acid 0.2 
Sodium hydroxide 3.6 

RO 
Chemical Use, g/m3 

Sodium hypochlorite 11 
Sulfuric acid 24 

UV-AOP 
Chemical Use, g/m3 

Hydrogen peroxide 3 
 

6.3.5 UFO-MBR treatment facility description and inventory analysis 

The capacity of the largest known UFO-MBR system treating municipal wastewater is 

approximately 300 L/day (80 gal/day) [24]. It would be inappropriate to use energy and sizing 

data from a small pilot-scale system as inputs to an LCA if the purpose of the LCA is to compare 

the energy use and environmental impacts of the UFO-MBR system with a full-scale treatment 

facility. Therefore, the energy use, chemical use, and material inventory for a full-scale UFO-

MBR system were estimated using data from a real-world full-scale MBR system combined with 

UFO-MBR pilot data and UFO-MBR, FO, and RO modeling results. The MBR data chosen for 

the UFO-MBR LCA were from a case study conducted for the Nordkanal Wastewater Treatment 

Plant [48]. This case study was selected because it was one of the most well documented MBR 

systems and had fairly high treatment plant capacity (48,100 m3/day). The smaller scale used for 

UFO-MBR treatment compared to the larger scale used for CSA treatment (48,100 m3/day 

compared to 310,400 m3/day) may increase the life-cycle impact of UFO-MBR treatment 

because of economy of scale [59]. Although economy of scale may increase the impact of UFO-

MBR treatment per volume of water produced, data from the Nordkanal Wastewater Treatment 

Plant were chosen because of the overall completeness of the plant data. 

In the UFO-MBR the flow from the bioreactors is split between FO membrane treatment 

for potable reuse and UF membrane treatment for non-potable reuse. The flow split that was 

selected for the full-scale UFO-MBR design was two-thirds treated through the FO membranes 

and one-third treated through UF membrane. In real UFO-MBR systems the flow split can be 

adjusted to achieve different UF permeate water qualities. For the flow split chosen for this study 

the TDS concentration in the bioreactors and UF permeate are approximately 1 g/L (determined 
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through UFO-MBR pilot testing and modeling) [24]. Submerged hollow-fiber polyvinylidene 

fluoride (PVDF) membranes were selected for the LCA and the membrane area was sized 

assuming an average water flux of 20 L/m2/hr (LMH). Submerged FO membrane cassettes were 

sized using an in-house model developed for the UFO-MBR. The FO and RO membrane area, 

RO energy demand, and RO system recovery were calculated for DS concentrations of 20, 30, 

40, and 50 g/L NaCl using the models described in Section 6.2.3. A schematic drawing of the 

UFO-MBR unit processes, system boundary, LCA inputs, and process flows is provided in 

Figure 6.2. 

 
Figure 6.2. Schematic drawing of system boundary, flows, unit processes, and energy, materials, 
and chemical inputs used for the LCA of a UFO-MBR treatment plant. The illustrated RO power 
is for an RO system without energy recovery, producing an RO brine of 40 g/L NaCl. 

 

6.3.5.1 Energy demand 

The energy demand of the UFO-MBR process was calculated for the MBR, FO DS 

pumping, RO reconcentration, and UFO-MBR material acquisition and production. The MBR 

energy demand was assumed to be 0.9 kWh/m3, which was the average annual energy demand 

reported for the MBR at Nordkanal [48]. The MBR energy used in the LCA includes pumping, 
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bioreactor aeration, membrane aeration, and UF permeate pumping. The membrane aeration was 

assumed to be the same for submerged UF and FO membranes. This is a conservative 

assumption because recent studies have demonstrated that FO membrane air-scour requirements 

are less than those used for UF and MF MBRs [24, 25]. Luo et al. [25] reported that the air-scour 

requirement for OMBRs is about half of that required for MBRs and the air-scour rates used by 

Holloway et al. [24] for OMBR membrane aeration were much less then those used for porous 

MF and UF membrane MBRs: 1.5 m3 of air per m2 of membrane per hour for OMBR treatment 

compared to 15 m3/m2/hr for MBRs [48]. FO DS pumping requirements were calculated for a DS 

flowrate between 6,400 and 15,500 L/min (dependent on required membrane area and number of 

submerged FO plate-and-frame cassettes) and a DS vacuum pressure of 0.2 bar. The DS must be 

pumped under vacuum through submerged FO membrane cassettes to prevent the flat-sheet FO 

membranes from stretching away from the DS channel into the feed channel. RO power 

requirements were calculated using the ROSA program to produce RO brine (DS) concentrations 

of 20, 30, 40, and 50 g/L NaCl. RO power was also calculated for each DS concentration with an 

energy recovery device (pressure exchanger) installed on the RO system using a proprietary 

modeling software developed by ERI. RO power and total UFO-MBR energy for DS 

concentrations of 20, 30, 40, and 50 g/L NaCl with and without RO energy recovery are 

summarized in Table 6.3. 

 

6.3.5.2 Chemical use 

Chemical use data input into the WWEST model of the UFO-MBR included sodium 

hypochlorite for UF membrane cleaning and sodium chloride used for the DS. Sodium 

hypochlorite use was calculated assuming that the UF membranes would be chemically cleaned 

for 30 min once a week, at a backwash flow rate of approximately 1,700 L/min and a sodium 

hypochlorite concentration of 0.5 g/L, the manufacturer recommended sodium hypochlorite 

cleaning concentration [60]. The sodium chloride use was calculated using the modeled salt loss 

through the FO and RO membranes at DS concentrations of 20, 30, 40, and 50 g/L NaCl. The FO 

salt loss was modeled using FOROSA for a lower permeability cellulose triacetate (CTA) 

membrane (permeability of 0.34 LMH/bar) and a higher permeability CTA membrane 

(permeability of 0.68 LMH/bar). The value used for the lower and higher permeability CTA 

membrane was selected based on the permeability of current and next generation CTA 



 164 

membranes that were referenced by Hancock et al. [44]. Salt loss through the RO membranes 

was modeled using ROSA for RO brine concentrations of 20, 30, 40, and 50 g/L NaCl. Because 

emission factors for sodium chloride production are not included in WWEST, data from the 

GaBi 6.0 PE International database [46] was obtained and entered into WWEST. Sodium 

hypochlorite and sodium chloride use input into WWEST for the UFO-MBR are summarized in 

Table 6.4. 

 

Table 6.3. Summary of RO power requirements for DS reconcentration and total energy of UFO-
MBR treatment at DS concentrations of 20, 30, 40, and 50 g/L NaCl, with and without RO 
energy recovery 

UFO-MBR without energy recovery device 
DS concentration, g/L RO power, kW Total UFO-MBR energy, kWh/m3 

20 2,900 2.8 
30 3,000 2.9 
40 3,200 3.0 
50 4,200 3.4 

UFO-MBR with energy recovery device 
DS concentration, g/L RO power, kW Total UFO-MBR energy, kWh/m3 

20 1,700 2.2 
30 2,000 2.3 
40 2,200 2.5 
50 2,900 2.8 

 

6.3.5.3 Construction material inventory 

Several resources were used to estimate the construction material inventory for a full-

scale UFO-MBR. The Nordkanal MBR case study was used to select the number and size of 

bioreactor and membrane tanks [48]. The Nordkanal wastewater treatment plant has three 

bioreactor tanks with respective volumes of 2,600, 3,600, and 5,600 m3, and one membrane tank 

with a volume of 1,500 m3. These tank volumes and estimated rectangular tank dimensions were 

input into WWEST to estimate the amount of materials (e.g., concrete and steel) required to 

construct each tank. The process pipe data collected from OCWD’s CSA treatment facility was 

used to select the process pipe material and diameter, and estimate the length of process piping 

needed for a full-scale UFO-MBR system. The required length of each pipe type was calculated 

using a linear correlation based on the influent flow to each plant. Process piping material 

inventory was calculated using this method to prevent the environmental impacts and energy use 

from process piping to be under- or over-estimated for the CSA or UFO-MBR treatment 

facilities. 
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Table 6.4. Summary of chemical inputs for each UFO-MBR unit process at DS concentrations of 
20, 30, 40, and 50 g/L NaCl and for lower and higher permeability CTA membranes 

UF 
Chemical Use, g/m3 

Sodium hypochlorite 0.1 
FO 

Low permeability membrane 
DS concentration, g/L Chemical Use, g/m3 

20 Sodium chloride 640 
30 Sodium chloride 490 
40 Sodium chloride 400 
50 Sodium chloride 350 

High permeability membrane 
DS concentration, g/L Chemical Use, g/m3 

20 Sodium chloride 400 
30 Sodium chloride 329 
40 Sodium chloride 260 
50 Sodium chloride 230 

RO 
DS concentration, g/L Chemical Use, g/m3 

20 Sodium chloride 100 
30 Sodium chloride 230 
40 Sodium chloride 490 
50 Sodium chloride 500 

 

Hollow-fiber PVDF UF membranes were selected for the UFO-MBR design. The UF 

membrane area was calculated using an assumed average flux of 20 LMH and a production rate 

of 16,000 m3/day (4.2 MGD). The FO membrane material was CTA; the membrane area was 

estimated for a potable water production rate of 32,100 m3/day (8.5 MGD) using FOROSA and 

the UFO-MBR model at DS concentrations of 20, 30, 40, and 50 g/L and for lower and higher 

permeability FO membranes The required RO membrane area and number of pressure vessels 

for each DS concentration was calculated with ROSA. The construction material inventory input 

to WWEST for the UFO-MBR is summarized in Table B4 of Appendix B. 

 

6.4 Results and discussion 

Full-scale CSA and UFO-MBR treatment facilities were studied for energy use, GHG 

emissions, and other environmentally relevant emissions using the WWEST LCA program. The 

results from the LCA for energy use and GHG emissions were separated into two groups: 

operations and materials. Operations include the electrical energy used for treatment, and 

materials include the procurement and manufacturing of all construction, equipment, and 

membrane materials and plant chemical use. The different CSA and UFO-MBR treatment 
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methods for both the operations and materials groups and metrics assessed in this study are 

summarized below: 

• Overall CSA treatment, including conventional treatment, MF, RO, and UV-AOP, was 

assessed for energy and GHG emissions at RO brine disposal pressures of 0, 17, 34, 52, 

and 69 bar. Emissions of CO, VOCs, PM, SOX, and NOX were also calculated for CSA 

treatment. 

• The impact of individual CSA unit processes (conventional treatment, MF, RO, and UV-

AOP) on energy and GHG emissions were calculated to determine which unit process 

contributed the most to CSA life-cycle impacts. This was done only for the ocean outfall 

scenario (concentrate disposal pressure = 0 bar). 

• Overall UFO-MBR treatment (MBR, FO, and RO) was assessed for energy and GHG 

emissions at DS concentrations of 20, 30, 40, and 50 g/L NaCl. Other environmentally 

relevant emissions were also determined for UFO-MBR treatment. The initial overall 

UFO-MBR life cycle was studied with lower permeability FO membranes and no RO 

energy recovery. 

• The impact of individual UFO-MBR unit processes (MBR, FO, and RO) on energy and 

GHG emissions was assessed to determine which unit processes contributed the most to 

the UFO-MBR life-cycle impacts. This was done only for a DS concentration of 40 g/L 

NaCl. 

• And finally, overall impact of UFO-MBR treatment was re-assessed for energy and GHG 

emissions using higher permeability FO membranes and RO energy recovery. This 

assessment was done at DS concentrations of 20, 30, 40, and 50 g/L NaCl. 

 

6.4.1 CSA overall impact 

Energy and GHG emissions (CO2 equivalents) were calculated for a CSA facility 

producing 265,000 m3/day of potable water (treating 310,400 m3/day) having an ocean outfall 

and deep-well injection for RO brine disposal. Energy and GHG emissions per unit of water 

produced for CSA plant operation and materials as a function of RO concentrate disposal 

pressure are shown in Figure 6.3. 

Energy and GHG emissions for CSA treatment (combined operation and materials) 

increase linearly with increasing concentrate disposal pressure. The energy and GHG emissions 
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increased from 1,730 kJ/m3 to 2,130 kJ/m3 and 1.15 kg/m3 to 1.5 kg/m3, respectively, between 

the ocean outfall scenario (0 bar) and high-pressure concentrate disposal scenario (69 bar). 

Clearly, the increases in energy and GHG emissions at higher RO concentrate disposal pressures 

are directly related to the pumping energy of concentrate disposal. As shown in Figure 6.3, the 

energy and GHG emissions for materials are constant across all disposal pressures and do not 

increase with disposal pressure because only materials for the CSA treatment plant were 

included in the LCA, which were the same for all disposal scenarios. The energy and GHG 

emissions for materials would likely be different between CSA scenarios if the infrastructure 

(pipeline construction and materials) for deep-well injection of the RO concentrate was included. 

The operation of CSA treatment accounted for approximately 70% of the total energy and 

75% of the total GHG emissions for the ocean outfall scenario (0 bar). For CSA treatment 

evaluated at the highest disposal pressure (69 bar), the contribution of plant operations to the 

total energy and total GHG emissions was even higher, contributing approximately 75% to total 

energy and 80% to GHG emissions. In several LCA studies assessing wastewater treatment and 

reuse facilities, energy for plant operation has been shown to have the highest impact on energy 

and GHG emissions. Stokes and Horvath [4] and Vince et al. [5], in separate LCA studies on 

water supply and reuse, concluded that facility maintenance and construction were minor 

contributors to the life cycle impacts of a recycled water treatment plant compared to plant 

operation. Ortiz et al. [6] determined that facility operation accounted for 74 to 84% of the life 

cycle impacts of a conventional activated sludge plant with tertiary UF filtration, and facility 

operation accounted for 66 to 77% of the life cycle impacts of an MBR that uses submerged UF 

membranes. Energy used in wastewater treatment has also been demonstrated to contribute to 

additional environmentally relevant emissions other than GHGs [6]. Emissions of CO, VOC, 

SOx, PM, and NOx for CSA treatment as a function of concentrate disposal pressure are 

summarized in Table 6.5. 

Although other emissions are lower in magnitude than GHG emissions (g/m3 in Table 6.5 

compared to kg/m3 in Figure 6.3b and consistent with prior literature [3, 6]), they are still 

environmentally relevant because these emissions are human health concerns (CO, VOCs, NOx, 

and PM), contribute to acidification (SOx and NOx), and can react in the atmosphere to produce 

ozone (VOCs and NOx). The emission of these environmentally relevant compounds is mostly 

related to the energy demand for treatment. This is a common finding from other LCA studies 
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conducted on wastewater treatment plants, which have shown energy use is the major contributor 

to emissions and the amount of individual emissions is strongly influenced by the energy mix 

used to calculate emissions [3]. In this study, emissions of SOx, PM, NOx, CO, and VOCs mostly 

trended with the national average electric mix used in WWEST, in which SOx (2.9 g/kWh) and 

PM (1.7 g/kWh) have substantially higher emission factors compared to NOx (1.1 g/kWh), CO 

(0.2 g/kWh), and VOCs (0.07 g/kWh). The one emission that did not follow this trend is CO, 

which has the second lowest national average electric mix emissions value but had a calculated 

emissions value similar to NOx. This is due to the relatively high emissions factor for CO from 

vehicles and gas-powered equipment used in WWEST for plant construction. 

 

 
Figure 6.3. Life-cycle (a) energy use and (b) GHG emissions (CO2 equivalents) as a function of 
RO concentrate disposal pressure for a full-scale CSA treatment facility, treating 310,400 m3/day 
and producing 265,000 m3/day of potable water. 

 

6.4.2 CSA unit process impacts 

CSA treatment was further assessed for the contribution of each unit process 

(conventional activated sludge (CON), MF, RO, and UV-AOP treatment) to the total CSA life 

cycle impact. This assessment was conducted to determine which process had the highest impact 

on energy use and GHG emissions. Unit processes were only evaluated for the ocean outfall 

CSA scenario (concentrate disposal pressure of 0 bar). Energy and GHG emissions for each CSA 

unit process are shown in Figure 6.4. 
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Table 6.5. Summary of other life-cycle emissions for CSA plant for RO concentrate disposal 
pressures of 0, 17, 34, 52, and 69 bar 
Disposal pressure, bar 

(psi) CO, g/m3 VOC, g/m3 PM, g/m3 SOX, g/m3 NOX, g/m3 

0 (0) 0.27 0.068 0.22 0.40 0.18 
17 (250) 0.27 0.069 0.24 0.43 0.19 
34 (500) 0.27 0.070 0.25 0.46 0.21 
52 (750) 0.28 0.071 0.27 0.49 0.22 

69 (1000) 0.28 0.071 0.29 0.53 0.23 
 

The contribution of each unit process to energy for operation (Figure 6.4a) trended 

closely with the specific energy of the unit processes measured by OCWD (Figure 6.1). RO 

exhibited the highest energy for operation and had the highest specific energy (0.46 kWh/m3). 

The next highest contributors to energy for operation were conventional treatment, MF, and UV-

AOP, which had measured specific energy of 0.42, 0.23, and 0.07 kWh/m3, respectively. RO and 

MF had the highest impact on energy for materials (Figure 6.4a) because of the high membrane 

area and number of membrane housings (RO pressure vessels and MF cassettes) required for 

treatment, and high chemical use of each process. 

Similar to energy, the contribution of each unit process to GHG emissions from 

operations trended with the measured unit process specific energy—RO having the highest 

impact, followed by conventional treatment, MF, and UV-AOP. The impact of each unit process 

to GHG emissions for materials was comparable to the impact of the unit processes to energy for 

materials. However, the impacts of the RO and MF unit processes were much closer in GHG 

emissions from materials compared to the energy from materials. The higher contribution of MF 

to GHG emissions for materials is due to the global warming potential (GWP) of the chemicals 

used in OCWD’s MF process. Caustic soda and calcium hydroxide have the highest use for MF 

operation (Table 6.1) and have a relatively high GWP. The GWP for caustic soda and calcium 

hydroxide used in WWEST are approximately 4.2 and 1.2 kg-CO2 equivalents/kg of chemical 

used, respectively. 

 

6.4.3 UFO-MBR overall impact 

UFO-MBR treatment was assessed for energy, GHG emissions, and other 

environmentally relevant emissions for a facility designed to treat 48,100 m3/day, producing 

32,000 m3/day of potable water and 16,000 m3/day non-potable water suitable for irrigation. The 
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impacts of UFO-MBR treatment were determined for DS concentrations of 20, 30, 40, and 50 

g/L. Energy and GHG emissions as a function of DS concentration were calculated using 

WWEST and are illustrated in Figure 6.5. 

 

 
Figure 6.4. Life-cycle (a) energy use and (b) GHG emissions (CO2 equivalents) for each CSA 
unit process. Results are for a CSA facility discharging RO concentrate through an ocean outfall 
(RO concentrate disposal pressure of 0 bar). 

 

Energy (Figure 6.5a) and GHG emissions (Figure 6.5b) for materials decreased with 

increasing UFO-MBR DS concentration—both are impacted by the large FO membrane area 

needed to produce 32,100 m3/day. At low DS concentrations the FO membrane productivity 

(water flux) is lower, and therefore more FO membrane area is required, and energy and GHG 

emissions for materials are higher. As a result of the increase in energy and GHG emissions for 

operations and decrease in energy and GHG emissions for materials at increasing DS 

concentrations, the optimum DS concentration to operate the UFO-MBR with respect to 

minimizing energy and GHG emission (operations and materials) is 40 g/L NaCl. 

Energy (Figure 6.5a) and GHG emissions (Figure 6.5b) for operations slightly increased 

between DS concentrations of 20 and 40 g/L and more substantially increased between DS 

concentrations of 40 and 50 g/L. Energy and GHG emissions for operation did not increase as 

much at the lower DS concentrations because the UFO-MBR’s RO system could be designed to 

operate at lower hydraulic pressures by utilizing low-pressure RO membranes while still 
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achieving the treatment goal (RO permeate TDS < 500 mg/L). At a DS concentration of 50 g/L, 

a mix of low-pressure and high-pressure RO membranes was needed in the RO system to meet 

the treatment goal. The use of high-pressure RO membranes substantially increased the hydraulic 

pressure needed for water production, resulting in much higher RO system specific energy, and 

increased energy and GHG emissions from operations. 

 

Figure 6.5. Life-cycle (a) energy use and (b) GHG emissions (CO2 equivalents) as a function of 
DS concentration for a full-scale UFO-MBR treatment facility. 

 

UFO-MBR treatment was also assessed for other environmentally relevant emissions. 

Emissions of CO, VOC, SOx, PM, and NOx were determined using WWEST as a function of DS 

concentration for UFO-MBR treatment and are summarized in Table 6.6. 

Life-cycle emissions (Table 6.6) increased with increasing UFO-MBR DS concentration. 

Similar to the energy use (Figure 6.5a) and GHG emissions (Figure 6.5b) for operations, other 

emissions increased slightly between DS concentrations of 20 and 40 g/L, and increased more 

sharply between DS concentrations of 40 and 50 g/L. This trend closely follows the specific 

energy of UFO-MBR treatment at increasing DS concentrations. The highest calculated specific 

energy was for a DS concentration of 50 g/L (3.4 kWh/m3) followed by DS concentrations of 40 

g/L (3.0 kWh/m3), 30 g/L (2.9 kWh/m3), and 20 g/L (2.8 kWh/m3). As discussed for emissions 

from CSA treatment, it is not unusual for emissions to be strongly influenced by the energy 

required for treatment and the energy mixed used in the LCA to calculate individual emissions. 
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As such, the highest emissions from UFO-MBR treatment were for SOx and PM, which had a 

substantially higher emissions factor in WWEST compared to NOx, CO, and VOCs. 

 

Table 6.6. Summary of other life-cycle emissions for UFO-MBR treatment at DS concentrations 
of 20, 30, 40, and 50 g/L NaCl 
DS concentration, g/L CO, g/m3 VOC, g/m3 PM, g/m3 SOX, g/m3 NOX, g/m3 

20 0.25 0.035 0.33 0.56 0.22 
30 0.24 0.034 0.33 0.57 0.23 
40 0.23 0.033 0.34 0.59 0.23 
50 0.24 0.034 0.40 0.68 0.27 

 

6.4.4 UFO unit process impacts 

UFO-MBR treatment unit processes (MBR, FO, and RO) were analyzed individually for 

the contribution of each process to the total UFO-MBR life cycle. The unit process analysis was 

done for the UFO-MBR operating with a DS concentration of 40 g/L. This concentration was 

chosen because it had the lowest life-cycle energy use and GHG emissions of any of the UFO-

MBR DS concentrations studied. The purpose of the unit process analysis was to determine what 

processes had the highest contribution to energy and GHG emissions. Energy use and GHG 

emissions for each UFO-MBR unit process at a DS concentration of 40 g/L are shown in Figure 

6.6. 

UFO-MBR RO and MBR unit processes were the major contributors to energy use and 

GHG emissions for operations. These results coincide with the specific energy used in the LCA 

for the RO, FO, and MBR. RO specific energy (1.6 kWh/m3, calculated using ROSA) was the 

highest of the three UFO-MBR unit processes followed by MBR specific energy (0.9 kWh/m3) 

and FO operation (0.04 kWh/m3). The FO specific energy and energy and GHG emissions for 

operation are very low because only the energy to pump the DS through the plate-and-frame 

cassette was included in the FO energy calculation. In reality, there would also be an energy 

requirement for FO membrane air scouring; however, this energy was aggregated into the MBR 

energy use in the current study. 

The FO unit process may provide little contribution to energy use and GHG emissions of 

operation, but accounted for approximately 67% of energy use for materials (Figure 6.6a) and 

approximately 79% of GHG emissions for materials (Figure 6.6b). The high contribution of FO 

to materials is a result of the relatively low permeability of current generation FO membranes 
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and to the low water flux achieved at moderate DS concentrations (e.g., 40 g/L). It is clear from 

the results in Figure 6.6 that RO energy and FO membrane area must be reduced to lower the 

energy use and GHG emissions of the UFO-MBR process. 

 

 
Figure 6.6. Life-cycle (a) energy use and (b) GHG emissions (CO2 equivalents) for each UFO-
MBR unit process. Presented results are for a UFO-MBR operating with a DS concentration of 
40 g/L. 

 

6.4.5 UFO optimization 

The minimum energy use (2.3x104 kJ/m3) and GHG emissions (1.5 kg/m3) for UFO-

MBR treatment were calculated for a system operating with 40 g/L NaCl DS. Although the 

energy and GHG emissions were lowest at 40 g/L DS, the life-cycle energy use of the UFO-

MBR was still 24% higher and GHG emissions were 22% higher compared to CSA treatment 

using an ocean outfall for RO concentrate disposal (0 bar). The life-cycle energy use of the UFO-

MBR was also 6% higher than the life-cycle energy use for CSA treatment at the highest 

concentrate disposal pressure (69 bar); however, GHG emissions were very similar for UFO-

MBR treatment at 40 g/L DS and CSA treatment at a disposal pressure of 69 bar. Hancock et al. 

[44], using an LCA methodology to compare a hybrid FO system to traditional RO systems for 

desalination, also found that the impact of FO treatment was higher than more conventional 

treatment processes. FO membrane development is still relatively new and FO membrane 

materials are not yet optimized. Active research is occurring and improvements are expected in 
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coming years. In the current study, the area of FO membrane needed for UFO-MBR treatment 

was the major contributor to the energy use and GHG emissions for materials. 

RO had the highest energy and GHG emissions for operations of all unit processes 

evaluated. Energy from RO operation was 16% higher than the energy from MBR operation and 

GHG emissions from RO operation was 17% higher than the GHG emissions from MBR 

operation. Considering the higher impact of FO to energy and GHG emissions for materials and 

RO to energy and GHG emissions for operations, UFO-MBR treatment was further assessed 

using higher permeability FO membranes to reduce the area of FO membrane needed for 

treatment and RO energy recovery. It is not unreasonable to assume that FO membrane 

permeability will be higher than the CTA membranes used for the base UFO-MBR scenario. 

Coday et al. [11] recently reported on FO thin-film composite membranes having permeability 

four times higher than current generation CTA membranes. RO energy was recalculated with an 

inline pressure recovery device to reduce RO energy use. Energy use and GHG emissions for 

UFO-MBR treatment (operations and materials) at operating DS concentrations of 20, 30, 40, 

and 50 g/L NaCl before and after UFO-MBR optimization are illustrated in Figure 6.7. 

Total energy use (Figure 6.7a) and GHG emissions (Figure 6.7b) were considerably 

lower for UFO-MBR treatment calculated with more permeable FO membranes and utilization 

of RO energy recovery. The largest reduction in total energy use and GHG emissions were for 

operating DS concentrations of 20 and 50 g/L. Total energy use was reduced by 21% and total 

GHG emissions were reduced by 20% between the initial UFO-MBR life cycle and the 

optimized UFO-MBR life cycle at a DS concentration of 20 g/L. Total energy was reduced by 

20% and total GHG emissions were reduced by 17% between the initial UFO-MBR and 

optimized UFO-MBR life-cycles at a DS concentration of 50 g/L. The much lower life-cycle 

impacts at a DS concentration of 20 g/L were due to the reduction in FO membrane area needed 

for UFO-MBR treatment using more permeable FO membranes. As a result, an optimized UFO-

MBR system operating at a DS concentration of 20 g/L has the lowest energy and GHG 

emissions of all UFO-MBR scenarios. 
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Figure 6.7. Total life-cycle (combined operations and materials) (a) energy use and (b) GHG 
emissions (CO2 equivalents) as a function of DS concentration for a full-scale UFO-MBR 
treatment facility before and after system optimization. Dotted black lines represent the UFO-
MBR life cycle before optimization and solid bars represent the UFO-MBR life cycle after 
optimization. The dotted red lines are the CSA life cycle for the ocean outfall scenario (0 bar 
pressure for concentrate disposal) and for the CSA life cycle at the highest brine disposal 
pressure (69 bar). 

 

Prior to UFO-MBR optimization, the life-cycle impacts of UFO-MBR treatment were 

higher than or equivalent to those of CSA treatment at the highest studied concentrate disposal 

pressure (69 bar) across all DS concentrations studied. The impacts of UFO-MBR treatment 

were well below those of CSA treatment at a concentrate disposal pressure of 69 bar when more 

permeable membranes and RO energy recovery are utilized. The impacts of UFO-MBR 

treatment were still higher than those of CSA treatment for the ocean outfall scenario 

(concentrate disposal pressure of 0 bar), but the impacts for the optimized UFO-MBR at DS 

concentrations of 20, 30, and 40 g/L were much closer to those of the base CSA treatment 

scenario compared to the initial UFO-MBR life cycle. In fact, the energy use and GHG 

emissions were only 5% higher for UFO-MBR treatment at DS concentrations between 20 and 

40 g/L compared to CSA treatment at the lowest concentrate disposal pressure studied. The 

UFO-MBR may still require system improvements to have lower environmental impacts than 

CSA treatment for potable reuse, but there are several advantages to the UFO-MBR that make it 

an attractive technology, especially for inland applications. These include 1) no need for RO 
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concentrate disposal, 2) combining FO and UF membrane treatment provides additional 

operational flexibility for utilities desiring waters of different qualities, 3) FO reduces RO 

membrane fouling, and 4) using two semi-impermeable barriers (e.g., FO and RO) for 

wastewater treatment increases system robustness and improves product water quality for 

potable reuse. 

 

6.5 Conclusions 

The results from the LCA illustrate that the life-cycle impacts of CSA treatment are much 

lower than UFO-MBR treatment without UFO-MBR system optimization. The major contributor 

to energy use and GHG emissions of CSA treatment was from operations. This is a common 

finding in LCA studies conducted on water reuse treatment facilities. For CSA treatment, the 

impacts of energy and GHG emissions for operation were mostly driven by the RO system. 

Optimization of RO energy use and recovery should be a major emphasis of potable reuse 

research to reduce the life cycle impacts of CSA treatment. 

The minimum UFO-MBR life-cycle impacts were determined to be at an operating DS 

concentration of 40 g/L. The impacts were reduced at this DS concentration because the 

combined FO membrane area (the major contributor to materials) and RO energy use (the major 

contributor to operations) were lower than the other DS concentrations studied. Although the 

life-cycle impacts were reduced at a DS concentration of 40 g/L, the UFO-MBR still required 

optimization to approach the energy use and GHG emissions calculated for CSA treatment. 

Increasing the FO membrane permeability and adding RO energy recovery resulted in UFO-

MBR life-cycle impacts that were much closer to CSA treatment and lower than CSA treatment 

requiring deep well injection for RO concentrate disposal. The UFO-MBR life-cycle impacts 

may have also been lower if nutrient recovery was included and the UFO-MBR was evaluated at 

larger scale. Considering that FO, and especially UFO-MBR, technologies are newer and have 

much room for improvement, it is not difficult to envision that the UFO-MBR may eventually be 

a competitive potable reuse technology. 
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CHAPTER 7 
CONCLUSIONS 

This dissertation is a collection of one review article and five full-length research articles 

that comprehensively investigated the performance of the UFO-MBR for potable reuse and 

nutrient recovery, and explored new mixed DSs to help minimize RSF during FO operation. 

Conclusions from each research article and future OMBR and UFO-MBR research needs are 

outlined in this chapter. 

 

7.1 Research synopsis 

The OMBR and UFO-MBR were critically assessed and studied through the completion 

of the following studies: (1) a critical review of the OMBR to determine the benefits and 

limitations of OMBR technology and to outline a framework for future OMBR operation, (2) an 

investigation of mixed salts DSs for improved FO performance, (3) a long-term UFO-MBR 

evaluation used to determine the sustainability of the processes for water flux and nutrient 

removal/recovery, (4) a study assessing TOrC removal and rejection through the UFO-MBR 

bioreactors and across the UFO-MBR FO and RO membranes, and (6) a comprehensive LCA 

study used to compare the energy use and green-house gas emission of UFO-MBR treatment to 

CSA treatment. 

 

7.2 Summary of mixed DSs for improved FO performance 

Mixed salts DSs containing mostly NaCl with small amounts of divalent inorganic or 

organic ions were tested in FO to determine if water flux was maintained and RSF reduced using 

the mixed salts DSs compared to a pure NaCl DS at similar osmotic pressures. There was a 

positive effect (lower RSF) with all mixed salts DSs tested with DSs having an osmotic pressure 

of 48 bar and 23 bar, but the mixed salts DS containing 10% MgCl2 at an osmotic pressure 

equivalent to 48 bar was the only mixed salts DS having a statistically significant lower RSF 

compared to a pure NaCl DS. This is not to state that other mixed salts DSs are not effective; 

however, additional research would be required to determine statistical significance. 

When mixed salt DSs containing MgCl2 were tested over a full-range of concentrations 

(0% MgCl2/100% NaCl to 100% MgCl2/0% NaCl) there was a noticeable difference in the trend 

in water flux and RSF at increasing MgCl2 concentrations. The water flux slightly increased with 
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small additions of MgCl2 to a predominately NaCl DS and remained virtually constant up to an 

MgCl2 concentration contributing up to 50% of the total DS osmotic pressure. The RSF 

decreased fairly linearly with each addition MgCl2 to the predominately NaCl DS. It was 

hypothesized that differences in the behavior of the water flux and RSF at increasing MgCl2 

concentrations is due to the composition of the mixed salts DS in the pore space of the 

membrane active layer, which likely closely resembles a pure NaCl DS combined with very low 

concentrations of magnesium. Although there is a small amount of magnesium in the pore space, 

the low diffusivity of magnesium prevents sodium and chloride from diffusing through the pore 

at a high rate. It is also important to note that there is a low concentration of magnesium in the 

pore because it does not limit water from diffusing through the pore in the opposite direction of 

the RSF as is the case when high concentrations of MgCl2 are used in the DS. This study 

illustrates the potential for mixed DSs to enhance FO for closed loop operations by selecting the 

appropriate combination of solutes. 

 

7.3 Summary of long-term OMBR and UFO-MBR evaluations 

The OMBR and UFO-MBR were investigated for more than 120 days continuously 

treating domestic wastewater. Each system performed well with respect to nutrient 

removal/rejection. The removal/rejection of phosphorus and COD from the influent to the RO 

permeate exceeded 99% and 96%, respectively. Nitrogen removal/rejection was lower 

(approximately 82%) because of the diffusion of nitrate from the activated sludge into the DS. 

Although there were elevated concentrations of nitrate in the DS, the concentration of nitrate in 

the RO permeate was never higher than 10 mg/L, which illustrates the importance of having 

multiple barriers for potable reuse applications. 

The OMBR and UFO-MBR exhibited excellent removal/rejection of nutrients but 

membrane fouling was significantly reduced during testing of the UFO-MBR compared to the 

OMBR. The UFO-MBR was operated at a stable flux of 4.8 L/m2-hr over the duration of the 

investigation without a single membrane cleaning. The steady flux can be attributed to the UF 

system drawing salts from the bioreactor, thereby maintaining a constant driving force and 

potentially reducing the concentration of cations associated with more severe membrane fouling. 

An ancillary benefit of coupling the UF system with the OMBR was a nutrient rich stream that 

was extracted from the reactor with the UF permeate. The nutrients from this stream have the 
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potential of eventually being harvested for beneficial use. 

 

7.4 Summary of TOrC removal and performance of a UFO-MBR 

The previous long-term UFO-MBR study demonstrated that the system operated at 

constant water flux for over 125 days of continuous operation without cleaning the FO 

membranes and that there was very high nutrient removal and rejection through the UFO-MBR’s 

multiple biological and membrane barriers. This evaluation validated that the system could 

produce water of very high quality for water reuse schemes requiring water with no suspended 

solids, very low dissolved solids, and low nutrient concentrations. To expand on this work, the 

system was studied for TOrC removal/rejection to determine if the UFO-MBR would be suitable 

for potable reuse applications needing TOrC removal to protect the public and the environment. 

It was demonstrated in this study that 15 of 20 detected TOrCs were removed by the 

hybrid UFO-MBR system to below the detection limit. High FO membrane rejection was 

observed for all ionic and nonionic hydrophilic TOrCs and lower rejection was observed for 

nonionic hydrophobic TOrCs. With the exceptions of bisphenol A and DEET, all TOrCs 

detected in the DS were well rejected by the RO membrane. An important observation from the 

study was the removal of TOrCs was influenced by the operation of the UF subsystem – removal 

of certain TOrCs decreased when the UF system was offline for 14 days during the 35-day study 

period. This may be a concern if a UFO-MBR was operated in a batch-mode with respect to the 

UF system. In a batch-mode, the UF system would be periodically offline to allow 

nutrients/minerals accumulation in the bioreactors; once the desired concentration was reached, 

the UF system would be put online to extract the accumulated nutrients/minerals from the 

reactor. Operating in batches may improve recovery and simplify the recovery step but it may 

also reduce the removal/rejection of TOrCs from the influent to the RO permeate. 

 

7.5 Summary of the environmental impacts of two water reuse technologies 

The successful commercialization of the UFO-MBR will be highly dependent on if the 

system is competitive (e.g., energy use, environmental impact, and capital cost) with existing 

water reuse technologies. A common method used to compare the energy use and environmental 

impact of different processes is an LCA. In this study, an LCA methodology was used to assess 

and compare UFO-MBR treatment to CSA treatment (conventional treatment, MF, RO, and UV-
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AOP) to produce water of reuse quality. The UFO-MBR life-cycle impact (energy use, 

greenhouse gas emission, and other environmentally relevant emissions) was calculated for a 

system operating at DS concentrations of 20, 30, 40, and 50 g/L NaCl. CSA life-cycle impact 

was calculated for CSA treatment facilities requiring different pressures for deep-well disposal of 

the RO concentrate, disposal pressures ranged from 0 to 69 bar. 

It was determined in this study that the minimum UFO-MBR life-cycle impacts were at 

an operating DS concentration of 40 g/L. The impacts were reduced at this DS concentration 

because the combined FO membrane area (the major contributor to the environmental impact of 

construction and chemical materials) and RO energy use (the major contributor to the 

environmental impact of system operation) were lower than the other DS concentrations studied. 

Although the life-cycle impacts were reduced at a DS concentration of 40 g/L NaCl, the UFO-

MBR still required optimization to approach the energy use and GHG emissions calculated for 

CSA treatment. Increasing the FO membrane permeability and adding RO energy recovery 

resulted in UFO-MBR life-cycle impacts much closer to CSA treatment and lower than CSA 

treatment requiring deep well injection for RO concentrate disposal. The UFO-MBR life-cycle 

impacts may have also been lower if nutrient recovery was included and the UFO-MBR was 

evaluated at larger scale. 

Another UFO-MBR design consideration that was highlighted in this study was the 

limited log virus removal credits that could be given to the UFO-MBR system using the FO and 

RO membrane barriers. Currently, potable reuse treatment schemes are giving only 2-log 

removal credits for RO. Assuming 1-log credit for biological treatment, 2-log removal credits for 

each FO and RO separation, and 1-log removal credits to post RO disinfection, the total log-

removal credits for the UFO-MBR would be 6-log – well below the required 12-log credits for 

potable reuse in California. Until UFO-MBR treatment can be validated for 12-log virus 

removal, it is likely that UV-AOP (6-log credits) would be required to treat the RO permeate to 

meet current regulatory standards. 

 

7.6 Future work 

The UFO-MBR is a promising treatment technology for nutrient recovery and indirect or 

direct potable reuse applications. Despite the advantages of the UFO-MBR to remove and reject 

nutrients and TOrCs, there are still many obstacles to overcome before the UFO-MBR could be a 
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viable, commercial treatment technology. Future research should focus on further investigating 

the effect of salinity on the UFO-MBR’s microbial community, developing higher permeability 

membranes to reduce membrane area requirements, standardizing UFO-MBR operating 

conditions such as HRT and SRT, modeling of UFO-MBR nutrient recovery and precipitation, 

and conducting a techno-economic analysis on the UFO-MBR that includes the costs and 

benefits of nutrient recovery. Finally, two of the most critical analysis and developments that 

must be completed to determine the viability of the UFO-MBR as a potable reuse technology are 

validating the log-removal of viruses and reducing the energy demand of the DS reconcentration 

step. 

Practically, FO and RO membranes are designed to reject ions and should provide a near 

complete barrier to viruses. However, this must be validated before the system can be considered 

a potable reuse technology. In regards to UFO-MBR energy demand, even if an energy recovery 

devices was incorporated, the specific energy of the UFO-OMBR coupled with RO for draw 

solution reconcentration would be on the higher end or exceed that of current advanced 

wastewater treatment trains. Thus, another major barrier to full-scale OMBR implementation is 

to develop creative, new reconcentration configurations and methods, and novel draw solutions 

that can overcome the major energy penalty associated with OMBRs. 
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TOrCs Investigated 

 

Table A1. Average concentration and select physiochemical properties of TOrCs detected in the 
UFO-MBR influent. 

 LOD UFO-MBR 
feed 

 MW  

TOrC ng L-1 ng L-1 Classification g mol-1 Charge pKa Log 
Kow 

Log 
D* 

Acesulfame 100 12,236±9,155 Sweetener 163.1 Neutral 2.00a -1.33a -2.32 

Acetaminophen 10 61,200±18,216 Analgesic 151.2 Neutral 9.46b 0.46b 0.34 

Atenolol 10 265±76 Beta-blocker 266.3 Positive 9.87b 0.56b -1.99 

Bishpenol A 50 318±129 Plasticizer 228.2 Neutral 10.1d 3.32d 3.43 

Caffeine 10 82,457±16,903 Stimulant 194.2 Neutral 1.50b 0.79b -0.13 

DEET 25 1,011±413 Insect repellent 191.3 Neutral 2.00d 2.18d 1.96 
Diclofenac 10 85±24 Arthritis 296.1 Negative 4.15d 3.28b 0.95 
Diphenhydramine 25 1,243±718 Antihistamine 255.4 Positive 8.98e 3.27e 2.29 

Fluoxetine 5 72±21 Antidepressant 309.3 Positive 10.5b 4.05b 1.57 

Ibuprofen 100 15,680±3,444 Pain reliever 206.2 Negative 4.91b 3.97b 0.8 

Naproxen 10 8,389±5,521 Analgesic 230.2 Negative 4.15b 3.18b 0.47 

Oxybenzone 100 3,442±1,232 UV blocker 228.2 Neutral 8.39h 3.79f 3.41 

Propylparaben 5 1,174±342 Antimicrobial 180.2 Neutral 8.23b 3.04b 2.87 

Sulfamethoxazole 5 15±7 Antibiotic 253.4 Negative 6.16b 0.89b -0.32 

Surcalose 500 42,366±12,586 Sweetener 397.6 Neutral 11.8a -1.00a 0.68 
Triclocarban 10 1,384±565 Antimicrobial 315.5 Neutral 5.74b 10.6b 5.75 

Trimethoprim 10 13±22 Antibiotic 290.3 Positive 7.12b 0.91b 0.67 

TCEP 10 810±687 Flame 
retardent 

285.5 Neutral - 1.44b 1.22 

TCPP 25 3,678±2,327 Flame 
retardent 

327.6 Neutral - 2.59b 2.82 

TDCP 50 1,576±1,288 Flame 
retardent 

430.9 Neutral - 3.65b 1.79 

* Values calculated at pH between 7.4 using Advanced Chemistry Development (ACD/Labs) Software V8.14. Average pH of 
aerobic and anoxic bioreactors during current study was 6.4. a Lange et al. [1], b Drewes et al. [2], c Stevens-Garmon et al. 
[3], d Hyland et al. [4], e Teerlink et al. [5], f Wert et al. [6], g Wijekoon et al. [7], h Data is from Scifinder Scholar 
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Table A2. Predicted biodegradability of TOrCs analyzed in this study using BIOWIN (v4.10, 

EPI SuiteTM, United States Environmental Protection Agency). 

Compound Biowin1 Biowin2 Biowin3 Biowin4 Biowin5 Biowin6 Biowin7 RBP 
Sucralose -0.21 0.00 2.36 3.44 0.66 0.00 0.74 No 
Fluoxetine 0.49 0.13 1.99 3.25 0.24 0.00 0.56 No 
TCEP 0.59 1.00 2.20 3.60 0.32 0.02 1.48 No 
Sulfamethoxazole 0.45 0.13 2.43 3.31 -0.12 0.01 -0.29 No 
TDCP 0.19 1.00 1.36 3.09 -0.26 0.00 0.93 No 
TCPP 0.57 1.00 2.11 3.54 -0.11 0.00 0.66 No 
Bisphenol A 0.69 0.47 2.60 3.44 0.30 0.16 -0.26 No 
Diclofenac 0.14 0.00 2.29 3.30 -0.13 0.00 -0.85 No 
Diphenhydramine 0.33 0.06 2.42 3.19 0.04 0.03 -1.09 No 
DEET 0.92 0.97 2.65 3.71 0.44 0.40 -0.59 No 
Atenolol 1.33 1.00 2.61 3.85 0.41 0.23 -0.19 No 
Acesulfame 0.67 0.67 2.84 3.61 0.23 0.11 0.68 No 
Naproxen 0.90 0.96 2.92 3.91 0.44 0.34 0.38 No 
Trimethoprim 0.59 0.92 2.04 3.37 0.09 0.02 0.17 No 
Ibuprofen 0.83 0.87 2.96 3.80 0.20 0.15 0.03 No 
Triclocarban 0.05 0.00 1.88 2.90 -0.15 0.00 -1.04 No 
Oxybenzone 1.02 0.99 2.69 3.62 0.48 0.39 0.08 No 
Caffeine 0.66 0.56 2.77 3.57 0.14 0.05 0.50 No 
Propylparaben 0.95 1.00 3.00 3.86 0.72 0.83 0.68 Yes 
Acetaminophen 1.00 0.99 2.87 3.87 0.49 0.51 -0.11 No 

         Biowin1: Linear biodegradation probability model * 
Biowin2: Non-linear biodegradation probability model * 
Biowin3: Expert survey ultimate biodegradation model ^ 
Biowin4: Expert survey primary biodegradation model ^ 
Biowin5: MITI linear model ˚ 
Biowin6: MITI non-linear model ˚ 
Biowin7: Anaerobic biodegradation model * 
RBP: Ready Biodegradability Prediction ~ 

         * A probability ≥0.5 indicates fast biodegradation; a probability <0.5 indicates no fast biodegradation. 
^ Result classification: 5.00 (hours), 4.00 (days), 3.00 (weeks), 2.00 (months), 1.00 (>months). 
˚ A probability ≥0.5 indicates readily degradable; a probability <0.5 indicates not readily biodegradable. 
~ Yes, if Biowin3 is ≥3 AND Biowin5 is ≥0.5; No, if this condition is not satisfied. 

 

Materials 

Optima grade methanol, HPLC grade water, and sodium azide (NaN3) were obtained 

from Fisher Scientific (Pittsburgh, PA). Methyl-tert-butyl ether (MTBE) and ammonium acetate 

were purchased from Mallinckrodt (St. Louis, MO). Ammonium formate and formic acid were 
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obtained from Sigma-Aldrich (St. Louis, MO). Suppliers for TOrC standards and surrogates are 

detailed in Teerlink et al. [5]. 

 

Sample extraction and analysis 

To minimize biodegradation, samples for TOrC analysis were immediately preserved 

with NaN3 (1 g L-1) and were kept in the dark at 5 ºC until analyzed. High performance liquid 

chromatography coupled with tandem mass spectrometry (LC/MS-MS) was performed using an 

isotope dilution method modified from Vanderford and Snyder [8] as reported in Teerlink et al. 

[5]. Prior LC/MS-MS analysis, samples (20 to 100 mL) were extracted by Waters Oasis HLB 

cartridges (500 mg adsorbate, Milford, MA) using an automated solid phase extraction (SPE) 

unit (AutoTrace 280, Thermo Scientific, Waltham, MA). Isotope standards (1 ppm in methanol) 

were spiked into the water samples prior to SPE. Cartridges were conditioned with 5 mL MTBE, 

5 mL methanol, and 5 mL of HPLC grade water. The water sample was passed through each 

cartridge with a flow of 4 mL minute-1. The cartridges were then dried under a nitrogen stream 

for 1 hour and analytes were eluted from the cartridges with 5 mL methanol followed by 5 mL of 

10% methanol in MTBE. The eluent was dried down under a gentle nitrogen stream and resolved 

in 1 mL methanol. The final sample was prepared in a ratio of 10/90 methanol/water (v/v) for 

LC/MS-MS analysis. 

LC/MS-MS analysis was performed using an Agilent 1200 HPLC and a CTC Analytics 

HTS PAL autosampler equipped with a 1 mL sample loop for chromatography, coupled with an 

Applied Biosystems (Foster City, CA) 3200 QTRAP MS/MS system. Compounds were 

separated using a 150 mm × 4.6 mm Luna C18 column with 5 µm particle size. A binary gradient 

with a flow rate of 800 µL minute-1 was used for both electrospray ionization (ESI) positive and 

ESI negative methods. ESI positive eluents consist of 4 mM ammonia formate and 0.1% formic 

acid solution in water (A) and methanol (B) with the following gradient: 10% B for 0.5 minutes, 

50% B at 0.51 minutes, linear increase to 95% B at 8 minutes, 95% B for 6 minutes. A 4 minute 

equilibration step at 10% B is applied for a total run time of 18 minutes. The ESI negative eluent 

is a 2 mM ammonium acetate solution in water (A) and methanol (B). The ESI negative gradient 

is as follows: 10% B for 0.5 minutes, 40% B at 0.51 minutes, linear increase to 95% B at 8 

minutes, 95% B for 3 minutes. A 5 minute equilibration step at 10% B is used for a total run time 

of 16 minutes. Summaries of target compound specific mass spectrometry tuning parameters for 
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positive and negative ionization mode, average surrogate recoveries, and method detection limits 

are provided in Teerlink et al. [5]. Quantification was carried out using Analyst software (v.1.6, 

AB Sciex, Framingham, MA). The reported TOrC concentrations account for sample loss during 

SPE and ion suppression as a relative response ratio of standard and surrogate is reflected. 

 

List of variables used in modeling 

CAN Concentration of TOrCs in anoxic tank (ng L-1) 

CAR Concentration of TOrCs in aerobic tank (ng L-1) 

CDS Concentration of TOrCs in draw solution (ng L-1) 

C*
DS Rate of TOrCs crossing FO membrane (ng L-1 hr-1) 

CRO Concentration of TOrCs in RO permeate (ng L-1) 

MABIO Measured mass of TOrCs in bioreactors (ng) 

MDS Mass of TOrCs in draw solution (ng) 

ṀDS Mass flux of TOrCs in draw solution (ng hr-1) 

ṀIN Mass flux of TOrCs into system (ng hr-1) 

MMBIO Modeled mass of TOrCs in bioreactors (ng) 

MRO Mass of TOrCs in RO permeate (ng) 

ṀUF Mass flux of TOrCs in UF permeate (ng hr-1) 

QFO Flowrate across FO membrane (L hr-1) 

QIN Flowrate of influent into system (L hr-1) 

QRO Flowrate across RO membrane (L hr-1) 

QUF Flowrate across UF membrane (L hr-1) 

QW Flowrate of activated sludge wasted from system (L hr-1) 

RBIO Removal of TOrCs in bioreactors (%) 

RFO Rejection of TOrCs by FO membrane (%) 

RRO Rejection of TOrCs by RO membrane (%) 

VAN Volume of anoxic tank (L) 

VAR Volume of aerobic tank (L) 

VDS Volume of draw solution (L) 
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Table B1. Summary of user inputs and outputs from FOROSA for lower and higher permeability 
membranes used in the UFO-MBR LCA 

FOROSA inputs 
Parameter Value 
Water permeability, LMH/atm (lower permeability, 
higher permeability membrane) 

0.34, 0.68 

Salt permeability, LMH 0.17 
Membrane area, m2 2.47a 

External mass transfer coefficient, LMH 53 
Resistance to solute diffusion, 1/LMH 0.098 
Reflection coefficient 1 
Ideal gas constant, bar-L/mol/degK 0.08315 
Temperature, degC 25 
Molecular weight of NaCl 58.4 

FOROSA outputs 
DS concentration = 20 g/L 

Water flux, LMH  
Lower permeability membrane 3.5 
Higher permeability membrane 5.6 

Salt flux, g/m2-hr  
Lower permeability membrane 2.256 
Higher permeability membrane 2.265 

DS concentration = 30 g/L 
Water flux, LMH  

Lower permeability membrane 4.64 
Higher permeability membrane 7.26 

Salt flux, g/m2-hr  
Lower permeability membrane 2.264 
Higher permeability membrane 2.319 

DS concentration = 40 g/L 
Water flux, LMH  

Lower permeability membrane 5.66 
Higher permeability membrane 8.57 

Salt flux, g/m2-hr  
Lower permeability membrane 2.262 
Higher permeability membrane 2.262 

DS concentration = 50 g/L 
Water flux, LMH  

Lower permeability membrane 6.53 
Higher permeability membrane 9.65 

Salt flux, g/m2-hr  
Lower permeability membrane 2.261 
Higher permeability membrane 2.261 
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Table B2. Summary of user inputs and outputs from ROSA used in the UFO-MBR LCA 
RO flows and concentrations 

DS concentration, 
g/L 

Feed flow, 
m3/day 

Feed conc., 
g/L 

Reject flow, 
m3/day 

Permeate conc., 
g/L 

20 54,100 8 10,200 0.10 
30 48,700 10 16,700 0.23 
40 45,700 12 13,700 0.49 
50 43,900 13.5 11,900 0.49 

RO membrane area and configuration 
DS concentration, 

g/L 
Membrane (DOW FilmTec) Membrane 

area, m2 
Number of 
pressure 
vessels 

Number of 
elements 

20 BW30HR-400i 45,800 140 1,120 
30 BW30HR-400i 54,000 220 1,320 
40 BW30HR-400i 65,500 200 1,600 
50 BW30HR-400i, SW30XLE-

440i 
67,000 205 1,640 
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Table B3. Material inventory collected from OCWD and used in the CSA LCA 
Microfiltration system 

Piping 
Item Material Length, ft Weight, lbs 

Piping PVC, 8” 400 2,250 
Piping 316ss, 24” 150 14,250 
Piping Carbon steel, 20” 800 37,050 
Piping Carbon steel, 24” 800 50,800 
Piping Carbon steel, 54” 150 21,600 

Membrane 
Item Material Area, m2 Number of bundles 

Membrane Polypropylene 545,080 11,784 
Pumps 

Item Manufacturer Quantity Horsepower 
Permeate pump Goulds 1 60 

Chemical dosing  Not available 1 1/3 
Reverse osmosis system 

Piping 
Item Material Length, ft Weight, lbs 

Piping PVC, 8” 1,000 5,620 
Piping PVC, 12” 1,000 10,530 
Piping FRP, 14” 800 11,360 
Piping FRP, 30” 1,600 79,120 

Membrane 
Item Material Area, m2 Pressure Vessels (elements) 

Membrane Polyamide 585,500 2,250 (15,750) 
Pumps 

Item Manufacturer Quantity Horsepower 
Feed pump Not available 1 1,000 

Chemical dosing Not available 1 125 
Ultraviolet advanced oxidation process 

Piping 
Item Material Length, ft Weight, lb 

Piping 316ss, 20” 720 68,400 
Lamps and pressure vessels 

Item Material Quantity  
Pressure vessels 316ss, 20” 27  

Lamps Low pressure 3,888  
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Table B4. Material inventory determined through modeling and used in the UFO-MBR LCA 
Membrane Bioreactor 

Tanksa 
Item Material Volume, m3  

Biological tank Concrete 2,600  
Biological tank Concrete 3,600  
Biological tank Concrete 5,600  
Membrane tank Concrete 1,500  

Pipingb 

Item Material Length, ft Weight, lbs 
Piping PVC, 8” 71 400 
Piping 316ss, 24” 27 2,600 
Piping Carbon steel, 20” 143 6,600 
Piping Carbon steel, 24” 143 9,000 
Piping Carbon steel, 54” 27 3,900 

Membrane 
Item Material Area, m2 Bundles 

Membrane PVDF 33,400 902 
Reverse osmosis system 

Pipingc 

Item Material Length, ft Weight, lbs 
Piping PVC, 8” 180 1,000 
Piping PVC, 12” 180 1,900 
Piping FRP, 14” 150 2,030 
Piping FRP, 30” 290 14,150 

Membrane 
Item Material Area, m2 Pressure Vessels (elements) 

Membrane Polyamide 585,500 2,250 (15,750) 
Pumps 

Item Manufacturer Quantity Horsepower 
Feed pump Not available 1 3,500 

Chemical dosing Not available 1 125 
Forward osmosis system 

Piping 
Item Material Length, ft Weight, lbs 

Piping PVC, 8” 100 562 
Membrane 

Lower permeability FO membrane Higher permeability FO membrane 
DS concentration, 

g/L 
Membrane area, m2 DS 

concentration, 
g/L 

Membrane area, m2 

20 380,000 20 240,000 
30 290,000 30 180,000 
40 240,000 40 160,000 
50 204,000 50 140,000 

Pumps 
Item Manufacturer Quantity Horsepower 

Feed pump Not available 1 30 
Chemical dosing Not available 1 1/3 
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Figure B1. Pressure exchanger design used for UFO-MBR LCA at a DS concentration = 20 g/L. 

 

 

Project(Name( Project(x
Company(Name( Company(y

Projection(By( Engineer(z
Case(Nº( 1

ERI(Document(No.(80313>01

MEMBRANES(FEED PERMEATE
Temp 20 ºC 8,436 TDS 102 TDS

#(trains 2 358.1 psi 1 psi
Units English 9,932.4 gpm 9932.432432 5880.0 gpm

Recovery(Rate(% 59.2%

HP(OUT 20.75473971 HP(IN
8,825 TDS 917.5625094 20,529 TDS
301.0 psi 313 psi

4,039.9 gpm Minimum(Nº 14 4,052.4 gpm 920.407529
Enter(Nº( 15 (

PX>Q300

HPP(FEED LP(IN LP(OUT
8,170 TDS 8,170 TDS Lead(flow 0% 19,877 TDS
2.0 psi 20.0 psi 7.9 psi 0.54312317

5,892.5 gpm 5892.5 4,039.9 gpm 917.5625094 4,052.4 gpm 920.407529

**(Increase(PX(supply(pressure

(

Total(#(PX(units:( 30

PX(unitary(flow 270.2 gpm 61.360502
Salinity(Increase(at(membranes 3.3% 0.0326005

Volumetric(mixing(VM 5.3% 0.052983
Lubrication(flow((LF)(per(PX(array 12.5 gpm 2.8450196

LF(as(%(of(concentrate(flow 0.3% 0.003091
HP(DP 12.0 psi 0.8258562
LP(DP 12.1 psi 0.8358287

RO(Specific(Energy(** 3.26 kWh/kgal 0.8611134
Efficiency 92.50% 0.9250031

**(Does(not(Include(Feedwater(Supply(Pump(Energy(consumption

Disclaimer:(The(data(shown(in(this(power(model(simulator(are(mere(estimates(and(cannot(be(regarded(as(commercially(binding(information.(Upon(request,(ERI(will(provide(more(accurate(power(model(data(for(its(customers(
according(to(specific(project(measurements(and(conditions.

ERI™(PX™(POWER(MODEL

MEMBRANES

PXTQ300

PX(Technology(Performance

Nº(of(PX(units
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INPUTS(
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Figure B2. Pressure exchanger design used for UFO-MBR LCA at a DS concentration = 30 g/L. 

 

 

Project(Name( Project(x
Company(Name( Company(y

Projection(By( Engineer(z
Case(Nº( 1

ERI(Document(No.(80313>01

MEMBRANES(FEED PERMEATE
Temp 20 ºC 10,717 TDS 231 TDS

#(trains 2 417.6 psi 1 psi
Units English 8,949.8 gpm 8949.771689 5880.0 gpm

Recovery(Rate(% 65.7%

HP(OUT 23.91184168 HP(IN
11,521 TDS 694.5010206 30,803 TDS
346.8 psi 353.3 psi

3,057.8 gpm Minimum(Nº 11 3,069.8 gpm 697.220996
Enter(Nº( 15 (

PX>Q300

HPP(FEED LP(IN LP(OUT
10,300 TDS 10,300 TDS Lead(flow 0% 29,587 TDS

2.0 psi 20.0 psi 13.5 psi 0.93162649
5,892.0 gpm 5892 3,057.8 gpm 694.5010206 3,069.8 gpm 697.220996

(

(

Total(#(PX(units:( 30

PX(unitary(flow 204.7 gpm 46.4814
Salinity(Increase(at(membranes 4.0% 0.0404887

Volumetric(mixing(VM 6.0% 0.0595342
Lubrication(flow((LF)(per(PX(array 12.0 gpm 2.7199751

LF(as(%(of(concentrate(flow 0.4% 0.0039012
HP(DP 6.5 psi 0.4473422
LP(DP 6.5 psi 0.4473253

RO(Specific(Energy(** 3.74 kWh/kgal 0.9871108
Efficiency 96.18% 0.9618163

**(Does(not(Include(Feedwater(Supply(Pump(Energy(consumption

Disclaimer:(The(data(shown(in(this(power(model(simulator(are(mere(estimates(and(cannot(be(regarded(as(commercially(binding(information.(Upon(request,(ERI(will(provide(more(accurate(power(model(data(for(its(customers(
according(to(specific(project(measurements(and(conditions.

ERI™(PX™(POWER(MODEL

MEMBRANES

PXSQ300

PX(Technology(Performance
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INPUTS(
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Figure B3. Pressure exchanger design used for UFO-MBR LCA at a DS concentration = 40 g/L. 

 

 

Project(Name( Project(x
Company(Name( Company(y

Projection(By( Engineer(z
Case(Nº( 1

ERI(Document(No.(80313>01

MEMBRANES(FEED PERMEATE
Temp 20 ºC 12,514 TDS 488.12 TDS

#(trains 2 471.17 psi 1 psi
Units English 8,388.6 gpm 8388.571429 5872.0 gpm

Recovery(Rate(% 70.0%

HP(OUT 26.32039274 HP(IN
13,696 TDS 569.1516663 40,573 TDS
381.7 psi 388.6 psi

2,505.9 gpm Minimum(Nº 9 2,516.6 gpm 571.575548
Enter(Nº( 12 (

PX>Q300

HPP(FEED LP(IN LP(OUT
12,010 TDS 12,010 TDS Lead(flow 0% 38,894 TDS

2.0 psi 20.0 psi 13.1 psi 0.90580888
5,882.7 gpm 5882.7 2,505.9 gpm 569.1516663 2,516.6 gpm 571.575548

(

(

Total(#(PX(units:( 24

PX(unitary(flow 209.7 gpm 47.631296
Salinity(Increase(at(membranes 4.2% 0.0419371

Volumetric(mixing(VM 5.9% 0.0590279
Lubrication(flow((LF)(per(PX(array 10.7 gpm 2.4238821

LF(as(%(of(concentrate(flow 0.4% 0.0042407
HP(DP 6.9 psi 0.4726411
LP(DP 6.9 psi 0.4731429

RO(Specific(Energy(** 4.19 kWh/kgal 1.1075057
Efficiency 96.27% 0.962666

**(Does(not(Include(Feedwater(Supply(Pump(Energy(consumption

Disclaimer:(The(data(shown(in(this(power(model(simulator(are(mere(estimates(and(cannot(be(regarded(as(commercially(binding(information.(Upon(request,(ERI(will(provide(more(accurate(power(model(data(for(its(customers(
according(to(specific(project(measurements(and(conditions.
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Figure B4. Pressure exchanger design used for UFO-MBR LCA at a DS concentration = 50 g/L. 

 

 

 

 

 

Project(Name( Project(x
Company(Name( Company(y

Projection(By( Engineer(z
Case(Nº( 1

ERI(Document(No.(80313>01

MEMBRANES(FEED PERMEATE
Temp 20 ºC 14,136 TDS 493.84 TDS

#(trains 2 637.25 psi 1 psi
Units English 8,054.8 gpm 8054.794521 5880.0 gpm

Recovery(Rate(% 73.0%

HP(OUT 37.83867763 HP(IN
15,733 TDS 490.8383229 51,019 TDS
548.8 psi 556.24 psi

2,161.1 gpm Minimum(Nº 8 2,174.8 gpm 493.949568
Enter(Nº( 10 (

PX>Q300

HPP(FEED LP(IN LP(OUT
13,550 TDS 13,550 TDS Lead(flow 0% 48,850 TDS

2.0 psi 20.0 psi 12.5 psi 0.86484163
5,893.7 gpm 5893.7 2,161.1 gpm 490.8383229 2,174.8 gpm 493.949568

(

(

Total(#(PX(units:( 20

PX(unitary(flow 217.5 gpm 49.394957
Salinity(Increase(at(membranes 4.3% 0.0432172

Volumetric(mixing(VM 5.8% 0.0582514
Lubrication(flow((LF)(per(PX(array 13.7 gpm 3.1112455

LF(as(%(of(concentrate(flow 0.6% 0.0062987
HP(DP 7.4 psi 0.5127303
LP(DP 7.5 psi 0.5141102

RO(Specific(Energy(** 5.53 kWh/kgal 1.4607902
Efficiency 96.84% 0.9683677

**(Does(not(Include(Feedwater(Supply(Pump(Energy(consumption

Disclaimer:(The(data(shown(in(this(power(model(simulator(are(mere(estimates(and(cannot(be(regarded(as(commercially(binding(information.(Upon(request,(ERI(will(provide(more(accurate(power(model(data(for(its(customers(
according(to(specific(project(measurements(and(conditions.
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The osmotic membrane bioreactor: a critical
review

Ryan W. Holloway,a Andrea Achillib and Tzahi Y. Cath*a

The osmotic membrane bioreactor (OMBR) is a hybrid biological-physical treatment process that has been

gaining interest for wastewater treatment and water reuse. The OMBR couples semi-permeable forward

osmosis (FO) membranes for physiochemical separation with biological activated sludge process for

organic matter and nutrient removal. The driving force for water production in OMBR is the osmotic pres-

sure difference across the FO membrane between the activated sludge and a concentrated draw solution,

which is made with inorganic or organic salts that have a high osmotic pressure at relatively low concen-

trations. The draw solution becomes diluted during OMBR treatment and may be reconcentrated using

reverse osmosis, membrane distillation, or thermal distillation processes. The combination of processes in

the OMBR presents unique opportunities but also challenges that must be addressed in order to achieve

successful commercialization. These challenges include membrane fouling, elevated bioreactor salinity that

hinders process performance, degradation of the draw solution by chemicals that diffuse through the FO

membrane, and the potential for simultaneous water, mineral, and nutrient recovery. In this article, results

from past and most recent OMBR studies are summarized and critically reviewed. Information about similar

and more established technologies (e.g., traditional porous membrane bioreactors and FO) is included to

help compare and contrast state-of-the-art technologies and the novel OMBR approach, and to elucidate

practical configurations that should be considered in future OMBR research and development.

1. Introduction
Diminishing fresh water supplies in arid regions and increas-
ing water demand in growing urban centers has prompted
increased interest in indirect and direct potable reuse of
impaired water.1 Both conventional and advanced treatment
processes can be used—alone and in combination—to
achieve the required water quality for specific beneficial
reuse. Conventional activated sludge processes coupled with
tertiary treatment have been used for many years to reclaim
water for non-potable reuse. Membrane bioreactors (MBR)
are a relatively new wastewater treatment technology that

Environ. Sci.: Water Res. Technol.This journal is © The Royal Society of Chemistry 2015

a Colorado School of Mines, Golden, CO, USA. E-mail: tcath@mines.edu;
Fax: +(303) 273 3413; Tel: +(303) 273 3402
bHumboldt State University, Arcata, CA, USA

Fig. 1 Activated sludge treatment train and MBR treatment train of
domestic or industrial wastewater.

Water impact

With increasing water demand and decreasing fresh water resources, special focus is directed towards reclamation and water reuse. Direct potable reuse
(DPR) is a desired reuse option over non-potable and indirect potable reuse because existing drinking water infrastructure can be utilized, and treated water
is not polluted in currently required environmental buffers. To protect public health when implementing DPR, advanced treatment processes are needed.
Osmotic membrane bioreactors (OMBR) are novel multi-barrier systems that produce high quality potable water from impaired streams. Wastewater facili-
ties can be retrofitted to incorporate these technologies without substantial changes to existing treatment processes, eliminating the need to construct new
DPR facilities. Considering these benefits, OMBRs have the potential to be a valuable technology to implement DPR.
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combines activated sludge processes with porous micro-
filtration (MF) or ultrafiltration (UF) membrane separation as
a substitute to clarification (Fig. 1). MBRs are more efficient
treatment technologies for non-potable reuse of reclaimed
water,2–4 and they can serve as pretreatment ahead of other
processes for indirect and direct potable reuse of impaired
water.

The advantages of MBRs over conventional wastewater
treatment processes have been thoroughly reviewed.5 These
include consistent product water quality, ease of operation
and automation, small physical footprint, reduced sludge

production due to high biomass concentration in the bioreac-
tor, and very high rejection of suspended solids (TSS rejec-
tion >99%) and particles (turbidity rejection >98%), includ-
ing pathogenic microorganisms (5–8 log removal of total
coliform).5,6 For potable reuse, a multiple-barrier treatment
approach is required in order to protect public health.1

Porous membranes may not be adequate on their own to pro-
vide this protection because of their limited rejection of
viruses, ions, and trace organic compounds (TOrCs).7 Yet,
MBRs can be coupled with a downstream reverse osmosis
(RO) and advanced oxidation processes to comply with more
stringent water quality regulations.8–13

Another major problem associated with the operation of
MF or UF MBRs is membrane fouling. Membrane fouling
occurs on the MBR membranes and may occur on down-
stream RO membranes.14 Specifically, dissolved organic com-
pounds (DOC) in the MBR permeate can cause severe organic
fouling on RO membranes and provide substrate for micro-
bial growth, which may exacerbate biological fouling on RO
membranes.15 Membrane fouling lowers productivity,
increases energy requirements and operation cost, increases
frequency of membrane cleaning and replacement, and may
result in deterioration of treated water quality.16

To reduce fouling and enhance rejection of dissolved spe-
cies and small particles, forward osmosis (FO) membranes
can be utilized in MBRs in an osmotic membrane bioreactor
(OMBR) configuration. The OMBR is a multiple-barrier tech-
nology, well suited for indirect and direct potable water reuse
applications.17–26 The OMBR couples activated sludge pro-
cesses with a dense, semi-permeable FO membrane used for
extraction of water from the low-salinity activated sludge into
a concentrated draw solution. Compared to MF and UF
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membranes used in conventional MBRs, the FO membranes
in OMBR offer the advantage of much higher rejection (semi-
permeable membrane vs. porous membrane) of particles,
macromolecules,27 TOrCs,28–31 and ions.32 FO membranes
also have lower fouling propensity than MF or UF mem-
branes,33,34 and thus require less air scouring and much less
frequent cleaning. When comparing an OMBR system (OMBR
followed by RO (Fig. 2)) with a conventional MF or UF MBR
followed by an RO system, the high rejection of organic and
inorganic constituents by the FO membrane results in an RO
influent with lower fouling potential and higher RO permeate
quality (two tight semi-permeable membrane barriers).35

The driving force for water flux in OMBRs is the difference
in osmotic pressure between the draw solution and the acti-
vated sludge. The draw solution is typically made with inor-
ganic salts such as sodium chloride or magnesium chloride,
but other inorganic and organic salts with high osmotic pres-
sure at relatively low concentrations can also be used as draw
solutions.36,37 The draw solution is diluted in the FO process
as water diffuses through the membrane from the activated
sludge and absorbs into the draw solution. The diluted draw
solution can be returned back to the source reservoir (e.g.,

ocean) or reconcentrated using a secondary separation pro-
cess to produce a stream of purified water and a stream of
reconstituted draw solution. The draw solution reconcentration
step may utilize thermal,38 crystallization,39 or membrane,17,40 pro-
cesses, or a combination of them. In most cases, the draw solu-
tion reconcentration process provides a high-level treatment step,
resulting in treated water suitable even for potable reuse.29,41

One of the current inherent limitations of OMBRs is the
continuous loss of solutes from the draw solution that have
to be replenished to achieve sustainable operation. In FO and
OMBR applications solutes reverse diffuse from the draw
solution into the feed stream (activated sludge) due to the
high concentration difference across the membrane,21,42 and
subsequently accumulate in the activated sludge. In OMBRs
that utilize RO to reconcentrate the draw solution, more draw
solution solutes are lost across the RO membranes with the
RO permeate—solutes diffuse across the RO membrane due
to the concentration difference and the semi-permeable
nature of the RO membrane. Techniques and methods to
reduce draw solution solute loss and its adverse impacts (e.g.,
inhibition of biological activity and decline in osmotic driv-
ing force) are further discussed in section 6.2 of this article.

Fig. 2 A schematic of an integrated OMBR system containing an FO MBR and RO system for reconcentration of draw solution. Adopted from
Holloway et al.21

Table 1 Summary of data from previous OMBR studies, including principal system components and operating conditionsb

Operating time (days) Feed solution Bioreactor volume (L) FO membrane Separation process HRT (days) SRT (days) Ref.

7 Synthetic 5 CTA Replenisha ND ND 18
14 Synthetic 7 CTA Replenisha 21–40 ND 47
28 Synthetic 14 CTA RO 3.5 15 17
30 Synthetic 4 NA Replenisha ND 20 48
32 Synthetic 7.6 CTA Replenisha 0.8–2.8a 10 49
40 Synthetic 4.9 CTA Replenisha 0.6 50 22
45 Synthetic 7.6 CTA Replenisha 0.4–0.6 10 23
55 Synthetic 4 TFC Replenisha 0.3–1.8 10 19
73 Synthetic 4 CTA Replenisha ND 1.4 20
108 Synthetic 5 CTA Replenisha ND 14–24c 24
124 Municipal 275 CTA RO 1.0–5.2 2–19 21
125 Municipal 340 CTA RO 1.4–4.6 2.3 21
150 Synthetic 3.6 CTA Replenisha 3.9–4.6 0.6–1.6 23

a Draw solution concentration was maintained constant using a concentrated-brine dosing system, not a separation process for
reconcentration. b Values estimated from reported water flux and tank volumes. Sludge wasting not including in HRT calculation because
wasting rate was not provided in the original manuscript. c Values estimated from reported water flux, tank volumes, and sludge wasting rate.

Environmental Science: Water Research & Technology Critical review
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The benefits and limitations of OMBR treatment, outlined
above, have been discovered through bench- and small pilot-
scale studies. Information about these studies is summarized
in Table 1. Benchmarks for OMBR performance (water flux
and salt accumulation) and nutrient removal have been
established through bench-scale studies operated for rela-
tively short time periods (less than two months) using syn-
thetic feed solutions (after seeding the system with real acti-
vated sludge obtained from conventional activated sludge or
MBR treatment plants), and nearly all of the studies utilized
a cellulose triacetate (CTA) membrane from Hydration Tech-
nology Innovations (HTI, Albany, OR). The bench-scale inves-
tigations were conducted without a reconcentration step to
maintain the draw solution at constant concentration;
instead, highly concentrated brine was intermittently dosed
into the draw solution reservoir to maintain constant draw
solution concentration in the OMBR. These short-term,
bench-scale studies conducted with synthetic feed solutions
and without draw solution reconcentration step, are a good
first step to understanding the performance of OMBR treat-
ment and should serve as a bridge to pilot- and full-scale test-
ing. One long-term pilot-scale study was conducted with a
high-pressure RO system to reconcentrate the draw solu-
tion.21 This study helped in defining some of the advantages
and shortcomings of using RO for draw solution
reconcentration. In addition to more pilot-scale studies, more
uniform approaches to OMBR design and operation are
needed. These include membrane configurations, sludge
retention time (SRT), and hydraulic retention time (HRT);
and overcoming problems associated with OMBR operation,
including salt accumulation in the bioreactor and membrane
fouling. Previous articles, including one review article, only
minimally discussed OMBR design,43 and they did not focus
on problems specific to OMBR design and operation.44–46

This article aims at highlighting the findings from current
bench- and pilot-scale studies, defining the benefits, limita-
tions, and current state of OMBR technology, and
establishing a preliminary framework for the design and
operation of future OMBR systems.

2. OMBR configurations
In OMBRs, biological oxidation and reduction of organic (car-
bon) and inorganic (nitrogen) constituents is achieved in the
bioreactor, and solids separation is accomplished using
semi-permeable FO membranes. The bioreactors can be
arranged in different configurations depending on the treat-
ment goal. The configuration of the membranes with respect
to the bioreactors can vary; however, they are most commonly
configured as an external membrane skid or a submerged
membrane cassette.

The volume of the bioreactors is as important as the biore-
actor configuration because the volume, influent, and sludge
wasting flowrates dictate the time that the water is treated in
the system (HRT) and the time that the activated sludge
remains in the system (SRT). The HRT and SRT are

fundamental treatment parameters that influence carbon and
nitrogen removal, and water recovery in biologically active
wastewater treatment processes. Accumulation of dissolved
constituents in the bioreactors is a unique phenomenon in
OMBRs—it is detrimental to the processes and it is a func-
tion of the HRT : SRT ratio, but it can be relatively easily con-
trolled in hybrid OMBR systems.

Hybrid OMBRs incorporate processes or methods to
remove salts from the bioreactors. Examples of processes that
have been combined with OMBRs are porous UF and MF
membrane systems that extract salts from the bioreactors
with the UF or MF permeate.21,23 A method to maintain low
bioreactor salinity that has been studied is to use a decant
step, which involves settling the sludge and draining the
clear supernatant from the system.22 The following section
focuses on bioreactor configurations, but due to the impor-
tance of HRT and SRT, a detailed discussion of these parame-
ters and implication of these parameters to OMBR operation
is provided in section 5.2.

2.1. Bioreactors

The majority of past OMBR studies have been conducted
using a single aerated bioreactor coupled with either an exter-
nal cross-flow membrane cell,18,25,48 a submerged plate-and-
frame cassette,17,20–24,26,40,49 or a submerged hollow-fiber
membrane bundle.19 A single reactor simplifies the design,
but may not be ideal for continuous treatment because
ammonia and nitrate present in the activated sludge readily
diffuse across FO membranes into the draw solution and
may compromise the final product water quality—depending
on the draw solution reconcentration process used.21 The
concentration of nitrogen species can be reduced in a single
reactor design by alternating between anoxic and aerobic
conditions (sequencing batch bioreactor (SBR) configura-
tion), but it is difficult to avoid accumulation of nitrogen spe-
cies in the draw solution if water is continuously being
extracted from the activated sludge through the FO mem-
brane in a single reactor.

An alternative to the single reactor design that could prevent
transport of nitrogen species into the draw solution is to bio-
logically treat the wastewater for carbon and nutrient removal
in a batch reactor with the FO membranes submerged in a
separate filtration tank or installed in an external cross-flow
membrane skid. In this configuration and operating scheme,
complete nitrification and denitrification can be achieved in
a batch-reactor with alternating anoxic and aerobic phases
before water from the activated sludge is extracted through
the FO membranes. A similar design has been tested at
demonstration-scale with a sequencing-batch MBR (SBMBR)
employing UF membranes for filtration.50 It was demon-
strated that the SBMBR could achieve near complete nitrogen
removal in the bioreactors before being processed through
the UF membrane filtration tanks. This batch reactor design
is a significant upgrade over the single reactor configura-
tions, which are susceptible to draw solution contamination.
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Another typical bioreactor arrangement for nitrogen
removal include an anoxic zone for denitrification followed
by an aerobic zone for nitrification.51 Water nitrified in the
aerobic zone is recirculated to the anoxic zone in which
nitrate is reduced to nitrogen gas in the presence of organic
carbon. This arrangement is highly efficient for traditional
municipal wastewater treatment because no chemical carbon
addition is required for denitrification, and aeration require-
ments are reduced because a portion of the organic carbon
load is removed during denitrification. However, this bioreac-
tor configuration must be re-designed for OMBR systems
because nitrate will continuously diffuse into the draw solu-
tion if the FO membranes extract water from the primary
nitrification stage.21 Holloway et al.21 operated an OMBR with
an anoxic zone before the aerobic zone (where the FO mem-
brane cassette was installed), in which the organic carbon
contained in the incoming raw wastewater was used as the
electron donor in the denitrification process in the anoxic
tank. They have demonstrated that the draw solution nitrate
concentration reaches levels very close to the concentration
in the aerobic bioreactor even when denitrification in the
pre-anoxic bioreactor was complete. While nitrate is being
reduced to nitrogen gas in the anoxic stage, incoming ammo-
nia is transformed to nitrite and nitrate only in the aerobic
(FO) tank, thus nitrate is at its highest concentration there
and therefore easily diffuses into the draw solution. The pres-
ence of nitrate in the primary aerobic stage and in the draw
solution, even when there is complete denitrification in the
pre-anoxic zone, can be explained by a simple nitrogen mass
balance in the primary aerobic stage:

AccN = (QFO + QREC)CAN‐N − QRECCAR‐N − BN(CAR‐N −CDS‐N)Am(1)

where, AccN is the accumulation of nitrogen in the primary
aerobic stage, QFO is the permeation rate through the FO
membranes, QREC is the recirculation flow between the aero-
bic stage and the anoxic stage, CAN-N is the concentration of
ammonia-N in the anoxic stage that enters the aerobic stage,
CAR-N is the concentration of ammonia-N oxidized to nitrate-
N in the aerobic stage, BN is the permeability of the FO mem-
brane to nitrate-N, CDS-N is the concentration of nitrate-N in
the draw solution, and Am is the area of FO membrane. Over
time, equilibrium will be reached between CDS-N and CAR-N

due to the steady diffusion of nitrate from the aerobic biore-
actor to the draw solution, such that CAR-N − CDS-N ≈ 0 and
the mass balance can be simplified to:

AccN = (QFO + QREC)CAN‐N − QRECCAR‐N (2)

Furthermore, if steady-state state conditions are assumed
so that AccN = 0 and the equation is rearranged, CAR-N can be
solved as a function of QFO, QREC, and CAN-N:

FO
AR-N AN-N AN-N

REC

QC C C
Q

 � (3)

Thus, in the two-reactor design (anoxic stage followed by
aerobic stage), even at very high recirculation rates (QREC ≫
QFO), there will always be nitrate in the aerobic stage that will
diffuse into the draw solution over time. An alternative strat-
egy to preventing nitrate diffusion into the draw solution is
to have a series of alternating anoxic and aerobic zones (simi-
lar to the Bardenpho process52) to remove nitrogen before
water is processed through the FO membranes.

A bioreactor and membrane configuration that has
recently been tested and that can partially alleviate nitrogen
accumulation in the bioreactors is coupling of OMBR with
MF or UF membranes.21,23 Holloway et al. investigated a
hybrid UF OMBR (UFO-MBR)21 and Wang et al. investigated a
hybrid MF-OMBR,23 and both were able to demonstrate more
consistent nitrogen removal in these systems compared to
other OMBR studies, in part due to the partial removal of
ammonia and nitrate through the micro-porous membranes.
Another benefit of the hybrid system is that phosphorus,
which is well rejected by FO membranes,27,53–55 and other
solutes (potassium, magnesium, and calcium) can be
harvested from the OMBR for beneficial use.56 Extracting
dissolved solids from the OMBR bioreactors through the MF
and UF permeate improves FO water flux (reduced concentra-
tion difference between the activated sludge and draw solu-
tion) and prevents inhibition of nitrifying and denitrifying
microorganisms in the activated sludge due to elevated biore-
actor salinity. More details on the subject are provided in sec-
tion 6.2.

2.2. External cross-flow membrane cells and submerged
membranes

The concept of external cross-flow and submerged mem-
branes for OMBRs is still new and requires a thoughtful dis-
cussion on what will be the most appropriate configuration
for pilot- and full-scale instillations in regards to energy
demand, fouling prevention (e.g., feed spacer selection and
air-scour rates), and draw solution flow channel design.
There is limited information on OMBR feed side design;
thus, established design parameters for MBRs and prelimi-
nary findings from OMBR studies are used in the following
section to establish a preliminary feed side design framework
for OMBRs. There is even less data on draw solution channel
design than there is on the feed side design because opera-
tional problems such as head loss through the draw solution
channel and vacuum limitations are not relevant in bench-
scale testing. Therefore, the discussion on draw solution
hydraulic design is focused on foreseeable problems with
scaling up the OMBR from bench-scale to pilot- and full-
scale.

2.2.1. Feed side: design considerations. In an external
cross-flow design the membrane unit is separated from the
bioreactor/s. Activated sludge is pumped from the bioreactor
and flows along the active48 or support18 side of the FO mem-
brane installed in the cross-flow pressure vessel, and the
draw solution is pumped from a dedicated reservoir and
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flows on the opposite side of the membrane. For conven-
tional MF and UF MBRs, external cross-flow membrane cells
have been shown to be more energy intensive (3–6 kWh m−3)
compared to submerged configurations (~1 kWh m−3) due to
the high feed flow velocity required to prevent membrane
fouling.57 For OMBRs, high turbulence is required to prevent
fouling on the feed side of the membrane and to reduce
external concentration polarization.58–60 No publication were
found that investigated and discussed feed spacer design for
OMBRs; however, in a study conducted by Linares et al.61

treating secondary effluent, it was demonstrated that biologi-
cal fouling was reduced and higher water flux maintained
using thicker feed spacers (1.2 mm per 46 mil) compared to
thinner feed spacers (0.7 mm per 28 mil). Secondary effluent
has less particulate, fibrous, and organic fouling potential
than activated sludge; therefore, thicker feed spacers are
likely a better option in OMBRs than thin feed spacers to pre-
vent clogging of the feed channels by organic and inorganic
solids.62 A spacer design that might fit this criteria for cross-
flow and plate-and-frame cassettes is the microstructure
spacer introduced by Fritzmann et al.63,64 This spacer has a
two-layer double helix, which was designed based on the
geometry of a static mixer and has a very open spacer design
(2.75–7.0 mm diameter). Fritzmann et al. were able to dem-
onstrate improved UF performance using the helical spacer
compared to traditional net spacers; however, these experi-
ments were conducted with a dextran solution and not acti-
vated sludge. Although further research is required, it is
likely that external cross-flow membrane units for OMBRs
will experience the same higher energy demand and
increased fouling propensities that have been observed for
their conventional MBR counterparts.

Submerged plate-and-frame or hollow-fiber membrane sys-
tems have been investigated at both bench- and pilot-scale
and could be well suited for full-scale OMBRs.17,19–24,26,40,49

In this configuration, the membranes are immersed in the
activated sludge with coarse-bubble diffusers placed below
the membrane modules to airlift activated sludge across the
membrane and air-scour foulants from the membrane sur-
face. The spacing between the plates, fiber density in the
bundle, and the total suspended solids concentration in the

bioreactor also play an important role in preventing mem-
brane fouling in submerged configurations. Two FO mem-
branes (plates and frame) that experienced different intensity
of air scouring are illustrated in Fig. 3.

As shown in Fig. 3, inadequate membrane air scouring
may result in severe membrane fouling and loss of productiv-
ity (water flux). The aeration intensity required to reduce
membrane fouling (specific aeration demand (SAD))66,67 for
conventional MF and UF submerged MBRs has been well
documented, but has not been thoroughly studied for
OMBRs. It was demonstrated that for UF and MF MBRs
approximately 29 m3 of air per hour per m2 of membrane
area is needed for plate and frame membrane modules and
approximately 15 m3 h−1 m−2 of air is needed for submerged
hollow-fiber membrane to prevent membrane fouling.3,4 It is
important to note that the height of the membrane module
plays an important role in controlling the magnitude of the
SAD—taller membrane elements will have lower SAD require-
ments because a unit volume of air is in contact with more
membrane area as it travels up through the channels in a
membrane cassette or between the fibers in a membrane
bundle to the surface of the bioreactor. It is also desired to
optimize the membrane air-scouring rate to reduce energy
consumption of MBR systems; it has been shown that mem-
brane aeration accounts for close to 70% of the energy con-
sumption of submerged MBRs.3 Most importantly, because
air is also used in the bioreactor to oxidize organic matter
and nutrients, a thorough design is needed that considers
both fouling prevention and aeration requirements for the
biological process.

In a recent OMBR air-scour study conducted by Luo
et al.,47 the authors demonstrated that the SAD was in fact
lower for OMBR-FO membranes compared to traditional MF
membranes treating activated sludge operating at similar
water fluxes. The OMBR water flux was shown to be constant
in their investigation at SADs as low as 8 m3 m−2 h−1 for the
OMBR. In another OMBR study by Holloway et al.,21

conducted with a larger plate-and-frame cassette (1.2 m2 of
CTA membrane), it was shown that water flux was constant
over 125 days of operation at SADs as low as 1.5 m3 m−2 h−1.
The difference in the minimum required SAD for OMBRs

Fig. 3 FO CTA membrane fouling during long-term pilot-scale testing (a) with inadequate aeration (b) with sufficient aeration to prevent mem-
brane fouling. Adapted from Coday et al.65
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demonstrated by Luo et al. and Holloway et al. is not
completely known but it may be associated with spacing
between plates (channel spacing) and air bubble geometry.
Channel spacing and bubble geometry (fine- or coarse-bub-
ble) have been shown to be critical in increasing the effective-
ness of air-scouring, with smaller channel spacing and bub-
bles having a diameter similar to the channel size being the
most efficient at preventing membrane fouling.68 Luo et al.47

used only one plate that was submerged in the OMBR with
no mention of channel spacing between the membrane and
another surface. The channel spacing between plates in
Holloway et al.21 was approximately 6 mm, which may have
improved the effectiveness of the membrane air scouring in
preventing fouling. Regardless of the mechanisms controlling
the difference in required SAD between these two studies, the
lower potential SAD for OMBRs could result in reduced
energy demand for membrane air scouring and total OMBR
energy use.

2.2.2. Draw solution side: design considerations. Similar
to the feed solution in the external cross-flow cell design,
high draw solution cross-flow velocities are required to pro-
mote turbulent flow and reduce external concentration polar-
ization. Pumping the draw solution at high flowrates
increases the energy demand in the cross-flow module con-
figuration; however, the draw solution flowrate and its associ-
ated energy consumption can be reduced using specially
designed spacers (i.e., tricot-mesh) that enhance turbulence
and reduce the effects of external concentration polariza-
tion.69 Furthermore, in pressure-driven membrane processes,
tricot-mesh spacers are already being used as permeate car-
riers (like in the case of the draw solution side) and as an
improved membrane support.70,71

In the plate-and-frame configuration the draw solution
flows between the membranes and the plate and in hollow-
fiber configuration the draw solution flows on the bore side
of the fibers. In plate-and-frame skids the draw solution must
flow under vacuum (negative pressure) to prevent damage to
the membrane and blockage of the feed flow channels due to
stretching of the membranes away from the plates. This
requirement poses limits on the length of the draw solution
flow channels and the type and number of draw solution
spacers in the channel—requiring special consideration for
the head loss in the draw solution channels (generally, not
more than 40 kPa below atmospheric pressure).

The draw solution can be pumped under positive or nega-
tive pressure through hollow-fiber or capillary membranes
because of their inherent self-supported structure. The draw
solution flowrate may be limited due to high head loss devel-
oped through the fiber length if the hollow-fiber FO mem-
branes have very small internal diameter (<150 μm). There
has been much interest in the development FO hollow-fiber
membrane, especially for pressure retarded osmosis (PRO)
applications, because of the intrinsic mechanical strength of
the hollow-fiber geometry to resist the hydraulic pressure
applied in PRO.72–74 One problem with these membranes for
OMBR treatment is that the active layer is on the inside (bore

side) of the membrane fiber and the internal diameter is rela-
tively small (<1 mm). It would be impractical to pump acti-
vated sludge through the bore side of these membranes;
therefore, development of membranes with the active layer
on the outside (shell side) of the membrane, like those
described in Shi et al.,75 will be required for OMBR
implementation.

2.3. System integration

Like in all osmotically driven membrane processes, the draw
solution used in OMBR is diluted when water is drawn from
the activated sludge through the FO membrane—it must be
replaced, replenished, or reconcentrated to sustain the driv-
ing force for mass transport and the continuous operation of
the process. Three common operating strategies are used in
FO for draw solution management. These include operation
in osmotic dilution mode,25,53 continuous replenishment of
the draw solution,18,19 or reconcentration of the draw solu-
tion using distillation55,76 or membrane processes.17,21,27,77,78

2.3.1. Osmotic dilution. In osmotic dilution, the draw
solution is allowed to dilute from an initial high solute con-
centration to a lower solute concentration. Osmotic dilution
is commonly used for short-term, bench-scale experiments
because of the simplicity of the experimental design, the abil-
ity to measure the water flux over a range of draw solution
concentrations, and the certainty that no contaminants of
interest are entering or escaping the system.79 The main dis-
advantage of this mode of operation at bench-scale is that
the system cannot be evaluated over extended time at con-
stant driving force (feed and draw solution concentrations).

Osmotic dilution for pilot- or full-scale applications has
been considered for FO systems coupled with seawater RO
desalination.41,77,80 In one implementation, seawater can be
diluted using FO upstream of an RO process to dilute the sea-
water, increasing water recovery and decreasing the specific
energy (kWh m−3 water produced) of RO seawater desalina-
tion. Alternatively, FO is implemented downstream of the RO
desalination process to dilute the RO brine before being
discharged to the environment, thereby reducing the poten-
tial negative effects of brine discharge.81,82 Cath et al.80

envisioned a combined FO–RO system in which a secondary
treated wastewater stream is used to dilute seawater through
an FO process prior to RO seawater desalination, and an FO
system downstream of the RO system to dilute the concen-
trated RO concentrate before brine disposal. Achilli et al.83

investigated a combined RO–PRO system in which a second-
ary treated wastewater stream is used to dilute the concen-
trated RO reject before brine disposal in order to recover the
salinity gradient energy between the two streams and
decrease RO specific energy consumption. These coupled pro-
cesses could effectively be translated to OMBR applications
where water reuse and desalination are combined into one
integrated treatment system. Two configurations of an inte-
grated FO system that can conveniently incorporate OMBR
are illustrated in Fig. 4.
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2.3.2. Draw solution replenishment. The replenishment
mode is mostly used in experimental systems, although draw
solution salt replenishment is also required when operating
with a draw solution reconcentrating process. Achilli et al.36

first introduced the replenishment mode of OMBR operation,
which involves intermittent dosing of a highly concentrated
solution into the diluting draw solution to maintain a con-
stant draw solution concentration. This method has been
widely adopted.18–20,22–24,47–49 Replenishment of the feed
stream with deionized water is also very common in experi-
mental systems to maintain constant feed concentration.85

The main advantage of the replenishment mode is operation
at close to constant driving force for extended periods of
time, although the driving force may slightly decline due to
slow salt diffusion from the draw solution to the feed and
due to concentration of the feed. Other advantages include
assurance that constituents of interest are not leaving the sys-
tem and system simplicity. The replenishment mode is con-
sidered simple compared to systems that incorporate a
reconcentration step, which requires additional pumps, valves,
sensors, and a more complex online control system. The
main shortcoming of the replenishment mode is that impuri-
ties can be introduced into the draw solution through the con-
centrated dosing solution. For small, research systems this
can bias the results from sample analysis if blanks are not
analyzed and if a thorough mass balance is not performed.
Although appropriate for bench-scale testing, replenishment is
not well suited for pilot- and full-scale applications due to the
large volumes of concentrated draw solution required for
maintaining constant draw solution concentration.

2.3.3. Draw solution reconcentration. In the
reconcentration mode of operation, draw solution that was
diluted during the OMBR stage is continuously recirculated
in a closed-loop through a desalination process that may
include thermal,38 crystallization,39 or membrane separation
processes,17,40 or a combination of these processes, to pro-
duce a stream of purified water and a reconstituted draw
solution for the OMBR system. One shortcoming of the

reconcentration mode is that constituents (e.g., solutes, nutri-
ents, TOrCs) in the feed stream that diffuse through the FO
membrane into the draw solution but are well rejected or
retained by the reconcentration stage will accumulate in the
draw solution.27,86 Although the accumulation of feed constit-
uents in the draw solution is undesirable, the
reconcentration method is the most appropriate for pilot and
full-scale applications of OMBR because it provides an addi-
tional separation barrier when water reuse is the objective, it
reduces the amount of solutes that need to be added to main-
tain constant draw solution concentration, and it eliminates
brine disposal.

Another shortcoming of the reconcentration method is
the potential high energy consumption of the desalination
process. Because high draw solution concentrations must be
used to maintain high water fluxes through the current com-
mercial FO membranes, the energy demand of the
reconcentration process might be significant. High pressure
RO is commonly cited as an appropriate technology for draw
solution reconcentration; however, the energy consumption
of the RO stage can range from 2 to 4 kWh m−3 to maintain
draw solution concentrations of 0.5 to 1.0 M NaCl.87 The loss
of salts through the RO membrane, especially at higher draw
solution concentrations, could also increase the operating
cost of the OMBR because salts continuously diffuse through
the RO membranes with the permeating water and must be
intermittently added to the draw solution to maintain contin-
uous operation.88 The amount of salts lost per volume of
water produced can be minimized by appropriately sizing the
RO system. The RO system should be designed for high water
flux and element recovery to ensure that the salt concentra-
tion in the RO permeate is very low. It can be difficult to
design and construct an optimized RO system for smaller
pilot-scale OMBRs because commercially available RO ele-
ments are oversized (more membrane area and higher water
fluxes) compared to external cross-flow FO membrane cells
or plate-and-frame FO membrane cassettes that are custom
made for OMBRs.

Fig. 4 Schematic drawings illustrating two potential integrated FO systems in which OMBR can be incorporated in an osmotic dilution
configuration: (a) OMBR-RO-OMBR hybrid system for enhanced water recovery and reuse in seawater desalination, and (b) PR-OMBR-RO hybrid
system for water desalination and energy recovery. Adapted from Achilli et al.84
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There has been increased interest in using thermal separa-
tion process such as membrane distillation (MD) and ther-
mal distillation to reconcentrate the draw solution.38,89–91

These processes could be relatively easily integrated into
wastewater treatment facilities that use anaerobic digestion
or combustion processes to produce biogas or heat from the
carbon contained in the raw wastewater and activated sludge
biomass. In MD, hydrophobic, microporous membranes are
used to separate a heated brine stream from a cool distillate
stream. Water evaporates at the pore entrance and vapors dif-
fuse through the membrane pores, driven by the difference
in vapor pressure between the heated brine stream (high
vapor pressure) and colder distillate stream (lower vapor
pressure).92 The draw solution must be free of ammonia or
the MD distillate stream will be contaminated because
ammonia will diffuse across MD membranes. Assuming
ammonia contamination of the draw solution can be miti-
gated by ammonia oxidation (nitrification) in the bioreactors,
MD has been shown to reject greater than 97% of low molec-
ular weight organics and TOrCs,93,94 making the coupled
OMBR-MD system especially suited for potable reuse applica-
tions,80 Also, very high draw solution concentrations can be
used (upward of 300 g L−1-NaCl) in MD because the vapor
pressure driving force is minimally affected by ion concentra-
tions.95 However, the combined thermal and electrical energy
demand for the various MD processes (50 to 350 kWh m−3)96

far exceeds the theoretical specific energy contained in the
carbonaceous fraction of municipal wastewater (approxi-
mately 1.9 kWh m−3 of wastewater).97 Considering the rela-
tively low specific energy contained in municipal wastewater,
MD for draw solution reconcentration may only be applicable
in locations where low grade, “waste” heat is available in
large quantities.

Distillation has also been considered for reconcentration
of thermolytic salts draw solutions when thermal energy is
available.38,89,90,98 The most commonly used thermolytic
draw solution in FO operations is the ammonia–carbon diox-
ide solution.38,89,90 McCutcheon et al.89 demonstrated that
the ammonia–carbon dioxide draw solution could be
reconcentrated with distillation processes to much higher
osmotic pressures than conventional inorganic draw solu-
tions concentrated with RO, allowing for higher FO water
flux. The electrical energy demand of the ammonium bicar-
bonate distillation system was reported to be 0.24 kWh m−3

by McGinnis and Elimelech,90 well below the theoretical spe-
cific energy contained in wastewater. However, using the
equations provided in their article for the thermal energy
demand and gained output ratio (GOR) (4.4) and enthalpy of
evaporation of steam at 40 °C (2408 kJ kg−1), the calculated
thermal energy demand for the ammonia–carbon dioxide dis-
tillation process is approximately 150 kWh m−3, which is also
much higher than the theoretical specific energy contained
in wastewater. MD of inorganic salts and thermal distillation
of thermolytic salts may be appropriate for certain OMBR sce-
narios where draw solution having high osmotic pressures or
high distillate quality are required, or in locations were low-

grade heat is readily available. Otherwise, RO is currently the
best option for OMBR draw solution reconcentration due to
the relatively low specific energy demand.

3. OMBR membranes: materials and
orientations
Most OMBR studies to date have used cellulose triacetate
(CTA) flat-sheet FO membranes,17,18,20,21,24–26,48,49 with the
exception of one OMBR study that used a thin-film composite
(TFC) hollow-fiber membrane19 developed by the investiga-
tors at the Singapore Membrane Technology Centre. It is dif-
ficult to compare the CTA membrane performance to that of
the TFC hollow-fiber membrane tested in Singapore because
the TFC membrane was operated with the active layer of the
membrane facing the draw solution, which dramatically
changes the membrane performance due to differences in
concentration polarization and fouling mechanisms. In FO
studies, TFC membranes demonstrated much higher water
permeability than CTA membranes;99 however, the perfor-
mance of TFC membranes for OMBR treatment is not known
and should be further investigated in future research. Due to
the lack of information on TFC membranes in OMBRs, the
following discussion is primarily focused on CTA membrane
material, benefits, and limitations, and on two membrane
orientations that are commonly used in FO and OMBRs stud-
ies: FO mode and PRO mode.

3.1. Membrane materials

The CTA membrane used in almost all OMBR studies is
manufactured by HTI and has been shown to be well suited
for osmotically driven membrane processes because it is
resistant to fouling, very thin (less than 50 μm), and lacks the
thick support layer typical of most semi-permeable, TFC
membranes. The mechanical support of the membrane is
provided by a very thin polyester mesh over which the CTA is
cast.89 It is important that the membrane support layer be
thin and porous to reduce internal concentration polarization
(ICP) within the pores; high ICP lowers the driving force
(osmotic pressure difference between the feed and draw solu-
tion) for water flux.79,100,101 A quantitative measurement
often used to compare the support layer of different OMBR-
FO membranes is the structural parameter (S), which is cal-
culated using the support layer thickness (l), tortuosity (τ),
and porosity (ε):102

·lS W
H

 (4)

Although the CTA membrane has a low structural parame-
ter compared to other semi-permeable membranes (e.g., RO
membranes) and thus exhibit high water flux at moderate
osmotic pressure driving forces, the CTA membrane may not
be the most suitable membrane for OMBRs. This is because
CTA is potentially biodegradable103,104 and has a narrow pH
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operating range of 4–6.105 Therefore, the development and
implementation of more chemically stable, polyamide-based
TFC membranes is important for OMBR applications. Mem-
branes that have shown potential promise for OMBR pur-
poses are new FO TFC membranes developed by the Singa-
pore Membrane Technology Centre,19 Oasys Water, Inc.
(Oasys Boston, MA), and HTI.106

3.2. Membrane orientation

Another approach to reducing ICP in FO and OMBRs is to
orient the membrane with its active layer facing the draw
solution.100,107 This alignment is used in PRO applications
and is commonly referred to as the “PRO mode” (sometime
called active layer facing draw solution (AL-DS)). The advan-
tage of operating in the PRO mode is that dilutive ICP on the
draw solution side of the membrane is substantially reduced;
thereby, increasing the water flux.108 However, the main
drawback of the PRO mode in OMBRs is that foulants,
including organic solids and inorganic salts, are entrapped
in the pores of the support layer, resulting in a substantial
decline in water flux due to pore clogging (largely irrevers-
ible) or concentrative ICP.79,109 Because membrane fouling is
increased when operating in the PRO mode, most OMBRs
and FO processes treating wastewaters with high fouling
potential are operated with the active layer facing the feed
solution (FO mode). Membranes operated in FO mode have
been shown to be highly resistant to fouling compared to tra-
ditional pressure driven membrane processes;34 however, due
to the potential advantage of operating an OMBR in PRO
mode, the OMBR has been evaluated in both PRO and FO
mode. Membrane materials, orientation, and configurations
in several past OMBR studies are summarized in Table 2.

4. Draw solutions
Like in all FO applications, OMBR performance is affected by
the choice of draw solutions.36 There are three main criteria
for selecting a draw solution for OMBRs, they have to induce
high water flux, have low reverse salt flux (RSF) at moderate
draw solution concentrations (see section 1), and be nontoxic

to microorganisms. RSF is typically lower for draw solutions
containing divalent ions with a large hydrated radius (e.g.,
MgCl2, MgSO4) compared to draw solutions made of monova-
lent ions (e.g., NaCl); however, draw solutions made of diva-
lent ions tend to have lower water flux than draw solutions
made of monovalent ions at similar osmotic pres-
sures.36,42,110,111 The lower RSF and water flux for draw solu-
tions made of divalent ions is due to the lower diffusivity
coefficient of divalent ions compared to monovalent ions in
solution. Low RSF is important for OMBR applications
because salts that reverse diffuse from the draw solution
accumulate in the activated sludge, which subsequently
decrease the driving force for water flux (concentration differ-
ence between feed and draw solution)17,20,112 and may be
toxic to the microbial community.18,111,113,114

4.1. Inorganic draw solution

NaCl is widely used as an inorganic draw solution in FO and
OMBR because it exhibits high water flux at moderate draw
solution concentrations, it is easy to dissolve and store, has a
relatively low cost, and is readily available.36 However, higher
RSF compared to other inorganic draw solutions is one of the
main downsides of NaCl as a draw solution. Other draw solu-
tion solutes exhibit lower RSF; however, they are generally
more expensive and the water flux induced by them is lower
at equivalent osmotic pressures compared to NaCl.36 Process
performance with various inorganic draw solutions used in
past OMBR investigations is summarized in Table 3. These
include water flux, RSF, and specific RSF (SRSF,115 which is
the RSF normalized by the water flux). Due to the limited
number of OMBR studies conducted with draw solutions
other than NaCl, the performance of other inorganic draw
solutions used in FO are also summarized in Table 3.

The highest SRSF for inorganic draw solutions tested in
an OMBR and in FO were for KCl, KBr, and NH4HCO3 draw
solutions, indicating that potassium based salts coupled with
a monovalent anion are not well suited for OMBRs. The
thermolytic salt ammonia–carbon dioxide ĲNH4HCO3) has
one of the highest SRSF of draw solutions tested in OMBRs
and FO.36,116 The RSF of ammonia–carbon dioxide is not
likely to increase the bioreactor salinity because both ammo-
nia and bicarbonate can be removed from the bioreactors via
nitrification and denitrification; however, if high diffusion
rate of carbon dioxide from the draw solution to the bioreac-
tors occurs (depending on solute speciation in the draw solu-
tion), the pH of the activated sludge might decline, which is
detrimental to the growth of nitrifying microorganisms below
pH of 7.117

The lowest SRSF in OMBRs and FO were tested for draw
solutions containing sulfate, including MgSO4, Na2SO4, NH4SO4,
and K2SO4. Sulfate salts are potentially good draw solutions for
OMBRs because of their low RSF; however, they might produce
hydrogen sulfide and sulfuric acid in the bioreactors, and may
cause scaling on the OMBR-FO and RO membranes (if used for
draw solution reconcentration) by sulfate complexes. Zhang

Table 2 Membranes, orientations, and configurations evaluated for
OMBR application

Membrane
material

Membrane
area (cm2)

Membrane
orientation

Membrane
configuration Ref.

CTA 110 FO and PRO Flow-through cell 25
CTA 160 PRO Flow-through cell 18
CTA 170 FO Plate and frame 17
CTA 180 FO and PRO Plate and frame 26
TFC 250 PRO Hollow fiber 19
CTA 300 FO Plate and frame 47
CTA 360 FO Plate and frame 24
CTA 370 FO Flow-through cell 48
CTA 370 FO Plate and frame 20
CTA 560 FO Plate and frame 49
CTA 10 000 (1 m2) FO Plate and frame 21
CTA 12 000 (1.2 m2) FO Plate and frame 21
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et al.118 have shown in a study conducted with a membrane ori-
ented in the PRO mode that FO membranes are susceptible to
gypsum scaling (a calcium sulfate precipitate). Gypsum scaling
on FO membranes was also demonstrated to be more severe in
the presence of organic matter119—calcium is accumulated to
relatively high concentrations in OMBRs treating municipal
wastewater21 and organic matter is in abundance in the bioreac-
tors, providing the environment for gypsum scaling when using
a sulfate rich draw solution.

Achilli et al.36 determined that the most economical draw
solutions per liter of water produced in a coupled FO–RO sys-
tem were NaHCO3 ($0.009 L−1), NaCl ($0.013 L−1), KHCO3

($0.015 L−1), and MgCl2 ($0.018 L−1). The draw solutions
containing bicarbonate (HCO3) are an economical option,
but diffusion of bicarbonate from the draw solution to the
feed could increase the pH; however, this draw solution may
assist in maintaining moderate pH levels in the activated
sludge for systems that incorporate biological nitrification
processes that involve consumption of alkalinity. Another
limitation to using NaHCO3 as a draw solution is that the
pKa of the solution is between 6.4 and 10.3, above the pH
limit for CTA FO membranes (~7).

Considering the cost and potential drawbacks of past
studied draw solutions, NaCl and MgCl2 are probably the two
best draw solution options for use in OMBRs. NaCl is

inexpensive and has high solubility and MgCl2 is also rela-
tively inexpensive but can complex with organic matter, sul-
fate, and phosphorus to foul or scale the membrane. How-
ever, the fouling potential is much lower compared to
calcium.120,121 It is worth noting that magnesium scaling was
not observed in the only long-term OMBR evaluation
conducted with a MgCl2 draw solution.22

A recent development in inorganic draw solutions is the
implementation of mixed salts draw solutions. Holloway
et al.110 studied the effect of small additions of MgCl2 and
other solutes to a majority NaCl draw solution. The RSF was
reduced and the water flux was the same for the mixed
MgCl2–NaCl compared to a pure NaCl draw solution at similar
draw solution osmotic pressures. Nguyen et al.122 showed a
substantial reduction in RSF and only small decline in water
flux with the addition of the surfactant Triton X100 to a major-
ity Na3PO4 draw solution. It is likely that these two studies
have just scratched the surface of innovative draw solution
chemistries that will improve OMBR and FO performance.

4.2. Organic draw solution

Draw solutions made of organic salts have also been consid-
ered for OMBRs because organic ions that diffuse into the
bioreactors from the draw solution can be biodegraded in the

Table 3 Water flux, RSF, and SRSF for inorganic draw solutions evaluated in OMBR and FO applications conducted with the CTA membrane in FO
mode

OMBR studies

Solute Draw solution concentration (M) Pure water flux (L m−2 h−1) RSF (g m−2 h−1) SRSF (g L−1) Ref.

NaCl 0.51–1.19 7.0–14.5 4–11 0.75 17
NaCl 0.005–0.1 ND ND 0.75 116
MgCl2 0.51 7.5 ND ND 22
MgCl2 0.005–0.1 ND ND 0.58 116
KCl 0.005–0.1 ND ND 1.14 116
CaCl2 0.005–0.1 ND ND 0.82 116
NH4HCO3 0.005–0.1 ND ND 2.01 116
ĲNH4)2SO4 0.005–0.1 ND ND 0.36 116
Na2SO4 0.005–0.1 ND ND 0.33 116
K2SO4 0.005–0.1 ND ND 0.40 116

FO studies

Solute Draw solution concentration (M) Pure water flux (L m−2 h−1) RSF (g m−2 h−1) SRSF (g L−1) Ref.

NaCl 0.31–0.87 6.22–12.2 4.6–9.1 0.74–0.75 36
NaCl 0.65 8.2a 5.8a 0.7a 111
MgCl2 0.21–0.50 5.67–9.72 3.4–5.6 0.59–0.58 36
MgSO4 0.61–1.17 4.25–5.54 0.9–1.2 0.20–0.21 36
MgSO4 1.24 2.18 0.24 0.11 111
KCl 0.31–0.94 6.73–13.5 6.8–15.3 1.01–1.14 36
CaCl2 0.22–0.56 6.30–11.6 4.8–9.5 0.76–0.82 36
CaĲNO3)2 0.26–0.80 5.98–10.7 3.7–6.6 0.63–0.62 36
NH4HCO3 0.26–0.87 5.47–10.3 11.7–20.6 2.14–2.01 36
ĲNH4)2SO4 0.30–0.83 5.94–9.86 2.5–3.6 0.43–0.36 36
NH4Cl 0.32–0.90 6.77–13.0 5.3–10.2 0.79–0.79 36
Na2SO4 0.29–0.90 5.33–9.22 1.9–3.1 0.36–0.33 36
K2SO4 0.28–0.58 6.26–9.07 2.3–3.7 0.37–0.40 36
KHCO3 0.32–0.99 5.33–10.1 0.8–2.0 0.14–0.20 36
KBr 0.32–0.88 6.62–12.9 12.3–29.2 1.86–2.26 36

a Values estimated from reference. ND – References that did not provide data for pure water flux, RSF, and SRSF (no data).
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activated sludge;37,111,116 yet, these draw solutions have only
been tested in FO mode using deionized water feed and in
cultured toxicity tests. Bowden et al.37 investigated the perfor-
mance (water flux and RSF) of several organic draw solutions
in FO mode and attempted to apply these results to OMBR.
Ansari et al.111 screened several organic and inorganic draw
solutions for anaerobic OMBR treatment by testing the water
flux and RSF in FO mode, and by testing microbial inhibition
using a biomethane potential apparatus. Nawaz et al.116

investigated several surfactants as draw solutions for OMBR
applications; however, their study was extended to the toxicity
of the surfactants to E. coli cultures only and did not include
any RSF or water flux data. Water flux, RSF, and SRSF for
organic draw solutions evaluated by Bowden et al.37 and
Ansari et al.111 are summarized in Table 4.

The data indicate that all the organic salts that they have
tested in FO experiments could work well as OMBR draw
solutions due to the low SRSF compared to inorganic salts
(section 4.1). Although it is imperative that these organic
draw solutions be tested in OMBR applications treating acti-
vated sludge before any conclusions on the performance

(water flux, RSF, and membrane fouling) of organic draw
solutions in OMBR systems are made, the methods developed
by Bowden et al.,37 Ansari et al.,111 and Nawaz et al.116 are
very effective in screening potential draw solutions before
conducting expensive and time intensive experiments.

5. OMBR test conditions and models
Experimental OMBR test conditions differ greatly between
short- and long-term investigations. Studies assessing specific
aspects of the OMBR such as the effect of sludge properties on
fouling,26,123 potential application of inorganic and organic
draw solutions,37 and microbial toxicity to elevated solute con-
centrations111,116 generally involve short-term experiments
conducted in the absence of a continuously operated activated
sludge system. These short-term experiments are insightful
but are very unique and difficult to compare.

Long-term investigations evaluating water flux, solute
flux, fouling, and microbial activity were conducted using
activated sludge systems17–24,48,49 that were continuously
or intermittently fed with municipal or synthetic

Table 4 Water flux, RSF, and SRSF for organic draw solutions evaluated in FO applications conducted with a CTA membrane in FO mode (active layer
facing the feed)

Solute Draw solution conc. (M) Pure water flux (L m−2 h−1) RSF (g m−2 h−1) SRSF (g L−1) Ref.

EDTA 0.3 2.5a 0.4a 0.16a 111
Glucose 1.13 2.3a 0.4a 0.16a 111
Glycine 1.31 3.2a 1.5a 0.48a 111
Sodium formate 0.32–1.02 5.9–11.7 3.8–7.6 0.065–0.65 37
Sodium formate 0.72 3.9a 2.3a 0.58a 111
Sodium acetate 0.52–1.69 5.8–10.4 1.5–3.5 0.26–0.34 37
Sodium acetate 0.72 3.5a 0.9a 0.26a 111
Sodium propionate 0.32–1.06 5.5–10.7 0.8–2.3 0.15–0.21 37
Magnesium acetate 0.54–1.85 5.7–8.9 0.6–1.1 0.11–0.12 37
Magnesium acetate 0.84 3.8a 0.6a 0.17a 111

a Values estimated from reference.

Table 5 Summary of OMBR test conditions for continuous, long-term studies conducted with activated sludge

Operation (days) Feed solution Reactor pH Sludge wasting MLSS (g L−1) HRT (days) SRT (days) SRT/HRT Ref.

7 Synthetic 6.6–7.9 ND 3.4–3.7 ND ND ND 18
14 Synthetic ND ND 7.8–8.8 0.9–1.8 ND ND 47
28 Synthetic 7 Y 15 3.5 15 4.3 17
30 Synthetic 6.6–7.9 Y ND ND 10 ND 48
30 Synthetic 6.6–7.9 Y ND ND 20 ND 48
32 Synthetic ND Y <1 0.8–2.8a 10 13–3.6 49a

40 Synthetic ND Y <1 0.7–3.2a 15 23–4.7 49a

40 Synthetic ND Y 6.53–7.15 0.6 50 83 22
45 Synthetic ND Y 1.1 0.4–0.6 10 25–16 23c

55 Synthetic ND Y ND 0.3–1.8 10 33–5.6 19
63 Synthetic ND Y ND 0.6–0.9 50 83–56 22
73 Synthetic 6.5 Y ND 1.4 20 14 20
108 Synthetic 8.5 Y ND 14–24b 50 87–50 24b

124 Municipal 6–7 Y 1.0–5.2 2–19 70 35–3.7 21
125 Municipal 6–7 Y 1.4–4.6 2.3 30–60 13–26 21c

150 Synthetic 6.9–7.6 Y 3.9–4.6 0.6–1.6 30 50–19 23

a Values estimated from reported water flux and tank volumes. Sludge wasting not including in HRT calculation because wasting rate was not
provided in the original manuscript. b Values estimated from reported water flux, tank volumes, and sludge wasting rate. c Experiments
conducted with OMBRs coupled with UF or MF membrane systems used to reduce bioreactor salinity.
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wastewater.15–22,46,47 These experiments were conducted at a
range of mixed liquor suspended solids (MLSS), HRT, and
SRT that impact the biological and physicochemical perfor-
mance of the OMBR. Test conditions for several long-term
OMBR studies are summarized in Table 5.

5.1. Feed solution

Synthetic feed solutions are frequently used for continuously
operated bench-scale OMBR studies conducted with activated
sludge. Achilli et al.17 used a 5 g L−1 meat extract with a C :
N : P ratio of approximately 100 : 5 : 1, but did not contain
appreciable concentration of inorganic salts. Lay et al.20 used
a feed stock (C : N : P ratio of 100 : 6 : 1) that included several
salts such as MgSO4, FeCl3, and NH4Cl at low concentrations.
Zhang et al.19 also used synthetic feed solutions containing
inorganic salts, including magnesium and calcium, and
observed higher bioreactor salinities compared to Achilli
et al.17 operating under similar conditions.

It is important that synthetic feed solutions used in
OMBRs research contain inorganic salts having concentra-
tions similar to the simulated wastewater because salts
rejected by the FO membrane accumulate in the bioreactor. A
simple method to closely simulate the inorganic salt concen-
trations of wastewater was developed by Zhang et al.19,48 and
Qiu et al.22 who used municipal tap water to make up the
synthetic feed solution in long-term OMBR studies. This
resulted in more realistic wastewater characteristics.

Although studies conducted with synthetic feed solutions
provide useful insight into OMBR bioreactor and membrane
performance, these solutions do not adequately represent the
complex organic and inorganic composition of real wastewa-
ters. While in all published OMBR studies the bioreactors
were seeded with real activated sludge from conventional or
MBR wastewater treatment plants, only in two of them was
the OMBR continuously fed with real municipal wastewater
throughout the study.21,35 Holloway et al.21 demonstrated
that in addition to sodium and chloride, calcium, magne-
sium, and other dissolved salts intrinsic to municipal waste-
water accumulate in the OMBR, resulting in increased mem-
brane fouling. Future OMBR research should focus on
treatment of real industrial and municipal wastewaters to
address the advantages and limitations of OMBR treatment
that are otherwise overlooked when treating synthetic feed
solutions.

Besides the differences in the inorganic composition
between synthetic and real wastewater streams, there are evi-
dence that membrane fouling differs between membrane sys-
tems operated with synthetic and real feed streams due to
differences in soluble microbial products (SMPs), including
proteins, polysaccharides, and humic matter.124 Results pub-
lished by Villain et al.125 showed that there are substantial
differences in membrane fouling in bench-scale MBRs
treating synthetic and real wastewater. Increased organic
fouling was observed for the MBR treating synthetic wastewa-
ter compared to the MBR treating real wastewater; however,

the fouling layer that developed on the membrane filtering
synthetic wastewater was more reversible. The difference in
membrane fouling for MBRs treating synthetic and real
wastewater streams has been associated with variations in
the protein-to-carbohydrate ratio.126,127 A change in this ratio
in the feed stream influences the floc size and hydrophobic-
ity of the extracellular polymeric substances (EPS), resulting
in significant differences in the extent and reversibility of the
fouling layer. As suggested by Villain et al.,125 MBR studies,
and in the current case OMBR studies, should be conducted
with real wastewater streams, especially when the primary
focus is on evaluating membrane fouling in an activated
sludge environment.

5.2. OMBR test conditions: HRT, SRT, and MLSS

OMBRs were tested under a wide range of operating condi-
tions, making it difficult to compare results between individ-
ual studies. Many studies also do not provide values for
important test parameter including the HRT, SRT, and MLSS
concentration. As a starting point to standardize OMBR test
conditions, it may be prudent to apply the lessons learned
from 30 years of MBR bench-, pilot-, and full-scale operation.

Typical operating conditions for MF and UF MBRs treating
municipal wastewater also vary; however, several parameters
were identified and fine-tuned to optimize MF and UF mem-
brane performance and nutrient removal in MBRs. These
include MLSS concentration of 7–16 g L−1, HRT of 2–10 h,
and SRT of 10–50 day.124,128–132 Higher MLSS concentrations
(compared to conventional activated sludge systems) have
been adopted for MBRs to achieve full nutrient removal in a
smaller footprint and to minimize sludge wasting (e.g.,
higher water recovery).133 The maximum suggested MLSS
concentration for MBRs is approximately 16 g L−1 due to
excessive MF and UF membrane fouling and decreased oxy-
gen transfer rates at higher MLSS concentrations.130 MLSS
target concentrations that have been adopted for MF/UF
MBRs should be considered for OMBRs to take advantage of
the smaller footprint and reduced sludge wasting, which are
the main advantages of MF/UF MBRs compared to conven-
tional activated sludge treatment.

The HRT and SRT are decoupled in MBRs and OMBRs
because water is processed through the membrane but solids
are retained during filtration.133 The decoupling of the HRT
and SRT allows for high carbon and nutrient removal at low
HRTs, allowing for smaller tank volumes and reduced capital
cost. The minimum SRT that has been demonstrated in MF/
UF MBRs that achieve complete nitrification is approximately
10 days;129 lower SRTs have been tested (as low as 2 days) in
MBRs with results showing that nitrification is incomplete at
SRTs of less than 5 days.129,131 At SRTs longer than 50 days
biological phosphorus removal begins to deteriorate, and at
even longer SRTs (SRT > 80 days) the dewaterability of the
sludge is reduced.124,132 Phosphorus removal in OMBR appli-
cations may not be necessary because phosphorus is well
rejected by FO membranes and can potentially be harvested
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from the system for beneficial use.22 If phosphorus removal
is not required, the SRT may be extended to as long as 80
days before the dewaterability of the sludge is negatively
affected. In general, future OMBR studies should extend the
SRT beyond 10 days, which is the minimum for establishing
good nitrification, to take advantage of some of the market-
ing points that have been established for commercial MBRs.
The current limitation to extending the SRT in OMBRs is the
increase in bioreactor salinity.

5.3. Salt accumulation models

Accumulation of salts in the OMBR bioreactors is a function
of the RSF, water flux through the FO membrane (Jw), biore-
actor influent salt concentration (Cinf), HRT, and SRT.37,112

The HRT and SRT are important parameters influencing salt
accumulation in the bioreactor because the only way to con-
trol the accumulation of salt in an OMBR, except for hybrid
MF/UF and OMBRs, is through sludge wasting. Bowden
et al.37 developed an equation for the steady state salt con-
centration in the bioreactor (Cb) using a mass balance
approach and assuming an SRT much longer than the HRT,
so that 1/HRT − 1/SRT ≈ 1/HRT, thus:

s
b inf

w

SRT
HRT

JC C
J

§ ·
 �¨ ¸
© ¹

(5)

This approach for calculating the expected steady state
concentration of salt in the bioreactor is useful but is only
appropriate in situations where the water flux and the HRT
are constant. In reality, salt accumulation and membrane
fouling decrease the water flux over time. As a result, HRT
decreases and the bioreactor salt concentration decreases to
a value lower than predicted by the model. A model that
accounted for the reduction in water flux due to salt accumu-
lation was developed by Xiao et al.:112

steady draw w m
w m

sin

ln ln J AJ K B QA

ª º§ · § ·S« »¨ ¸ � ¨ ¸« »¨ ¸S © ¹© ¹¬ ¼
(6)

where Km is the mass transport coefficient for the membrane
porous support layer, πdraw and πin are the respective osmotic
pressure of the draw solution and bioreactor, A is the water
permeability coefficient of the membrane, Am is the mem-
brane area, and Qs is the volumetric sludge wasting rate. The
calculated steady-state water flux (Jsteadyw ) is used iteratively in
this model to calculate a bioreactor salt concentration that is
re-entered into the model to recalculate Jsteadyw . The model
developed by Xiao et al. is an improvement over the Bowden
model, but it is still limited because there is no accounting
for the flux loss due to membrane fouling.

A common conclusion that can be drawn from both
models is that the only operating parameter that can be
adjusted to reduce the bioreactor salinity is the SRT. This
seems like a simple solution to increase process

performance; however, increasing sludge wasting (decreasing
the SRT) reduces water recovery, increases the volume of
sludge that must be stabilized and disposed of, and inhibits
nitrification at SRTs shorter than 10 days. In an excellent
review by Lay et al.44 on elevated salinity in high rejection
MBRs such as the OMBR, the authors suggested that the
HRT should be less than 1 day to mitigate excessive capital
costs, and the SRT should be maintained between 10 and 30
days to allow for adequate biological activity. It was estimated
that the bioreactor TDS concentration under these conditions
will be 5 to 15 g L−1, which was assumed to be acceptable to
ensure stability of the biological system and not compromise
membrane performance (water flux and fouling). It is still
questionable if nitrification and denitrification can be
sustained at the suggested bioreactor concentrations, but this
may be a reasonable starting point for developing future
OMBR operating criteria.

6. Experimental results and
observations from past OMBR studies
Results and observations from long-term OMBR studies have
been primarily related to physiochemical performance
parameters, including water flux, membrane fouling, RSF,
and salt accumulation. Water flux and salt accumulation for
10 long-term OMBR studies are summarized in Table 6. The
removal and rejection of nutrients is not included in Table 6
because the articles provide very limited data for these con-
stituents; thus, nutrient removal and rejection should be a
point of emphasis in future studies because nitrogen and
phosphorus that are not removed biologically accumulate in
the bioreactor due to their high rejection, especially phospho-
rous, by FO membranes.53

6.1. Water flux and membrane fouling and cleaning

A decline in water flux was observed in each of the OMBR
studies summarized in Table 6. A portion of the flux decline
can be attributed to a reduction in the osmotic pressure driv-
ing force due to the increasing bioreactor salinity. Membrane
fouling was evident in the studies conducted by Achilli
et al.,17 Lay et al.,20 Zhang et al.,19 and Holloway et al.21 The
decline in water flux due to membrane fouling as opposed to
increasing bioreactor salinity can be observed in these stud-
ies because the water flux continued to decline after the bio-
reactor salinity reached steady state. The most severe mem-
brane fouling was observed for the two studies conducted in
PRO mode.18,19 The significant flux decline observed in the
PRO orientation illustrates the detrimental effect and ineffec-
tiveness of operating an OMBR with the membrane in PRO
mode.

6.1.1. Fouling – PRO orientation. Fouling of the mem-
brane porous support layer in PRO mode reduces water trans-
port through the pores, resulting in reduced water permeabil-
ity and increased concentrative ICP, which has been shown
to intensify organic fouling and scaling.109,134–136 Thelin
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et al.136 showed that fouling by natural organic matter (NOM)
was exacerbated while operating in PRO mode with an
organic rich feed. They also illustrated that the elevated ionic
strength in the support layer due to concentrative ICP inten-
sified membrane fouling. Similarly, Parida et al.109 demon-
strated severe fouling in PRO mode compared to FO mode in
experiments conducted with 50 ppm total organic carbon
(TOC) and 5 mM calcium.

Zhang et al.19 examined the extent of organic fouling and
scaling in an OMBR operating in PRO mode using sequential
cleaning steps, which included deionized water to remove
biofouling followed by acid cleaning to remove scaling.
Zhang et al. demonstrated that membrane scaling was the
primary membrane foulant as approximately 10% of the
membrane permeability was recovered after removing the
biofouling and 72% of the membrane permeability was recov-
ered after acid cleaning of the membrane to remove inor-
ganic scaling. Membrane scaling in OMBR applications is of
particular concern because the ions responsible for scaling
(e.g., calcium) are at high concentrations in the bioreactor.
Holloway et al.21 demonstrated that the calcium concentra-
tions in a bioreactor fed with municipal wastewater increased
6 fold during long-term OMBR operation.

6.1.2. Fouling – FO orientation. Long-term OMBR investi-
gations operated in FO mode exhibited considerably less flux
decline compared to those operated in PRO mode; however,
the systems operated in FO mode were still affected by mem-
brane fouling.17,20–23,26,48,49 Lay et al.20 inspected the fouling
layer that developed on a CTA membrane used in an OMBR
operated for 73 days in FO mode. Visual examination
revealed only slight deposition of biomass on the membrane,
primarily located in hydrodynamic dead zones. A more thor-
ough analysis of the fouling layer conducted with a scanning
electron microscope (SEM) and energy-dispersive X-ray (EDX)
showed that the majority of the fouling layer was comprised
of a thin gel-like layer determined to be EPS, and to a lesser
extent gypsum scaling. A gel-like fouling layer was also

described by Qiu et al.26 and was determined to be SMP, pri-
marily composed of hydrophobic proteins. Protein, polysac-
charide, and inorganic fouling on the OMBR-FO membrane
was further supported by Wang et al.23 Additionally, SMPs
were shown to increase at higher bioreactor salinities.
Although organic and inorganic fouling were observed during
OMBR operation, the interaction between organic and inor-
ganic fouling in OMBR has not been thoroughly studied.
However, many researchers have examined fouling of FO
membranes in the presence of organic and inorganic
foulants.

Studies on organic fouling of FO membrane have been
conducted with activated sludge, algae, polysaccharides, pro-
teins, EPS, and transparent exopolymer particles
(TEP).109,123,135,137,138 Zhang et al.123 characterized FO fouling
using twenty different activated sludge solutions with varying
MLSS concentrations, particle sizes, polysaccharides, pro-
teins, EPS, SMPs concentrations, and multiple other constitu-
ents. Using a partial least squares regression, it was deter-
mined that the concentration of polysaccharide- and protein-
bound EPS correlated positively with water flux decline. Like-
wise, Linares et al.137 conducted FO experiments on second-
ary effluent and determined that the organic fouling layer on
the FO membrane surface was composed of biopolymers and
protein like substances. Gu et al.138 and Parida et al.109 also
found that the FO membrane was fouled by organic constitu-
ents; however, both investigators determined that the fouling
was more severe in the presence of cations (calcium and
magnesium).

Mi and Elimelech139 investigated organic fouling of FO
membranes in the presence of relatively low calcium concen-
trations (0.5 mmol calcium) using alginate and bovine serum
albumin (BSA) as model organic foulants. Findings from the
fouling study illustrated that a gel layer of cross-linked
organic chains fouled the membrane when alginate was used
as the model foulant but the gel layer formed to a much
lesser extent when using BSA. It was hypothesized that

Table 6 Summary of long-term OMBR performance

Initial water flux
(L m−2 h−1)

Steady-state water
flux (L m−2 h−1)

Water flux post
cleaning (L m−2 h−1)

Initial bioreactor
salt conc. (g L−1)

Steady-state bioreactor
salt conc. (g L−1)

Membrane
orientation

Draw solution
conc. (M) Ref.

12 3 NA 0.14 4.1 PRO 1.0 18
9 5 NA 0.4 12 FO 1.0 47
11 9 9.9 0.0 4.5 FO 0.9 17
9 2 NA 0.3a 32a FO 1.0 49
9 2 NA 0.3a 41a FO 1.0 49
8.9 6.6 NA 9.7a 21a FO 0.8 22
10.5 5.5 NA 0.3a 3.2a FO 1.0 23
23 3.9 NA 1.2a 7.7a PRO 0.5 19
7.5 6.5 NA 0.3a 9.7a FO 0.5 22b

3.2 2.7 NA 0.5a 8.1a FO 0.5 20
9.9 5.7 NA 0.5a 18a FO 0.8 24
4.3 1.6 2.5 0.5 8.2 FO 0.5 21
5.3 4.0 NA 0.4 1.2 FO 0.5 21
9.9 5.7 NA 0.5a 18a FO 0.5 23c

a Values estimated from the source. Data originally reported in millisiemens. b Experiment conducted with MgCl2 draw solution. c Anaerobic
OMBR evaluation.
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calcium formed bridges between the carboxylic groups on the
alginate but was not effective in bridging BSA because of the
lack of carboxylic groups. Similar to the model foulants, cal-
cium has been shown to be critical in forming gel-like layers
with SMPs found in activated sludge supernatant.140 The sim-
ilarity between alginate and SMPs (particularly exo-
polysaccharides) is the abundance of carboxylic groups that
can be bridged by calcium, resulting in rigid and non-
deformable gels.141

A unique characteristic of the gel layer is that the structure
may change from a non-porous film covering the membrane
surface at low to moderate calcium concentrations (<6 mmol
calcium) to a much more porous layer at higher calcium con-
centrations, specifically due to the gel-like structure collaps-
ing on itself.141 Although the structure of the gel-like fouling
layer on the FO membrane in high salinity OMBRs is not
completely understood, it is likely that the gel-like fouling
layer that was observed in long-term OMBR experiments is a
result of bridging between calcium and the SMP present in
the activated sludge. Membrane cleaning may be periodically
required to remove the gel layer from the membrane surface
to sustain/recover water flux during continuous OMBR
operation.

6.1.3. Membrane cleaning: air scouring. Membrane foul-
ing in OMBRs can be mitigated and partially reversed by air-
scouring the membrane. Higher membrane air-scour rates in
a bench-scale OMBR was shown to reduce the volume of bio-
mass on the membrane surface 31 fold, and the coverage of
biomass over the membrane surface reduced 12 fold com-
pared to a system operated at low membrane aeration rates.48

Holloway et al. also attributed improved OMBR performance
(sustained water flux over 125 days of operation) to more vig-
orous aeration using coarse-bubble diffusers compared to
fine-bubble diffusers for membrane air scouring.21 In FO
fouling studies, periodic aeration of the membrane active
layer achieved substantial performance recovery—water flux
was recovered to approximately 98% of the initial water flux
when the membrane was tested with alginate as a model
foulant139 and up to 89.5% of the initial water flux when the
FO membrane was tested with secondary effluent feed.142

Although membrane air scouring is an effective way of
preventing severe fouling and reversing fouling in systems
that are not continuously air scoured, physical and chemical
cleaning methods may provide a means to recover much of
the water flux lost over long-term operation.

6.1.4. Membrane cleaning: physical cleaning. The most
elementary physical membrane cleaning procedure that has
been tested on OMBRs is rinsing the membrane with deion-
ized water after prolonged exposure to activated sludge.23

Chen et al.,23 in anaerobic OMBR experiments, and Wang
et al.49 evaluated membrane fouling at 10 and 15 day SRTs.
They were able to achieve flux recovery to over 94% of the ini-
tial water flux of a virgin membrane by physically rinsing the
membrane with deionized water. The ease at which foulants
are removed and water flux is restored highlights the low
fouling propensity of OMBR-FO membranes, and specifically

the CTA FO membrane manufactured by HTI. However, rins-
ing membranes in pilot- or full-scale systems might not be
practical because each membrane plate in a plate-and-frame
skid has to be removed and rinsed individually. For large
scale systems, other strategies might be required.

6.1.5. Osmotic backwashing. Osmotic backwashing is
another method for efficient cleaning of OMBR membranes
without having to remove individual membrane plates.143–145

In osmotic backwashing the feed is replaced with a salt solu-
tion and a low-salinity solution is recirculated on the draw
solution side of the membrane. During osmotic backwashing
water diffuses from the draw solution side to the feed side of
the membrane, thereby dislodging attached organic particles
and dissolving inorganic foulants from the membrane sur-
face. In special cases when the salinity of the feed is high
enough (e.g., 15–20 g L−1 TDS), it is possible to achieve good
osmotic backwashing by only substituting the draw solution
with fresh water (i.e., deionized water or dechlorinated tap
water), using the concentrated feed as a “draw solution”.
Achilli et al.17 demonstrated water flux recovery to 90% of the
initial flux by osmotically backwashing the FO CTA mem-
brane with deionized water. Holloway et al.21 was able to
achieve recovery to approximately 53% of the initial water
flux by osmotically backwashing the membrane and had
slightly better success recovering the water flux using a deter-
gent to chemically clean the membrane, achieving recovery to
approximately 60% of the water flux of a virgin membrane.

6.1.6. Chemical cleaning. Procedures for chemical
cleaning of OMBR membranes have not been established;
however, several studies examined chemical cleaning of CTA
and TFC membranes in other FO applications using deter-
gent, chlorine, alkaline, and acid solutions.137,142,146 pH is a
critical parameter that affects the chemical cleaning (and
operational) performance of FO membranes, and especially
the CTA membrane. The CTA FO membrane can be operated
in a narrow pH range of 4–7. Outside this range the polymer
is hydrolyzed and the membrane is permanently damaged.147

Therefore, cleaning agents have been limited to sodium
ethylenediaminetetraacetic acid (EDTA), detergents such as
Alconox, and light NaOCl solutions, all of which are neutral-
ized to a pH of approximately 7 before getting in contact with
the membranes. Linares et al.142 was able to recover the
membrane performance to 93.6% of the initial water flux by
chemically cleaning the membrane active layer with a light
EDTA and Alconox solution to remove NOM fouling. They
observed that the porous support layer was also fouled by
TEP that had migrated from the membrane active layer into
the support. The TEP was well removed from the support
layer using a 1% NaOCl solution recirculated on the draw
solution side of the membrane, and after NaOCl cleaning the
performance was recovered to 94.5% of the initial water flux.
The use of a low concentration NaOCl cleaning solution was
also shown to completely remove biofouling from a CTA
membrane fouled with a single culture of bacteria.146 Linares
et al.142 have not discussed the pH of the EDTA solution used
for the cleaning of the CTA membrane. EDTA is a base and
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could potentially damage the CTA membrane if the cleaning
solution is not neutralized. Coday et al.148 stated that the pH
of an EDTA solution prepared for CTA membrane cleaning
was 11 and needed to be neutralized to pH 7.9 or below
before starting the cleaning procedure.

Cleaning solutions (Alconox, EDTA, and NaOCl) that have
been determined to work well for CTA FO membranes are
not compatible with polyamide-based, TFC FO membranes.
Exposure to Alconox and EDTA increases the water flux and
RSF through the TFC membrane due to changes in the poly-
meric structure of the membrane.149 As an alternative to
detergents and EDTA, the polyamide TFC membrane can be
cleaned with a basic solution (NaOH) followed by an acid
(HCl) mixture without compromising the integrity of the
membrane active or support layers.149 Results from Wang
et al.149 demonstrated that nearly 100% of the water flux was
restored and RSF unchanged after base (0.1% NaOH + 0.1%
sodium dodecyl sulfate (SDS)) and acid (0.5% HCl) cleaning a
TFC membrane (pH information was not provided). The
majority of these cleaning studies were done by applying the
cleaning agent to the active side of the membrane that was
exposed to the foulant-rich feed stream, except for the NaOCl
cleaning of the support side conducted by Linares et al.137

Chemically cleaning the active side of the membrane requires
that the membranes cassettes be removed from the

bioreactor to an external chemical cleaning tank, which is a
major short-coming for pilot- and full-scale OMBR treatment
because it is laborious to remove large cassettes from the pro-
cess and increases treatment down-time.

6.1.7. Chemically enhanced osmotic backwashing. Ideally,
OMBR membranes should be cleaned in-place without
removing individual plates or cassettes from the bioreactor.
Recently, we have explored chemically enhanced osmotic
backwashing for TFC membranes, which can resolve the limi-
tations of chemical clean-in-place. The chemically enhanced
osmotic backwash is conducted by replacing the draw solu-
tion with a very low salinity base (NaOH) or acid (HCl)
cleaning solutions, which are continuously recirculated on
the draw solution side of the membrane. This cleaning is
done without removing OMBR membranes from the bioreac-
tor. The concept behind the chemically enhanced osmotic
backwash is that OH− and H+ ions are at high concentrations
on the draw solution side of the membrane and they diffuse
through the membrane support and active layers due to the
difference in their concentration between the draw solution
(cleaning solution) and feed stream (activated sludge). The
main advantages of chemically enhanced osmotic
backwashing include simplicity (membrane stay in the biore-
actor), reduced volume of cleaning solution compared to sub-
merging the cassette in an external cleaning tank, and the

Fig. 5 FO membrane end-plate (a) before cleaning, (b) after osmotic backwashing cleaning with deionized water, and (c) after chemically
enhanced osmotic backwashing using base and acid in the draw solution channel. FO membrane center-plate (d) before cleaning, (e) after osmotic
backwashing cleaning with deionized water, and (f) after chemically enhanced osmotic backwashing using base and acid in the draw solution
channel as opposed to deionized water.
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application of the chemical agents directly at the membrane-
foulant interface. The effectiveness of this cleaning procedure
is visually illustrated in the photographs shown in Fig. 5.

The severe fouling illustrated in Fig. 5a was a result of
inadequate air scouring due to the coarse-bubble diffuser
being plugged with sludge. Osmotic backwashing was used
in the first attempt of membrane cleaning (Fig. 5b and e) by
placing the membrane plates in an external cleaning tank
filled with a concentrated salt solution (25 g L−1 of NaCl) and
deionized water recirculating on the draw solution side of the
membrane for 1 hour. The osmotic backwashing removed
the majority of loosely attached biosolids from the mem-
branes, but the membranes were still significantly covered
with a biofilm. Following the first cleaning attempt, the sys-
tem was operated for approximately two weeks in the acti-
vated sludge tanks before a chemically enhanced osmotic
backwashing was attempted. For the chemically enhanced
osmotic backwashing, the membranes remained submerged
in the activated sludge. The TFC membranes used in the
study were first cleaned with an NaOH base solution at pH of
10–11 followed by an HCl acid solution at pH of 3–4. Results
from the chemically enhanced osmotic backwashing cleaning
method were very encouraging—most of the fouling layer was
removed from the membrane surface without having to
remove the membrane skid from the bioreactor. The chemi-
cally enhanced osmotic backwashing could be an improve-
ment to existing techniques that require large volumes of
chemicals and external chemical cleaning tanks.

6.2. Solute accumulation, driving force, and microbial toxicity

Salt accumulation in the bioreactors is inevitable in OMBR
systems treating municipal or industrial wastewater because
the FO membrane retains salts that enter the bioreactors
with the influent, and salts that make up the draw solution
continuously diffuse through the FO membrane from the
draw solution to the bioreactors. Elevated bioreactor TDS
concentrations results in reduced osmotic pressure driving
force for water flux and potential inhibition of microbial
growth and functionality. The driving force for water flux
(TDS concentration gradient between the activated sludge
and draw solution) decreased by approximately 4 g L−1, 8 g
L−1, and 17.5 g L−1 in respective long-term OMBR studies
conducted by Achilli et al.,17 Lay et al.,20 and Tan et al.24

operating in FO mode. Results presented by Tan et al.24 illus-
trate that almost all of the reduction in water flux (approxi-
mately 43%) was associated with decreased driving force and
not membrane fouling. Zhang et al.19 demonstrated that
approximately 70% of the reduction in water flux was due to
reduced driving force and not membrane fouling in a long-
term evaluation operated in PRO mode.

Elevated bioreactor salinity may also be detrimental to the
microbial community responsible for nitrification, denitrifi-
cation, and carbon oxidation. Achilli et al.17 noted that
ammonia oxidation (nitrification) did not appear to be
affected at elevated salt concentrations. Evidence of microbial

inhibition occurred in a long-term evaluation conducted by
Holloway et al.21 in which nitrification ceased as the bioreac-
tor salinity increased above 6 g L−1 for approximately 20 days
before eventually being regained. Similarly, denitrification
stopped as the bioreactor salinity initially increased before
returning after 20 days of operation in an OMBR study
conducted by Tan et al.24 It is not entirely unexpected that
the denitrification rate would initially decrease as the biore-
actor salinity increases and eventually return after prolonged
high-salinity operation. Dinçer and Kargi,150 determined that
the denitrification rate in a normally low-salinity activated
sludge decreased by 20% when exposed to NaCl concentra-
tions of 5 g L−1. Ye et al.113 also demonstrated that the
ammonia-oxidizing bacteria (AOB) responsible for nitrifica-
tion were inhibited at salt concentrations exceeding 2 g L−1

in evaluation of a sequencing batch reactor treating munici-
pal wastewater. However, given time to acclimate at a suffi-
ciently long SRT, nitrification can return at elevated bioreac-
tor salinities because the microbial community responsible
for nitrification shifts to a community populated by salt toler-
ant AOB and ammonia-oxidizing archaea (AOA).151 Although
it is not surprising that the OMBR microbial community
shifts with changing salinity, there is still limited under-
standing of the specific characteristics of the microbial com-
munity and should be an emphasis in future OMBR research.

Alturki et al.18 concluded that the ratio of mixed liquor
volatile suspended solids (MLVSS) to MLSS decreased from
0.87 to 0.66 in a long-term OMBR investigation. A decrease in
this ratio is an indication that biological activity may have
deteriorated. Wang et al.23 measured a decrease in DHA, an
important enzyme for biological oxidation of organic matter,
as the bioreactor salinity increased overtime. Chen et al.23

described a reduction in carbon removal during anaerobic
OMBR experiments. Considering the array of results obtained
from long-term OMBR testing, carbon and nitrogen removal
is likely inhibited during the initial increase in bioreactor
salinity. Once salt tolerant microbial communities are
established, carbon and nitrogen removal resumes, yet at a
lower rate compared to that observed in low salinity activated
sludge processes. It is important to note that in all past
OMBR studies the activated sludge used to seed the OMBR
bioreactors was obtained from conventional activated sludge
treatment plants. If the sludge is not allowed to acclimate to
the basic OMBR operating conditions (e.g., longer SRT and
HRT), results from experiments conducted to determine the
effect of increasing salinity on carbon and nutrient removal
might be skewed by changes in SRT between the system that
the activated sludge was collected from and the OMBR stud-
ied. Kimura et al.152 have shown that the characteristics of
the activated sludge differed between MBRs operated at dif-
ferent SRTs and Luo et al.47 commented that activated sludge
should be acclimated to OMBR operating conditions before
assessing the effects of salinity build-up on OMBR
performance.

Mitigating salt accumulation to prevent reduced driving
force and microbial inhibition requires creative system
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configurations and draw solution selections. Holloway et al.21

demonstrated that the bioreactor salinity (NaCl equivalent)
could be maintained at approximately 1 g L−1 using a hybrid
UFO-MBR (Fig. 6). A UF membrane skid, operated in parallel
to an FO membrane skid, is used in this configuration to
extract solutes from the bioreactor with the UF permeate,
leaving the biosolids in the bioreactor. Results from this
study demonstrated that operating the OMBR system at low
salinity increased the sustainability of OMBR water flux
(operated at 6 L m−2 h−2 for 125 days without cleaning) and
improved nitrogen removal. Furthermore, as an ancillary ben-
efit, the UF permeate was rich in phosphorus and nitrogen
that could potentially be recovered for beneficial use. In a
comparable study, Wang et al.23 incorporated a MF mem-
brane into the OMBR to maintain low bioreactor salinities.
The water flux declined more substantially, from 10.5 L m−2

h−1 to 5.5 L m−2 h−1, in the MF-OMBR study, but excellent
carbon removal and nitrogen oxidation was maintained over
the full testing period. The higher decline in water flux in the
MF-OMBR may have to do with the higher initial water flux
(10.5 L m−2 h−1 compared to 5.3 L m−2 h−1 in Holloway's
study). Hybrid OMBRs such as the UFO-MBR and MF-OMBR
should be considered in future OMBR research to improve
mitigation of salt accumulation in OMBR bioreactors.

The use of organic draw solutions could be another
method for reducing salt accumulation in the bioreactor.
Bowden et al.37 concluded that magnesium acetate and
sodium propionate could be viable organic draw solutions
due to the low SRSF, biodegradation potential, and low capi-
tal and replenishment costs. Nawaz et al.116 recommended
several different surfactants as potential draw solutions
because of the relatively low microbial toxicity and RSF. It is
important to note that the organic draw solutions proposed
by Bowden et al.37 and Nawaz et al.116 were never tested in
an OMBR; therefore, the benefits of using an organic draw
solution are still questionable. Additionally, researchers

should focus on finding organic draw solutions for OMBR
treatment that are compatible with the microbial community
in the bioreactor. Ansari et al.111 have recently highlighted
that the RSF and microbial toxicity of an organic draw solu-
tion solute are interrelated; the RSF of some organic draw
solution solutes into the bioreactor may increase microbial
activity while others hinder microbial activity.

6.3. Nutrient: removal, rejection, and recovery

The mechanisms for membrane rejection and microbial deg-
radation of nutrients, and potential for nutrient recovery are
very unique to the OMBR. Biological nutrient removal has to
be carefully evaluated for OMBRs due to the impact of biore-
actor salinity on the activity and make-up of the microbial
community. The rejection of nutrients through the FO mem-
brane is important because they will accumulate in the biore-
actors to very high concentrations that may result in
increased diffusion of nutrients, specifically nitrogen, from
the feed to the draw solution, and may compromise the prod-
uct water quality of the draw solution reconcentration pro-
cess. The accumulation of nutrients in the bioreactors can
also be viewed as a benefit if the nutrients can be recovered
at high concentrations for beneficial use.

6.3.1. Removal and rejection. Removal and rejection of
carbon, nitrogen, and phosphorus have only been reported in
four OMBR studies, not including hybrid or anaerobic OMBR
studies. Achilli et al.17 demonstrated approximately 90% TOC
removal and 76% ammonia oxidation in the bioreactor, due
to biological processes. Achilli et al. further demonstrated
98% rejection of TOC and 90% rejection of ammonia by the
FO membrane. Tan et al.24 reported 78% TOC removal and
94% removal of ammonia in the OMBR bioreactors after
reaching steady-state conditions. Including FO membrane
rejection the total TOC removal exceeded 97% and ammonia
removal increased from 94% to 98%. The removal of TOC in

Fig. 6 A schematic of an integrated UFO-MBR (or MFO-MBR) system containing an OMBR, a UF-MBR, and an RO system for reconcentration of
draw solution. Adapted from Holloway et al.21
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the bioreactors operated by Wang et al.49 investigating OMBR
performance at 10 and 15 days SRT was also generally high
and the FO membrane exhibited very high TOC rejection.
Overall, Wang et al. were able to achieved more than 95%
TOC removal and rejection. Although the TOC removal and
rejection reported by Wang et al. was high, ammonia oxida-
tion in the bioreactors was limited, resulting in elevated
ammonia concentrations in the bioreactors and draw solu-
tion. FO CTA membranes have lower rejection of ammonia
compared to other inorganic ions;53,55 thereby, ammonia
contaminates the draw solution if not removed in the
bioreactors.

A major shortcoming of almost all published long-term
OMBR studies is the lack of data for nitrate concentrations.
In bioreactors, nitrate is produced via biological oxidation of
ammonia and it accumulates in the bioreactors if anoxic
zones, where nitrate can be reduced to nitrogen gas, are not
incorporated into the bioreactor design. Results from
Holloway et al.21 illustrate that nitrate can accumulate in the
bioreactors to relatively high concentrations (more than 80
mg L−1) even when the OMBR is coupled with an anoxic bio-
reactor for denitrification. Subsequently, the draw solution is
contaminated with nitrate due to the low nitrate rejection of
OMBR-FO membranes.153 Nitrate contamination of the draw
solution is further exacerbated when the draw solution
reconcentration step has higher nitrate rejection than the
OMBR-FO membranes drawing water from the activated
sludge. This point is highlighted in the results presented by
Holloway et al.;21 the concentration of nitrate in the draw
solution was very high, almost equal to the bioreactor con-
centration, because the tight seawater RO membranes used
for draw solution reconcentration had higher nitrate rejec-
tion than the OMBR-FO membrane. Although the draw solu-
tion was contaminated by nitrate, the system used by
Holloway et al.21 was still able to achieve total rejection (FO
and RO membrane) of ammonia, nitrate, and TOC of approx-
imately 89%, 82%, and 96%, respectively due to the multiple
biological and membrane barriers. A concept that has not
been published on but may mitigate excessive accumulation
of nitrate in the draw solution is periodic polishing of the
draw solution. This could be done by processing the draw
solution through a nanofiltration (NF) stage that allows
nitrate to pass through the membrane relatively freely but
has high retention of the draw solution solute (e.g., MgCl2).
Future OMBR research should emphasis the impact of nitrate
on system performance, investigate the potential benefits
and limitations of the draw solution reconcentration step,
and evaluate methods for draw solution polishing.27

6.3.2. Nutrient and mineral recovery. Another avenue that
should be explored for OMBRs is nutrient (nitrogen, phos-
phorus) and mineral (magnesium, potassium, and calcium)
recovery. Nutrients, specifically phosphorus, accumulate in
the OMBR bioreactors to relatively high concentrations and
could be recovered via crystallization techniques.21–23 Phos-
phorus is commonly removed or recovered from wastewater
using calcium or magnesium to form calcium phosphate or

magnesium phosphate precipitates. One of the most com-
monly explored phosphate precipitates is struvite, a crystal
that forms in the presence of ammonia, phosphate, and mag-
nesium at pH values between 8 and 10.154–156 Qiu et al.22

explored struvite recovery from an OMBR by collecting the
supernatant from the nutrient- and mineral-rich bioreactor
activated sludge and adjusting the pH of the supernatant
using two different methods: NaOH titration and CO2 strip-
ping. Results from the precipitation experiments demon-
strated that struvite precipitation is complicated by the pres-
ence of calcium that preferentially precipitates with
phosphorus compared to magnesium when the pH is
adjusted quickly using NaOH. Struvite precipitation was more
achievable when the pH was raised using a CO2 stripping
method, but the authors concluded that stripping might not
be cost effective at larger scales. However, Qiu et al.22 also
discussed the potential benefits of recovering nutrients and
minerals from the OMBR bioreactor supernatant, including
no need for chemical addition (not including pH adjustment)
to form phosphorus precipitates and decreasing the salinity
of the bioreactor.

6.4. TOrCs: removal and rejection

Rejection of TOrCs by the FO membrane is one of the major
advantages of using OMBRs over other traditional treatment
processes.28–31,41,80,86,157,158 Alturki et al.18 examined the
rejection and microbial degradation of 50 TOrCs in an OMBR
operated for approximately seven days. The results from this
study demonstrated that 25 of 27 compounds with a molecu-
lar weight higher than 266 g mol−1 were rejected by the FO
membrane to concentrations that were below or near the
detection limit. The author attributed the high rejection to
FO membrane selectivity and biological degradation.

Rejection of compounds with molecular weights lower
than 266 g mol−1 varied from negligible to removal below the
detection limit. It was speculated that the removal of these
low-weight compounds was not due to physical separation
but to biological degradation because TOrCs that are known
to have low biodegradability were not removed or rejected in
this study. Alturki et al.28 demonstrated the importance of
having biological and FO membrane separation to enhance
TOrC removal. Similarly, Holloway et al.35 illustrated the
effectiveness of using biological and membrane treatment for
TOrC removal—it was demonstrated that 19 of 20 measured
TOrCs in real wastewater were completely removed and
rejected by the biological and membrane barriers, and that
the RO reconcentration step provided an additional barrier
for TOrC removal. Increased TOrC removal using a
reconcentration step has also been illustrated by Linares
et al.29 and Hancock et al.41 The total TOrC rejection in these
coupled FO–RO systems exceeded 96% and 99%, respectively.
One disadvantage of the coupled system is that TOrCs that
are not well rejected by the FO membrane as by the RO mem-
brane will accumulate in the draw solution.41,86
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7. Future challenges

The OMBR is a promising treatment technology for nutrient
recovery and indirect or direct potable reuse applications due
to the multiple treatment barriers inherent to its design.
Despite the obvious advantages of the OMBR to remove and
reject nutrients and TOrCs, there are still many obstacles to
overcome before the OMBR could be a viable, commercial
treatment technology. Future research should focus on fur-
ther investigating mass transport in OMBRs, developing new
membrane and membrane modules, recovery of nutrients,
general evolution of the OMBR and its hybrid configurations
(UFO-MBR, MFO-MBR, and other future configurations).
These include:

• Developing OMBR design parameters such as appropri-
ate cross-flow velocity and spacer design for cross-flow
arrangements and the specific aeration demand for sub-
merged configurations.

• Standardizing OMBR operating conditions such as the
SRT and HRT to minimize salt accumulation but take advan-
tage of the high SRT operating conditions that have become
a hallmark of traditional MF and UF MBRs used in full-scale
wastewater treatment.

• Determining the effect of salinity build-up and
prolonged high salinity operation on the microbial commu-
nity during OMBR treatment. Additionally, characterizing the
microbial community in an OMBR and how it may differ
from conventional low-salinity activated sludge treatment
processes.

• Developing membrane cleaning strategies that allow
clean in-place; thereby reducing chemical costs and system
down time.

• Evaluating the effect (membrane degradation) of long-
term exposure of FO CTA and TFC membranes to an acti-
vated sludge environment.

• Designing and producing polyamide TFC FO mem-
branes with reasonable water and reverse salt flux character-
istics, and that are structurally durable and chemically stable
to withstand the rigors of operating in the chemically and
microbially aggressive activated sludge environment.

• Designing creative hybrid OMBR systems capable of
removing salts from the bioreactor and harvesting nitrogen
and phosphorus for beneficial use.

• Selecting and testing organic draw solutions that could
be biodegraded and prevent salt accumulation in the
bioreactor.

• Evaluating the energy consumption of current OMBR con-
figurations and optimize energy demand of OMBR to be com-
petitive with traditional wastewater treatment technologies.

Lastly, the energy consumption of the OMBR must be
competitive with conventional activated sludge (CAS) and
MF/UF MBR systems implementing advanced treatment pro-
cesses for potable and high quality water reuse. The specific
energy demand for full-scale CAS and MBR wastewater treat-
ment plants range between 0.3 to 0.6 kWh m−3 97,159 and 0.4
to 2.0 kWh m−3,3,4,160 respectively. Considering that the

effluent from CAS and MBR treatment must be further
treated using advanced treatment technologies such as MF
(for CAS), RO, and UVAOP to produce high quality reuse
water, an additional energy demand must be included to the
cost of CAS and MBR treatment. The reported specific energy
demand of a large-scale municipality implementing MF, RO,
and UVAOP to treat secondary CAS effluent is 0.6 to 1.2 kWh
m−3 for the advanced treatment train.161 Therefore, the com-
bined specific energy demand of CAS followed by advanced
wastewater treatment is likely less than 2.0 kWh m−3.

The most energy efficient desalination process currently
available to reconcentrate the draw solution in OMBRs is RO.
The approximate specific energy demand calculated using
ROSA system design software (Dow Filmtec, Edina, MN) for a
3.8 million liters per day (1 million gallons per day) RO sys-
tem, optimized with low-pressure RO membranes, designed
to reconcentrate a draw solution of 40 g L−1-NaCl is approxi-
mately 1.6 kWh m−3. If a pressure exchanger were to be incor-
porated into the RO system design, the new calculated spe-
cific energy is approximately 1.1 kWh m−3 (calculated from
an energy recovery device model developed by Energy Recov-
ery Inc. (ERI, San Francisco, CA)). It is likely, even if an
energy recovery devices was incorporated, that the specific
energy of the OMBR coupled with RO for draw solution
reconcentration would be on the high end or exceed that of
current advanced wastewater treatment trains. Thus, the
major barrier to full-scale OMBR implementation is to
develop creative new reconcentration configurations and
methods, and novel draw solutions that can overcome the
major energy penalty associated with OMBRs.

List of acronyms
AOA Ammonia Oxidizing Archaea
AOB Ammonia Oxidizing Bacteria
AOP Advanced Oxidation Processes
BSA Bovine Serum Albumin
CAS Conventional Activated Sludge
CTA Cellulose Triacetate
DOC Dissolved Organic Carbon (concentration)
EDX Energy Dispersive X-ray
EPS Extracellular Polymeric Substances
FO Forward Osmosis
GOR Gained Output Ratio
HRT Hydraulic Retention Time
ICP Internal Concentration Polarization
MBR Membrane Bioreactor
MD Membrane Distillation
MF Microfiltration
MF-OMBR Microfiltration Osmotic Membrane Bioreactor
MLSS Mixed Liquor Suspended Solids (concentration)
MLVSS Mixed Liquor Volatile Suspended Solids

(concentration)
NOM Natural Organic Matter
OMBR Osmotic Membrane Bioreactor
PRO Pressure Retarded Osmosis
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RO Reverse Osmosis
RSF Reverse Salt Flux
SAD Specific Aeration Demand
SBMBR Sequencing Batch Membrane Bioreactor
SBR Sequencing Batch Reactor
SEM Scanning Electron Microscope
SMP Soluble Microbial Products
SRSF Specific Reverse Salt Flux
SRT Solids Retention Time
TDS Total Dissolved Solids (concentration)
TEP Transparent Exopolymer Particles
TFC Thin Film Composite
TOC Total Organic Carbon (concentration)
TOrC Trace Organic Compound
UF Ultrafiltration
UFO-MBR Ultrafiltration-Osmotic Membrane Bioreactor
UV Ultraviolet
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a b s t r a c t

Reverse salt flux (RSF) of ions from the draw solution (DS) to the feed is a major drawback of forward
osmosis (FO). RSF is reduced when divalent ion salts such as MgCl2 and MgSO4 that have larger hydrated
radius are used instead of salts with monovalent ions only (e.g., NaCl). However, using divalent ion DSs
comes with a cost – namely lower water flux compared to NaCl DS at similar osmotic pressures. The
objective of this study was to enhance FO by lowering RSF while maintaining high water flux by adding low
concentrations of divalent ions or organic ions to NaCl DS. We have demonstrated that water flux was similar
for pure NaCl DS and mixed salts DS having low concentrations of divalent or organic ions at the same
osmotic pressure of pure NaCl DS. Simultaneously, the average RSF was lower for all mixed salts DSs tested
compared to pure NaCl DS. Results from a student t-test comparing the average RSF of the mixed salts DSs to
the pure NaCl DS revealed that although the average RSF was lower for all the mixed DSs tested, only the
mixed salts DS containing MgCl2 had RSF significantly lower than the pure NaCl DS.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Osmosis or forward osmosis (FO) is a membrane separation
technology that utilizes highly selective semipermeable membranes
to extract water from a feed stream to a highly concentrated draw
solution (DS) [1–4]. The driving force for mass transport in FO is the
osmotic pressure difference between the low salinity feed and high
salinity DS. The distinct advantage of FO over reverse osmosis (RO)
and nanofiltration (NF) is that the system is operated at low
hydraulic pressures, which reduces the fouling tendency of FO, even
when treating impaired streams with very high fouling potential
[5–9]. FO has been tested at bench-, pilot-, and full-scale for
treatment of different impaired streams including municipal waste-
water effluents [7], activated sludge [6,10–13], digester centrate [9],
and produced water from oil and gas exploration [5,8].

The semipermeable membranes used in FO, typically cellulose
triacetate (CTA) or thin film composite (TFC) polyamide membranes,
allow water to diffuse across the membrane from the feed to the DS
relatively freely while retaining most dissolved ions and organic
compounds [7,14–18]. Although FO membranes limit the diffusion of
ions, solutes still diffuse at a slow rate through the membrane from
the DS to the feed due to the high concentration difference of ions
between the two streams. This phenomenon is known as reverse
solute flux (RSF) [15,19–22], and is undesired in FO applications
because salt accumulation in the feed stream reduces the driving

force for water flux (osmotic pressure difference), increases the cost
of operation, and requires that the DS solutes be continuously
replenished in closed-loop DS applications [10,11,23–25].

The rate at which solutes diffuse across a semipermeable mem-
brane is a function of the salt permeability (B) and thickness (t) of the
membrane active layer, the porosity (ε) and tortuosity (τ) of the
membrane support layer, the concentration difference between the
feed (CF,b) and DS (CD,b), and the diffusivity coefficient (D) of the solutes
in solution [26]. Yip et al. [27] derived the RSF (JS) equation (Eq. (1)) as
a function of these parameters including the feed side boundary layer
mass transfer coefficient (k):

Js ¼ B
CD;bexp " JW

k

! "
"CF ;bexp

JW S
D

! "

1þ B
JW

exp JWS
D

! "
"exp " JW

k

! "h i

8
<

:

9
=

; ð1Þ

where JW is the forward water flux through the membrane and S is
the structural parameter of the membranes porous support layer
(S¼t & τ/ ε), where t, τ, and ε are the thickness, tortuosity, and
porosity of the membrane support layer, respectively. As defined by
Eq. (1), the rate at which an ion diffuses through the selective active
layer of a semi-permeable membrane depends on the solute
selectivity of the active layer and chemical–physical properties of
the solute. In general, diffusivity decreases with increasing mole-
cular weight, charge, and hydrated radius of the ion [28]. The
physical structure of the support layer also affects the rate of solute
diffusion from the bulk DS to the active layer. Membranes that have
a support layer with low porosity and high tortuosity experience
higher internal concentration polarization (ICP), which is the
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dilution of the DS in the support layer and reduces the driving force
for water flux [26]. The detrimental effect of ICP on water flux in FO
is further exacerbated when solutes with low diffusivities such as
magnesium, calcium, sulfate, and certain organic salts are used in
the DS. Thus, the RSF can be favorably lower and the water flux
unfavorably lower when using inorganic and organic DSs such as
magnesium chloride (MgCl2), magnesium sulfate (MgSO4), and
trisodium citrate compared to sodium chloride (NaCl) at the
same osmotic pressures because of the lower diffusivity of the
divalent and organic salts through the membrane active and
support layers [15,23,24].

An ideal DS produces high water fluxes like those induced by
NaCl and low RSFs like those observed when divalent inorganic and
organic salts are used at common DS concentrations. Results
described by Coday et al. [19] may provide insight into the potential
of using DSs containing a mix of NaCl and divalent salts to take
advantage of the high water flux associated with NaCl and low RSF
associated with divalent DSs. It was demonstrated in their study that
when synthetic seawater with low concentrations of divalent ions
was used as a DS, the RSF of sodium across CTA and TFC membranes
was reduced by 55% and 22%, respectively, and the RSF of chloride
reduced by 25% and 27%, respectively, compared to a DS containing
only NaCl. Intriguingly, the water flux was equal for both draw
solutions in experiments conducted with the TFC membrane and
only slightly declined with the CTA membrane when seawater (a
mixture of salts) DS was used instead of NaCl DS.

The reason for the reduced RSF and relatively constant water flux
using seawater as a DS compared to NaCl was not explained by Coday
et al.; however, there have been several studies on coupled solute flux
in FO [15,20,21,25] and preliminary modeling on the hindered
transport of monovalent ions for mixed salt solutions [29] that
provide insight into the mechanisms behind these results. Hancock
et al. [15,20] and Phillip et al. [25] examined the coupled transport of
ions across FO membranes between the feed stream and the DS using
an array of solutes in each stream. The findings from these studies
demonstrated that negatively and positively charged ions diffuse
through the membrane at equal molar rates (or equivalents for
divalent salts coupled with monovalent salts) to maintain electro-
neutrality in the system. Although both Hancock et al. [20] and Phillip
et al. [25] concluded that the driving force for ion transport is
governed by solution diffusion mechanisms and not electrostatic
interactions (such as Donnan potential or ion exchange), their
publications established that the transport of oppositely charged ions
is affected by the diffusivity and mobility of the counter ion. For
example, the more diffusive chloride ion essentially “drags” the less
diffusive sodium ion across the membrane from the DS to the feed to
maintain the electroneutrality in the system [25]. Conversely, mag-
nesium in solution with chloride limits the transport of chloride
across the membrane because magnesium has a much lower diffu-
sivity compared to sodium or chloride in the membrane, thereby
retarding the diffusion of chloride across the membrane to maintain
electroneutrality. Recent studies have also shown that sodium and
chloride diffuse across the membrane but transport of individual ions
of certain charge is higher due to attraction to charged functional
groups on the FO membrane active layer. It was demonstrated by Lu
et al. [30] that the RSF of cations increased with increasing membrane
electronegativity. Although membrane charge is not the primary
focus of this study, it is important to understand that diffusion across
FO membranes depends on both the charge of the ions in solution
and the membrane used for separation.

In a transport modeling effort, Yaroshchuk et al. [29] included
electrostatic interactions to the solution-diffusion model to deter-
mine if the diffusion of small monovalent ions would be hindered in
the presence of divalent ions that are well rejected by the membrane.
Results from the modeling effort illustrated that solute flux of
sodium and chloride could be hindered in the presence of minor

concentrations of divalent ions due to spontaneously arising electric
fields. These fields form as a result of a charge imbalance that occurs
as the more diffusive monovalent ions diffuse across the membrane
at a higher rate than the well-rejected divalent ions. However, it must
be noted that this model was tailored for NF membranes that have a
lower selectivity to sodium and chloride than to divalent ions, as
opposed to FO membranes that exhibit high rejection of both
monovalent and divalent ions. The difference in membrane selectiv-
ity to ions of different molecular sizes and charge is necessary for an
electrical potential (Donnan potential) to develop that hinders the
transport of ions through the membrane, which otherwise will freely
diffuse. Thus, Donnan effects may not play an important role in ion
mobility when highly selective FO membranes are used for separa-
tion. Other effects that must be considered as potential reasons for
changes in sodium and chloride reverse flux in the presence of
divalent ions have been described in the NF literature. These include
adsorption of divalent cations to negatively charged polymeric
membranes and charge shielding of the membrane due to the
adsorption of the cations [31].

Though the mechanism for reduced sodium and chloride flux is
complicated by ion–ion interactions and ion–membrane interac-
tions, there is compelling empirical evidence presented in pre-
vious studies [19] that the diffusion of chloride and sodium is
hindered when NaCl DS is mixed with minor concentrations of
divalent ions. Thus, the main objective of the current study was to
methodically determine the flux reduction of sodium and chloride
through FO membranes while maintaining high FO process per-
formance (high water flux) when small amounts of divalent
inorganic and organic ions are added to an NaCl DS.

2. Material and methods

A series of bench-scale experiments were conducted to evaluate
the water flux and RSF in FO when using DSs containing a mix of
NaCl as the major solute and MgCl2, MgSO4, sodium acetate (NaACE),
or trisodium citrate (NaCIT) as the minor solute. All mixed salts DS
experiments were conducted at osmotic pressures equivalent to
0.5 M NaCl (23 bar) and 1 M NaCl (48 bar). Single salts (NaCl, MgCl2,
MgSO4, sodium acetate, and trisodium citrate) were also tested as
DSs at an osmotic pressure of 23 bar to compare the water flux and
RSF of single salts to that of the mixed salts DSs.

2.1. Bench-scale apparatus

Single and mixed salts DS experiments were conducted under the
same hydraulic conditions and at a constant DS concentration using
an automated bench-scale apparatus. The apparatus is comprised of a
4-L feed reservoir and a 4-L DS reservoir, two variable speed gear
pumps (Cole-Parmer, Vernon Hills, IL), feed and DS flow meters, feed
and DS heat exchangers, a chiller (Fisher Scientific, Waltham, MA), a
cross-flow membrane cell, concentrated DS dosing pump (Anko,
Bradenton, FL), an online DS conductivity probe (Cole-Parmer, Vernon
Hills, IL), and an analytical balance (Denver Instrument, Bohemia, NY).
The feed reservoir was placed on the analytical balance to measure
changes in water weight as water diffused across the membrane from
the feed to the DS. The recorded weight and membrane area
(138 cm2) were used to calculate the water flux. A detailed schematic
drawing of the bench-scale apparatus is shown in Fig. 1.

The DS was continuously mixed using a magnetic stir bar and was
maintained at a constant concentration using a peristaltic pump that
dosed a doubly concentrated DS into the DS reservoir based on
changes in the DS conductivity. The dosing pump was controlled
using readings from the online conductivity probe connected to a
programmable logic controller (UE9-Pro, LabJack Corp., Lakewood,
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CO) and a data acquisition and instrument control software (Lab-
VIEW, National Instruments Corp., Austin, TX).

The feed and DS were continuously recirculated through the
cross-flow FO membrane cell at a flow rate of 2 L/min and 1.2 L/min,
respectively, and pressures of 0.4 bar (6 psi) and 0.28 bar (4 psi),
respectively. The feed flow rate was selected to maintain a cross-flow
velocity of 0.25 m/s in the feed channel per the standard methods for
bench-scale FO testing [32]. The DS flow rate was set to maintain a
slightly lower pressure (0.07-0.14 bar/1–2 psi) in the DS channel than
the feed to ensure that the FO membrane was not pushed into the
spacer-free feed channel.

2.1.1. Experimental procedure
At the beginning of each experiment the feed reservoir was filled

with 3 L of deionized water and the DS reservoir was filled with 1 L of
premixed DS. The feed solution was dosed with 100mg of ACS grade
NaCl (approximately 33 mg/L) to guarantee that all feed samples were
well within the detection limit of the analytical instruments used to
measure individual ion concentrations in the feed and DS. The pH of
the DS was adjusted to 7 using hydrochloric acid (HCl) or sodium
hydroxide (NaOH) prior to each experiment. The pH of the DS was
measured periodically during testing and adjusted as necessary to
maintain it at 7. The pH of the deionized water feed was measured
before and after each DS experiment. The bench-scale system was
operated for 30min with the feed and DS continuously recirculated
through the symmetric cross-flow membrane cell and heat exchan-
gers to ensure that the system was operating at constant water flux
and temperature (20 1C) before the first samples were collected from
the feed and DS reservoirs for analysis. The reservoirs were sampled
again at the end of each experiment (90 min after the first sample);
thus, each experiment was conducted for a total of 2 h.

Water flux was measured during all mixed salts DS experiments
with DSs having osmotic pressures of 23 bar or 48 bar while water flux
during single salt experiments, excluding NaCl, was only measured
with DS having an osmotic pressure of 23 bar. The water flux for single
salt DSs was not measured with DS having an osmotic pressure of
48 bar because the concentration of MgSO4 needed for the DS dosing
solution (431 g/L) exceeded the solubility limit (255 g/L) under the
experimental conditions, and because of the high viscosity and
difficulty to dissolve some of the other salts tested. The NaCl and
mixed salts DS experiments conducted with a DS having an osmotic
pressure of 48 bar were repeated four times with different membrane
coupons to validate the accuracy of the results. The integrity of the
membrane was assessed at the beginning of each experiment using an
NaCl DS to confirm that the water flux and RSF were in a reasonable

range for the TFC membrane used for testing. Experiments were
conducted only once at the osmotic pressure of 23 bar to evaluate if
trends in mixed salts DS performance were similar to those observed
for tests conducted at the higher osmotic pressure.

2.1.2. Draw solution chemistry
All experiments were conducted with ACS grade single salts (NaCl,

MgCl2(H2O)6, MgSO4(H2O)7, sodium acetate trihydrate, and trisodium
citrate dihydrate) and mixed salts DSs using NaCl as the major solute
and MgCl2, MgSO4, sodium acetate, or trisodium citrate as minor
solutes. The concentration of single salt DSs (MgCl2, MgSO4, sodium
acetate, and trisodium citrate) used for testing was determined based
on the equivalent osmotic pressure of a 0.5 M NaCl solution (23 bar).
The osmotic pressure was calculated using OLI aqueous solution
software (OLI, Cedar Knolls, NJ). Mixed salts DS experiments were
evaluated at osmotic pressures equivalent to 0.5 MNaCl and 1.0 MNaCl
(48 bar). For each osmotic pressure, the minor solute was added to an
NaCl DS at concentrations equivalent to 5% and 10% of the total osmotic
pressure. The concentration of each salt tested for the single salt and
mixed salts DSs are summarized in Tables 1 and 2, respectively.

An additional experiment with MgCl2 DS over a full-range of
mixed salts DS concentrations was conducted to evaluate the reverse
flux of magnesium, sodium, and chloride at increasing concentra-
tions of MgCl2. The experiments were conducted at DS osmotic
pressures equivalent to 23 bar and 48 bar; MgCl2 was added to the
NaCl DS at concentrations equivalent to 5%, 10%, 25%, 50%, 75%, and
100% of the total osmotic pressure. The concentrations of the salts
used for the MgCl2 experiment are summarized in Table 3.
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Fig. 1. Schematic drawing of the bench-scale apparatus used for single and mixed salts DS experiments. Adapted from [32].

Table 1
Concentration of salts in the DS during single solute DS
experiments.

DS osmotic pressure¼23 bar

Solute Solute conc. (g/L)
NaCl 29.2
MgCl2 28.1
MgSO4 107.8
Sodium acetate 69.9
Trisodium citrate 87.3

DS osmotic pressure¼48 bar

Solute Solute conc. (g/L)
NaCl 58.4
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2.2. FO membranes

A TFC polyamide FO membrane from Hydration Technology
Innovations (HTI, Albany, OR) was used for all experiments, and
was installed with the active layer of the membrane facing the
feed solution. The TFC membrane is relatively new to the FO
membrane industry but has demonstrated to have higher solute
selectivity and water permeability compared to the CTA mem-
brane commonly used in FO applications [33].

2.3. Analytical procedures

Feed and DS samples collected during the experiments were
analyzed for anions using ion chromatography (IC) (DC80, Dionex,
Sunnyvale, CA) and for cations using an inductively coupled plasma
(ICP) spectroscopy (Optima 3000, Perkin-Elmer, Norwalk, CT). Feed
and DS samples from experiments conducted with organic salts
(sodium citrate and sodium acetate) were analyzed for total organic
carbon (TOC) concentrations using a carbon analyzer (Sievers, GE
Analytical Instruments, Boulder, CO). Except for the sulfate concentra-
tion in the deionized water feed that was near or below the detection
limit (1 mg/L) of the ion chromatograph, the measured concentrations
of all other cations, anions, and organic ions of concern in the feed and
DS samples were above the lower detection limit and below the upper
detection limit of the instruments used in this study.

3. Results and discussion

Mixed and single salt DSs were evaluated for general trends in
water flux and RSF as well as statistical differences in the average
RSF and specific reverse salt flux (ratio between reverse salt flux
and forward water flux). Results were further evaluated to eluci-
date if the mechanisms controlling RSF (i.e., solution diffusion,
coupled transport to support electroneutrality, and electrostatic
interactions) adequately describe the observed differences in RSF
for mixed salts DSs and NaCl DS.

3.1. Water flux

Water flux as a function of DS composition for single and mixed
salts DS experiments conducted with DS osmotic pressures of
48 bar and 23 bar are shown in Fig. 2. The average water flux for
the mixed salts DSs was very similar to the average water flux for
the NaCl only DS (dashed line) for all experiments conducted at
48 bar osmotic pressure equivalent, except for 5% MgSO4 and 10%
MgSO4, which had a slightly lower average water flux than that of
the other tested DSs. However, the standard error (standard
deviation divided by the square root of n samples) of water flux
for the MgSO4 mixed salts DSs was well within the standard error
of all DSs tested. The relatively high standard error in water flux
for all DSs evaluated at 48 bar is very likely due to variation
between different TFC membrane coupons. The difference in the
performance between membrane coupons is evident as the water
flux was within 10% for all DSs tested on an individual coupon
while water flux varied by as much as 30% under the same
operating conditions and DS concentrations between different
coupons.

Similar to experiments conducted with DSs having an osmotic
pressure of 48 bar, the water flux for all mixed salts DSs evaluated
at an osmotic pressure of 23 bar was nearly identical to the water
flux of the NaCl only DS (dashed red line). However, the water flux
for three single salts (MgCl2, MgSO4, and trisodium citrate) was
substantially lower than that of the NaCl DS at the same osmotic
pressure. Similar results have been obtained by Achilli et al. [24]
and Hancock et al. [15] testing single salts, and can be explained by
the modified water flux (JW) equations derived by Yip et al. [27],
which includes the effect of internal ICP:

JW ¼ A
πD;bexp " JW
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where A is the water permeability coefficient of the membrane, πD,
b is the osmotic pressure of the bulk DS, πF,b is the osmotic

Table 2
Concentration of salts in the DS during mixed salts DS experiments.

DS osmotic pressure¼23 bar

Minor solute¼5% of total osmotic pressure(NaCl concentration¼27.9 g/L) Minor solute¼10% of total osmotic pressure(NaCl concentration¼26.5 g/L)
Minor solute Minor solute conc. (g/L) Minor solute Minor solute conc. (g/L)
MgCl2 1.7 MgCl2 3.4
MgSO4 5.7 MgSO4 11.8
Sodium acetate 3.1 Sodium acetate 6.3
Sodium citrate 3.1 Sodium citrate 6.2

DS osmotic pressure¼48 bar

Minor solute¼5% of total osmotic pressure (NaCl concentration¼55.7 g/L) Minor solute¼10% of total osmotic pressure (NaCl concentration¼52.9 g/L)
Minor solute Minor solute conc. (g/L) Minor solute Minor solute conc. (g/L)
MgCl2 3.4 MgCl2 6.9
MgSO4 10.9 MgSO4 22.6
Sodium acetate 6.2 Sodium acetate 12.7
Sodium citrate 6.2 Sodium citrate 12.4

Table 3
Concentration of salts used during MgCl2 mixed salts DS experiments evaluated
over the full-range of MgCl2 concentrations.

DS osmotic pressure¼23 bar

Osmotic pressure of minor solute (%) MgCl2 (g/L) NaCl (g/L)
5 1.7 27.9
10 3.4 26.5
25 7.4 21.9
50 15.5 14.6
75 21.6 7.3
100 28.1 0

DS osmotic pressure¼48 bar

Osmotic pressure of minor solute (%) MgCl2 (g/L) NaCl (g/L)
5 3.4 55.7
10 6.9 52.9
25 14.8 43.8
50 31.0 29.2
75 43.1 14.6
100 56.2 0
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pressure of the feed, and k is the feed side boundary layer mass
transfer coefficient. Given that the same TFC membrane coupon
and bulk DS osmotic pressure were used, all variables in Eq. (2) are
the same for each DS experiment except for the solute diffusion
coefficient (D) and the solute permeability (B). The D values
(calculated with OLI) for the single salt DSs tested are 1.6!10"5,
1.1!10"5, 0.9!10"5, 1.2!10"5, and 0.7!10"5 cm2/s for NaCl,
MgCl2, MgSO4, sodium acetate, and trisodium citrate, respectively
[28,34]. The trend in the observed water flux for the single salt DSs
closely follows that of the diffusion coefficient for each solute, with
MgSO4 and trisodium citrate having the lowest water flux and
smallest diffusion coefficients and NaCl and sodium acetate having
the highest water flux and diffusion coefficients. To further
illustrate the trend in increasing water flux with increasing
diffusion coefficient of the DS solute, water flux and the diffusion
coefficient of each pure DS tested are shown in Fig. 3.

The lower measured water flux of the single salts compared to
NaCl is not unexpected; however, it is interesting that the water
flux did not change for the mixed salts DS experiments conducted
at DS osmotic pressures of 48 bar and 23 bar compared to pure
NaCl DS. There is limited data in the literature for the diffusion of
mixed electrolyte solutions except for NaCl and MgCl2 for which
there have been several studies on the diffusivity of these solutes

at various mixed molar concentrations [35,36]. Mathews et al. [35]
demonstrated that the diffusivity for NaCl decreased at increasing
molar concentration in a mixed electrolyte solution in which
MgCl2 was the major solute. However, for a mixed electrolyte
solution with NaCl as the major salt and MgCl2 as the minor salt,
the diffusivity for NaCl was virtually constant and the diffusivity
for MgCl2 decreased with increasing molar concentration [36].
Because the diffusivity of NaCl is similar in the mixed and NaCl
only DS experiments, the effect of ICP in the porous support layer
and the measured water flux for all mixed salts DSs is very similar
to the NaCl DS at the same osmotic pressure.

3.2. Reverse and specific reverse salt flux

The RSF of all evaluated single salt and mixed salts DSs having an
osmotic pressure of 48 bar was repeated four times with a different
coupon for each test and experiments with DSs having an osmotic
pressure of 23 bar were conducted only once. The total RSF of all
major ions diffusing from the DS to the feed was calculated on a
molar basis for DS experiments conducted with DSs having osmotic
pressures of 48 bar and 23 bar, and are shown in Fig. 4.

The average total RSF for all evaluated single and mixed salts DSs
was less than that of the NaCl DS at the same DS osmotic pressure. In
general, the average total RSF for mixed salts DSs tested at 10% of the
total osmotic pressure was lower than the RSF of the 5% mixtures
except for MgSO4 at DS total osmotic pressures of 23 bar and 48 bar
and sodium acetate at DS a total osmotic pressure of 23 bar. The RSF
for the mixed DSs tested with a DS having an osmotic pressure of
23 bar is somewhat inconsistent—illustrated by the fact that some
mixed salts DSs tested at 5% of the total osmotic pressure exhibited
lower RSF than the samemixed salts DSs evaluated at 10% of the total
osmotic pressure. Although there were a few observations that were
outside the general trend; overall, it appears that the mixed salts DSs
did reduce the RSF compared to a pure NaCl DS.

The variability (wide standard error) in RSF data for the experi-
ments conducted at an osmotic pressure of 48 bar may be attrib-
uted to the relatively small sample size (n¼4) as well as differences
in the physical and chemical properties of the four TFC membrane
coupons tested. Although it is difficult to draw conclusions from
small sample sets (no20), a student t-test was conducted between
the average total RSF of each group of mixed salts DSs (MgCl2,
MgSO4, sodium acetate, and trisodium citrate) at 5% and 10% of the
total osmotic pressure and the average total RSF of an NaCl DS with
an alpha level equal to 0.05. The student t-test was only conducted
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Fig. 2. Water flux for single and mixed salts DS experiments conducted with DS having (a) 48 bar (n¼4) and (b) 23 bar (n¼1) osmotic pressure. Standard error bars are
included in (a).
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for experimental results obtained with a DS having an osmotic
pressure of 48 bar because there are multiple results (n¼4) that can
be used to compute the p-values. There was a significant difference
(p¼0.02) between the mean RSF of 10% MgCl2 and NaCl DSs. There
was no statistical significant difference between p¼0.17 (5% MgSO4)
and p¼0.51 (5% sodium acetate) for the other mixed salts DSs
compared to NaCl. However, of the 40 mixed salts DS experiments
conducted with DSs having an osmotic pressure of 48 bar and
23 bar, there were only two occasions (5% MgSO4 and 5% sodium
acetate at an osmotic pressure of 48 bar) inwhich the measured RSF
was higher for a mixed salts DS compared to a DS containing only
NaCl, indicating that there was a positive effect (lower RSF) using
the mixed salts DSs compared to NaCl.

Although the standard error for the water flux and RSF is
relatively high for experiments conducted with DS having osmotic
pressure of 48 bar, the initial results from both mixed salts DS
experiments conducted at 48 bar and 23 bar osmotic pressure
illustrate that the water flux is maintained and the RSF can be
reduced when using NaCl DSs mixed with ions with lower diffusiv-
ities. A common way to evaluate the performance of DSs in FO is to
calculate the specific RSF (Js/Jw), defined as the RSF (Js) normalized by
the forward water flux (Jw). The specific RSF is an informative FO
parameter because it provides a quantitative measure of the mass of
solutes lost from the DS per volume of water recovered from the feed.
The specific RSF for the mixed salts DSs having osmotic pressures of
48 bar and 23 bar are illustrated in Fig. 5. The specific RSF for the
single salt DSs experiments are also shown in Fig. 5.

Similar to thewater flux and RSF results, the average specific RSF for
all mixed salts DSs and single salt experiments was lower than that of
the NaCl DS at similar DS osmotic pressure. Additionally, the average
specific RSF decreased between mixed salts DS experiments with the
minor solute contributing up to 5% and 10% of the total osmotic
pressure with the only exception being for 5% and 10% MgSO4 and 5%
and 10% sodium acetate for experiments conducted with a DS having
an osmotic pressure of 23 bar. The lowest specific RSF was observed for
the single salt DSs due to the low diffusivity of the divalent ions and
organic salts in solution. Specific RSF had the lowest value for the single
salt test evaluated with MgSO4 because magnesium and sulfate diffuse
slowly through the membrane due to the large molecular and hydrated
sizes and charge of both divalent ions.

A student t-test was conducted for the mixed salts DSs and NaCl
only DS conducted at an osmotic pressure of 48 bar to evaluate if
there was a significant difference between the average specific RSF for
each mixed salts DS compared to NaCl (alpha level¼0.05). Similar to

the RSF results, there was a statistically significant difference between
NaCl and 10% MgCl2 (p¼0.04). There was not a statistically significant
difference between the average specific RSF for all other evaluated
mixed salts DSs compared to NaCl. It is intriguing that the addition of
MgCl2 as a small contribution to the total osmotic pressure is the only
minor solute tested that has a significant effect on the total average
RSF and specific RSF. There are only two very simple reasons that the
total RSF is lower for the mixed MgCl2 experiments compared to the
other mixed salts DSs tested. First, the reverse sodium and chloride
flux was the same for all mixed salts DSs, but RSF of the minor ions
was greater for the mixed salts DSs not containing MgCl2; thereby,
increasing the total RSF. Second, reverse sodium and chloride flux was
reduced to a greater extent with the addition of MgCl2 to the NaCl DS
compared to the other mixed salts DSs tested. To elucidate if there
was a larger contribution of minor solutes to the total RSF for the
mixed salts DSs containing MgSO4, sodium acetate, and trisodium
citrate compared to MgCl2, the average RSF for the individual multi-
valent ions and organic compounds tested in the mixed salts DS
experiments were calculated and are summarized in Table 4.

The RSF for the individual multivalent ions and organic com-
pounds tested was similar for all mixed salts DSs and provided very
little to the total RSF. On average, the RSF of the minor ions (Mg2þ ,
SO2#

4 , acetate, and citrate) contributed less than 1% to the total RSF.
Therefore, any substantial reductions in RSF with the addition of
MgCl2 to the majority NaCl DS was due to changes in the sodium and
chloride reverse flux. The sodium and chloride flux for the NaCl only
DS and mixed salts DSs having an osmotic pressure of 48 bar are
shown in Fig. 6.

The average sodium and chloride fluxwas lowest (o25mmol/m2 h)
for the experiment conductedwithMgCl2 making up 10% of the osmotic
pressure, considerably lower than the sodium and chloride reverse flux
for the NaCl only DS (sodium flux 435mmol/m2 h and chloride flux
430mmol/m2 h). The average sodium flux was noticeably higher than
the average chloride flux for the experiments conducted with the pure
NaCl DS. Other researchers have also noted higher sodium flux than
chloride flux when investigating transport across TFC membranes [19].
This difference has been associated with the positively charged sodium
ion being attracted to the negatively charged carboxyl groups on the
active layer of the TFC membrane. In studies that have observed sodium
diffusing across the membrane at a higher rate than chloride, ion
electroneutrality has been shown to be maintained by the coupled
diffusion of sodium with another positively charged ion diffusing in the
opposite direction [30]. In the current study, electroneutrality was likely
maintained by the coupled diffusion of Hþ from the feed to the DS as
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included all inorganic ions (measured with IC and ICP) and all organic compounds (measured using a TOC analyzer) that diffused from the DS to the feed.
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sodium diffused from the DS to the feed. In general, the pH of the feed
increased by 0.5 for each single salt andmixed salts DS tested, indicating
that Hþ very likely diffused from the feed to the DS. Although the rate of
sodium flux across themembranewas likely higher than chloride, in the
current study no statistically significant difference could be calculated for
the data presented in Fig. 6, and therefore will be described as diffusing
across the membrane at approximately equal molar ratios.

As discussed above, Hancock et al. [15] and Phillip et al. [25]
demonstrated that although chloride has a higher diffusivity than
sodium, these two counter ions diffuse across the membrane at
equal molar ratios to maintain the electroneutrality of the system.
Thus, the more diffusive chloride ion crosses the membrane and
essentially “drags” the sodium ion along, thereby maintaining
electroneutrality. Because sodium and chloride diffuse across the

membrane at equal molar ratios, there must be a mechanism in
which MgCl2 in solution with NaCl hinders the diffusion of sodium
or chloride to reduce the reverse flux of these two counter ions.

Though electroneutrality has been used to explain the diffusion of
sodium and chloride at equal molar ratios, it has been hypothesized
that the diffusion of solutes across the membrane is not driven by a
difference in electrical potential (such as Donnan effects) across the
membrane, but exclusively governed by solution-diffusion mechan-
isms in which ions diffuse across the membrane as a function of the
concentration gradient of the individual ions between the DS and the
feed [20]. This hypothesis appears to be valid in systems containing
only two ions in the DS, as was tested by Hancock et al. [15] and
Phillip et al. [25]; but in the current study the concentration of
chloride increased as more MgCl2 was added to the NaCl DS and the
concentration of sodium increased as more trisodium citrate was
added to the NaCl DS. The lowest concentration of sodium and
chloride in the DS was for the experiment conducted with 10%MgSO4

when sodium and chloride were replaced with magnesium and
sulfate at increasing MgSO4 concentrations. If the diffusion of ions
across the membrane was strictly governed by the concentration
gradient, it would be expected that adding MgSO4 would have the
largest effect on reducing the reverse diffusion of sodium and chloride
across the membrane; this was not the case in the current study.

From the reverse sodium and chloride flux results presented in
Fig. 6 it is probable that sodium and chloride flux is limited by other
mechanisms besides differences in concentration for mixed salts DSs.
Therefore, there must be other interactions (such as electrostatic
interactions, Hofmeister effects, and charge shielding) between
individual ions or between ions and the membrane surface that have
a significant impact on the transport of sodium and chloride across
the membrane and lowering the average RSF. It may be that the
lower mobility of magnesium compared to sodium and chloride
hinder the diffusion of sodium and chloride as a result of electrostatic
interactions or other phenomena such as differences in the diffusion
coefficient for mixed electrolyte solutions [35,36], Hofmeister effects
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Table 4
Average RSF of individual multivalent ions and organic compounds for mixed salts DS experiments conducted with DS osmotic pressure of 48 bar. The standard error for each
average RSF is also provided.

MgCl2 MgSO4 Sodium acetate Sodium citrate

Percent osmotic pressure (%) Mg2þ flux (mmol/m2 h) Mg2þ flux (mmol/m2 h) SO2#
4 flux (mmol/m2 h) Acetate flux (mmol/m2 h) Citrate flux (mmol/m2 h)

5 0.0870.10 0.0670.02 0.0170.01 0.5370.31 0.3170.15
10 0.1170.02 0.1370.05 0.0270.01 0.7171.88 0.7570.35
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Fig. 6. Sodium and chloride reverse flux for mixed salts DS and NaCl only DS
experiments conducted with the DS having an osmotic pressure of 48 bar.
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[21,37], or adsorption of magnesium to the membrane functional
groups resulting in charge shielding and steric hindrance [31].

3.3. Magnesium chloride reverse and specific reverse solute flux

The mixed salts DSs containing MgCl2 exhibited the lowest average
RSF and specific RSF of all the DSs tested at a DS osmotic pressure of
48 bar. The mixed salts DS tested with 10% MgCl2 with a DS having an
osmotic pressure of 23 bar also performed well; although, the RSF was
not as low as the mixed salts DSs tested with sodium citrate or single
salt DSs (MgCl2, MgSO4, sodium acetate, and trisodium citrate) at the
lower osmotic pressure. Based on the performance of MgCl2 as a
mixed salts DS, MgCl2 was further evaluated for water flux and RSF
over a range of mixed DS concentrations including 5%-OP (percent
contribution of MgCl2 to the total DS osmotic pressure), 10%-OP,
25%-OP, 50%-OP, 75%-OP, and 100%-OP of the total osmotic pressure.
Water flux and RSF for MgCl2 experiments conducted with a DS
having osmotic pressures of 48 bar and 23 bar are presented in Fig. 7.
It is important to note that only one experiment was conducted with a
DS having osmotic pressures of 48 bar and 23 bar (Fig. 7) over the
range of mixed DS concentrations to elucidate general trends in water
flux and RSF over a range of mixed MgCl2 concentrations.

For the mixed NaCl–MgCl2 DS having total osmotic pressure of
48 bar, water flux decreased by 22% (from 13.4 to 10.5 L/m2 h) when
transitioning from 100% NaCl DS (0% MgCl2) to a 100% MgCl2 DS
(Fig. 7a), and water flux decreased by 16% (from 10.9 to 9.2 L/m2 h)
for DSs having total osmotic pressure of 23 bar (Fig. 7b). Interestingly,
the water flux declined by less than 6% for both mixed NaCl–MgCl2
DS experiments between the pure NaCl DS and the 50%-OPMgCl2 DS.
Beyond 50%-OP MgCl2 the water flux declined by approximately 17%
and 10% for experiments conducted with DSs having a total osmotic
pressure of 48 bar and 23 bar, respectively. The limited reduction in
water flux at mixed NaCl–MgCl2 less than 50%-OP MgCl2 may be
attributed to the higher diffusivity of the sodium and chloride ions at
lower mixed MgCl2 concentrations.

The change in RSF with increasing MgCl2 concentrations was some-
what similar between total DS osmotic pressures of 48 bar and 23 bar.
For MgCl2 evaluated with a DS having an osmotic pressure of 23 bar, RSF
decreased somewhat linearly from a 53.9 to 1.46mmol/m2 h between
the pure NaCl and pure MgCl2 (Fig. 7b). For mixed NaCl–MgCl2 DS
experiments having an osmotic pressure of 48 bar (Fig. 7a), the RSF
decreased linearly from 85.3mmol/m2 h to 4.5mmol/m2 h across the full
range of DS solute ratios tested. Tomore easily interpret the simultaneous
water flux and RSF, specific RSF was calculated for MgCl2 over the range
of DS solute ratios tested at total DS osmotic pressures of 48 bar and
23 bar, as illustrated in Fig. 8.

RSF decreased fairly linearly across the full-range of mixed salts DS
at a total osmotic pressure of 48 bar, from 6.3 mmol/L (pure NaCl DS)
to 0.43 mmol/L (pure MgCl2 DS). For NaCl–MgCl2 ratios evaluated at a
total DS osmotic pressure of 23 bar, specific RSF initially declined by
15% with the addition of 5%-OPMgCl2 and was constant up to 50%-OP
MgCl2, then specific RSF declined abruptly at 75%-OP MgCl2 and 100%
MgCl2. The reason for the sharper decline in specific RSF once MgCl2
became the major salt (75%-OP and 100% MgCl2) and NaCl became
the minor salt (25%-OP and 0% NaCl) at a total DS osmotic pressure of
23 bar may be a result of the lower diffusivity of NaCl with increasing
molar concentrations of MgCl2, as has been reported by Mathew et al.
[35], or to a decreased driving force (concentration gradient) as
sodium is replaced by magnesium at MgCl2–OP ratios above 75%.

3.4. Transport mechanism

From the limited data set it is difficult to distill an encompassing
theory that predicts interactions between different ions in solution and
between ions and the membrane. However, a transport mechanism can
be envisioned that provides an explanation for the reduction in solute
fluxwhile thewater flux is unaffected or slightly increases at lowmixed
DS concentrations. It is hypothesized that the ion concentration inside
the pore space of the active layer differs substantially from the bulk DS
concentration, which would explain the limited non-linear decrease in
water flux with increasing minor ion concentration to a majority NaCl
DS. If it is assumed that the RSF of individual ions is indicative of the
concentration of the ion in the pore space, then the pore composition
can be calculated using the measured RSF and compared to the bulk DS
ion composition to determine if the composition in the active layer is
more representative of a pure NaCl DS or a mixed salts DS. To elucidate
the composition of the DS in the pore space compared to the bulk DS,
the ratio of magnesium RSF to the total RSF was plotted against the
ratio of magnesium to the total ion (sodium, chloride, and magnesium)
concentration in the bulk DS as shown in Fig. 9.

The results presented in Fig. 9 confirm that there is ion partition-
ing in the pore space of the active layer of the membrane compared
to the bulk DS. This supports the hypothesis that the observed non-
linear decrease in water flux at increasing magnesium to total DS
solute flux ratios may be in part due to non-linear increases in the
magnesium pore space concentration at increasing magnesium to
total DS solute flux ratios. Ion partitioning arises most likely for two
reasons considering Eq. (1). First, at lowmagnesium to total DS solute
flux ratios the driving force for transport of the minor ion (magne-
sium) is much lower due to the very low concentration difference of
magnesium between the DS and feed solution and hence, the RSF is
much lower as well. As the ratio of magnesium to total DS solute flux
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ratio increases, the RSF of magnesium also increases because of the
greater difference in magnesium concentration between the DS and
feed solution (Fig. 9). Second, the diffusivity of the different ions
differs with the less diffusive being depleted in the pore space
relative to the bulk DS. MgCl2 has indeed a lower diffusivity than
NaCl (Fig. 3). Whether it is differences in concentration, diffusivity, or
other mechanisms that are responsible for the ion partitioning in the
membrane active layer, it is evident that the pore composition of the
pore space increases non-linearly (Fig. 9) and may be responsible for
the non-linear decrease in water flux (Fig. 7) at increasing magne-
sium to total DS solute flux ratios.

At this point the non-linear evolution of the pore concentration
was identified as the basis for the non-linear decrease inwater flux at
increasing minor ion concentrations. A tentative graphical represen-
tation illustrated in Fig. 10 and an analysis of the forces at the pore
level might further increase the understanding of the mechanisms at
play and elucidate some peculiarities in the results, such as the slight
increase in water flux at low minor ion concentrations. Unlike
pressure driven membrane processes, in FO it can be expected that
the resistance to water transport inside the membrane is not only
governed by the membrane itself (A, S value in Eq. (2)) but also by the
RSF, and hence the ion composition inside the pore space. This is also
confirmed by Eq. (2) that predicts a lower water flux with increased

RSF (higher B value). Conversely, if the RSF is reduced without
increasing resistance to water transport, the water flux should
increase. Indeed, the water flux seems to be systematically higher
for the mixed solutions at lower concentrations (Figs. 2 and 7).

From Fig. 10 it can be envisioned that the ion partitioning in the
pores of the membrane active layer will affect water and ion
transport. In the case of a pure NaCl DS, sodium and chloride
diffuse rapidly through the pore because of the high diffusivity and
smaller hydrated radius of the ions; however, due to the smaller
size of the ions in the pore, water traveling in the opposite
direction of the ions is not restricted. For a pure MgCl2 DS, chloride
flux is limited to maintain electroneutrality with the slower
diffusing magnesium ions; however, the large hydrated radius of
magnesium limits water transport in the opposite direction
because the pore is essentially blocked with magnesium ions. In
the case of a mixed salts DS, the magnesium ions travel at a much
lower velocity than sodium and chloride ions due to lower
diffusivity and lower driving force, retarding the transport of NaCl
because of steric hindrances, ion shielding, and electrostatic
interactions. However, water molecules will experience no, or
only a very slight increased, resistance to transport in the other
direction compared to a pure MgCl2 solution. As such, the reverse
sodium and chloride flux is reduced and water flux is maintained
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or slightly increased when small concentrations of slowly diffusing
ions are added to a majority NaCl DS.

4. Conclusions

The results from this study demonstrate that addition of salts
having divalent and organic ions at relatively low concentrations, and
particularly MgCl2, to an NaCl DS can be effective in reducing RSF
while maintaining high water flux. There was a positive effect (lower
RSF) with all mixed salts DSs tested with DSs having an osmotic
pressure of 48 bar and 23 bar but the mixed salts DS containing 10%
MgCl2 at an osmotic pressure equivalent to 48 bar was the only
mixed salts DS that had a statistically significant lower RSF compared
to a pure NaCl DS. This is not to state that the other mixed salts DSs
are not effective; however, additional research would be required to
determine statistical significance. The RSF was not only reduced
when MgCl2 was added to a majority NaCl DS but the water flux also
increased slightly at the lowest concentrations of MgCl2 added to an
NaCl DS. It is hypothesized that the composition of the mixed salts DS
in the pore space of the active layer of the membrane closely
resembles that of a pure NaCl DS combined with very low concen-
trations of magnesium. Although there is a small amount of magne-
sium in the pore space, the low diffusivity of magnesium prevents
sodium and chloride from diffusing through the pore at a high rate. It
is also important to note that there is a low concentration of
magnesium in the pore because it does not limit water from diffusing
through the pore in the opposite direction of the RSF as is the case
when high concentrations of MgCl2 are used in the DS. This manu-
script illustrates the potential for mixed DSs to enhance FO for closed
loop operations by selecting the appropriate combination of solutes.
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1. Introduction

Wastewater treatment facilities are increasingly being considered as
resource recovery facilities where water, energy, nutrients, and other
materials can be harvested for beneficial use/reuse. For example,
reclaimed water has been identified as an essential resource that can
be used to augment or substitute existing supplies through non-
potable or indirect and direct potable reuse [1]; and nutrients (primarily
nitrogen and phosphorus) have been successfully harvested from
wastewater and used as plant fertilizers in-lieu of conventional chemi-
cal fertilizers [2,3]. Furthermore, municipal wastewater treatment
facilities may become energy positive enterprises as most wastewater
streams theoretically contain more potential energy in the organic
fraction and thermal content than is required to treat the wastewater
[4,5].

Non-potable reuse applications require consistentwater quality, low
in suspended solids and turbidity, to reduce the likelihood of bacterial
contamination and to protect potential users and receiving environ-
ments. Membrane bioreactors (MBRs) operated with low-pressure
microfiltration (MF) or ultrafiltration (UF) membranes are ideal
technologies for most non-potable reuse applications because of
the superior and consistent effluent quality that they produce com-
pared to conventional clarification processes [6]. For the same reason,
UF membranes provide an excellent pretreatment for reverse osmosis
(RO) membranes by reducing colloidal, organic, and biological fouling
on ROmembranes [7,8]. Yet, the rejection of lowmolecular weight con-
stituents, including trace organic compounds (TOrCs), ions, and viruses
by UF membranes is limited [9]. This deficiency might restrict indirect
or direct potable reuse applications that require amultiple barrier treat-
ment approach to ensure that public health is not compromised [1].

The osmotic membrane bioreactor (OMBR) is an ideal multi-barrier
technology that can be used for indirect and direct potable reuse appli-
cations [10–16]. OMBRs use forward osmosis (FO) membranes to
extract water through a dense, semi-permeable membrane from a
low-salinity waste stream into a high-salinity draw solution (DS). In
some implementations an RO system is used to reconcentrate the dilut-
ed DS and simultaneously recover ultrapurewater. Unlike the hydraulic
pressure difference used in conventional UF or MF MBRs, the driving
force for water flux in OMBRs is the difference in osmotic pressure be-
tween the feed stream, in this case activated sludge, and the DS,
which can be a concentrated NaCl solution, seawater (with adequate
pre-treatment), or other solutions having high osmotic pressure. The
main advantages of FO over other membrane separation technologies
for wastewater treatment are the potential lowmembrane fouling pro-
pensity and the excellent rejection of macromolecules, TOrCs, and ions
[17–25].

Previous studies have highlighted the advantages and applications
of OMBRs [10,15]; however, they have also identified the accumulation
of total dissolved solids (TDS) and other dissolved constituents in the
bioreactor as a major drawback of the OMBR process [10,15,16]. Accu-
mulation of these dissolved constituents in the OMBR is due to the
high rejection of feed stream TDS and nutrients by the FO membrane
and due to the reverse diffusion of salts from the DS into the activated
sludge. The increase in activated sludge TDS concentrations results in
decreased osmotic pressure difference across the FO membrane
(lower driving force and water flux) and can adversely affect microbial
activity and functionality in the bioreactor [26,27].

Salt accumulation in OMBRs wasmodeled by Bowden et al. [28] and
Xio et al. [29]. Although the complexity of these models differs, both
studies concluded that the steady state salt concentration in the biore-
actor is a function of the solids retention time (SRT). Ideally, an OMBR
would be operated at a short SRT to reduce the concentration of TDS
in the bioreactor; however, operating at a short SRT limits biological ni-
trogen removal [30] and reducewater recovery (morewasting from the
bioreactor). An alternative strategy for minimizing TDS and nutrient
concentrations in the bioreactor without changing the SRT would be

to operate a UF membrane parallel to the FO membrane in the bioreac-
tor. In this configuration, which is termed UFO-MBR, dissolved constit-
uents are removed from the bioreactor with the UF permeate.

An additional benefit of the UFO-MBR is the enabling of nutrient
recovery. Nitrogen and phosphorus that are rejected by the FO mem-
brane and accumulated in the bioreactor can be removed and harvested
from the system using the UF membrane [31,32]. Furthermore, the
concentration of nitrogen and phosphorus in the bioreactor is
predetermined by operating the UF membrane at different permeate
rates — low concentrations recovered at high permeate flow rates and
high concentrations recovered at low permeate flow rates. Thus, the
UFO-MBR simultaneously produces high quality FO-RO permeate fit
for potable reuse applications and a nutrient-rich UF permeate suitable
for nitrogen and phosphorus recovery or for non-potable reuse
applications. While adding a new process to the system might add
capital and operating and maintenance costs (e.g., energy, chemicals,
andmembrane replacement), it is very likely that the benefits outweigh
the shortcomings.

A novel pilot hybrid UFO-MBR system that employs a UF membrane
and an FOmembrane in the same bioreactor was constructed and oper-
ated for severalmonths. Themain objective of the studywas to evaluate
water flux and membrane fouling over time, and rejection of feed and
DS solutes. Furthermore, the results from the UFO-MBR investigation
were compared to results from anOMBR study conducted under similar
test conditions to determine the benefits of using UFO-MBR compared
to OMBR.

2. Materials and methods

An OMBR and a hybrid UFO-MBR were tested in two phases of the
study for 124 days (January 2012 to May 2012) and 125 days (October
2012 to March 2013), respectively. The long-term OMBR and UFO-MBR
pilot investigations were conducted with raw domestic wastewater at
the Water Reclamation Research Facility of the Colorado School of
Mines in Golden, Colorado.

2.1. The OMBR, UFO-MBR, and RO systems

Experiments were conducted using an automated pilot FO-RO sys-
tem that extracts water from activated sludge into a concentrated
NaCl DS of 32 g L−1 and 26 g L−1 for OMBR and UFO-MBR testing, re-
spectively. The RO subsystem continuously re-concentrates the DS
that becomes diluted by the submerged FO membranes, and produces
the final reuse-quality RO product water. A UF membrane was sub-
merged in the activated sludge bioreactor and operated when needed.
Schematics of the OMBR and UFO-MBR systems are shown in Fig. 1.

Using a peristaltic pump (Cole-Parmer, Vernon Hills, IL), screened
(2 mm) makeup raw wastewater was pumped into a 105 L anoxic
tank whenever the level in the bioreactors declined below a preset ele-
vation due to extraction of water through the FO and UF membranes.
Activated sludge was continuously circulated between the anoxic tank
and aerobic tank at a rate of 0.5 to 1.0 L min−1. Sludge was wasted
manually using a graduated cylinder from the aerobic tank at a rate of
4 L d−1 starting on day 55 of the OMBR operation, and the calculated
SRT at this wasting rate is approximately 70 days. During UFO-MBR
tests, sludge was wasted automatically using a programmable peristal-
tic pump (Cole-Parmer, Vernon Hills, IL) at a rate of 10 L d−1 (SRT of
approximately 30 d) from the aerobic tank for the first 100 days of
operation, and was reduced to 5 L d−1 (SRT of approximately 60 d)
after day 100 for the remainder of the UFO-MBR testing.

The volume of the aerobic/OMBR tank was 170 L and the volume of
the aerobic/UFO-MBR tank was 235 L. The FO plate-and-frame skid was
submerged in the aerobic tank andwas continuously aerated at a rate of
20–30 Lmin−1 (ActiveAqua™ 70, Portland, OR). The air was distributed
under the FOmembrane plates through an array offine-bubble diffusers
during the OMBR investigation and through a coarse bubble diffuser
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during the UFO-MBR investigation. The purpose of the aeration in the
aerobic tank was to promote oxidation of organic matter, nitrification,
gas lift between membrane plates, and air scouring to reduce fouling
on the FO membranes.

DS produced by the RO systemwas delivered to the FOmodule. A DS
pump was installed downstream from the FO membrane module
to induce flow of DS under negative pressure (i.e., vacuum) inside
the five FO membrane plates. The DS flow rate in each plate was
0.1–0.2 Lmin−1. The DS diluted through the FO process was returned
to the DS tank, which is also the RO feed tank. The diluted DS was
reconcentrated using a fully automated pilot-scale RO system con-
trolled by a programmable logic controller (UE9-Pro, LabJack Corp.,
Lakewood, CO) and a data acquisition and instrument control soft-
ware (LabVIEW, National Instruments Corp., Austin, TX). Three sea-
water RO membranes connected in series were used (SW30-2540,

DOW Filmtec) [33] and further details of the RO pilot system are pro-
vided elsewhere [18,21].

2.2. The plate and frame FO membrane skid

The FO plate-and-frame skidwas developed byHydration Technolo-
gy Innovation (HTI, Albany, OR) and consists of five plates with
flat sheet HTI cellulose triacetate (CTA) membranes [34] mounted on
the two sides of each plate. The total FO membrane area in the skid is
1.2 m2. The active layer of the FO membrane faces the activated sludge
in the aerobic tank and the porous support layer faces the DS channels
inside the FO plates. A polymeric mesh spacer is installed in the
DS channels of each plate to provide mechanical support for the
membranes, to enhance the turbulence of the DS, and to ensure that
the DS flows under negative pressure.
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Fig. 1. Schematic of (a) the OMBR system used for long-term evaluation during Phase 1 and (b) the UFO-MBR system used for long-term evaluation during Phase 2 of the study.
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2.3. The UF system

The UF system used during the UFO-MBR evaluation is comprised
of a hollow-fiber membrane bundle, an automated peristaltic
pump, and a backwash tank. The hollow-fiber PVDF membrane
module (Koch Membrane Systems Puron®, Wilmington, MA) has a
total membrane area of approximately 0.44 m2 and the membrane
has a nominal pore size of approximately 0.03 μm [35]. The peristal-
tic pump drew permeate through the UF membrane at a rate of
90 ml/min for 3 min and then backwashed the UF membrane at a
rate of 180 ml/min for 30 s, for a total cycle of 3.5 min. The pump op-
eration was controlled by a WinLIN equipment control software
(WinLIN Cole-Parmer, Vernon Hills, IL). Backwash water is drawn
from a 1.5 L PVC tank that also serves for storing of the UF permeate.

2.4. FO membrane cleaning

The FO membranes used for the OMBR testing were cleaned on
day 54, 84, and 107 to alleviate membrane fouling that was observed
during testing. The FO cassette was removed from the aerobic biore-
actor on day 54 to clean the membranes with tap water using a low-
pressure nozzle to rinse off any loosely attached organic foulants.
Themembranes were cleaned on day 84 by osmotically backwashing
the membranes for 1 h in a separate cleaning tank filled with a saline
solution. The FO membrane cassette was submerged in the saline so-
lution and tap water was continuously recirculated on the DS side of
the membranes, thereby backwashing the membrane as water dif-
fused from the DS side of the membrane to the saline feed tank. Sub-
sequently, the plates were removed from the system and lightly
rinsed with tap water. The final membrane cleaning (day 107) was
conducted by soaking the membrane cassette for 10 min in a
cleaning solution. After chemical cleaning, the cassette was re-
submerged into the aerobic bioreactor. These cleaning procedures
were not used for the UFO-MBR evaluation because no appreciable
flux decline was observed during the testing period.

2.5. Analytical methods

The influent, anoxic tank, aerobic tank, DS, and RO permeate were
sampled once a week and analyzed for ammonia, nitrate, total nitro-
gen, total phosphorus, chemical oxygen demand (COD), mixed li-
quor suspended solids (MLSS), and volatile mixed liquor
suspended solids (MLVSS). These analyses (excluding MLSS and
MLVSS) were performed using Hach TNTplus™ (Loveland, CO) re-
agent vials and Hach DR 5000™ spectrophotometer. Samples were
diluted as necessary to minimize chloride interferences and ensure
that analytes were within the desired range. MLSS and MLVSS con-
centrations were quantified according to Standard Method 2540
using glass fiber filters (PALL Supor®-450, Pall Corporation, Port
Washington, NY).

Handheld meters were used for daily measurements of conduc-
tivity (Oakton Instruments, Vernon Hills, IL) and pH and tempera-
ture (Thermo Fisher Scientific Inc., Waltham, MA) of the anoxic,
aerobic, and UF permeate/backwash tanks. Online meters were
used to continuously monitor and record the conductivity, tempera-
ture, and pH of the DS and RO permeate.

Anion analysis was performed using an ion chromatograph (IC)
(DC80, Dionex, Sunnyvale, CA) to quantify Br−, Cl−, F−, SO4

2−, and
PO4

3− in the samples. Cation analysis was conducted using an induc-
tive coupled plasma (ICP) spectrophotometer (Optima 3000, Perkin
Elmer, Norwalk, CT) to quantify metals and cations in each of the
samples. Samples for IC and ICP analysis were stored at 4 °C and pre-
served with nitric acid, and were analyzed within two weeks of
collection.

2.6. UFO-MBR model description

The UFO-MBR system was modeled in an attempt to predict the
salinity and phosphorus concentration in the anoxic and FO tanks at
different FO and UF permeate flow rates. FO and UF permeate
flow rates can be selected to minimize the salinity and maximize
the phosphorus concentration in the bioreactor, thereby enhanc-
ing flux and reducing microbial inhibition while optimizing the
phosphorus concentration that can be harvested with the UF
permeate.

An iterative mass balance model developed for the UFO-MBR pro-
cess was used to solve for the salt and phosphorus concentrations in
the anoxic tank (CAN) and aerobic tank (CFO). The influent flow to the
system (QIN) was calculated using the sum of the measured FO water
flux, the fixed UF permeate flow rate (QUF), and the fixed wasting flow
rate (QW). The average measured influent TDS concentration (CIN) and
calculated reverse salt flux through the FO membrane (JRSF), measured
in mg h−1, were used as the salt input for modeling. The respective
mass balance equations used to determine CAN and CFO are described
by Eqs. 1 and 2:

CAN ¼ QIN " CIN þ QR " CFO ti−1ð Þ− QIN þ QRð Þ " CAN ti−1ð Þ

h i
" t−ti−1ð Þ

VAN
þ CAN ti−1ð Þ ð1Þ

CFO ¼ QIN þ QRð Þ " CAN ti−1ð Þ þ JRSF− QR þ QUF þ QWð Þ " CFO ti−1ð Þ

h i
" t−ti−1ð Þ

VFO

ð2Þ

The calculation of CAN and CFO was completed using discrete time
steps (6 h). The concentration at time (t) was calculated using CAN and
CFO from the previous time step (ti − 1) and the fixed recycle flow rate
(QR), anoxic tank volume (VAN), and aerobic tank volume (VAR). The
measured concentrations in the anoxic and aerobic tank at t = 0 were
used to initialize the model. No measured concentrations were input
into the model after initialization; therefor, all calculated values of CAN
and CAR after initialization were a result of modeled concentrations.
The modeling results were verified by comparing the modeled anoxic
and aerobic tank salinities and phosphorus concentrations to the con-
centrations measured during the UFO-MBR testing.

3. Results and discussion

3.1. Water flux

The OMBR and UFO-MBR were operated at constant DS concentra-
tions of approximately 32 g L−1 and 26 g L−1, respectively. Water flux
and DS temperature as a function of time over the course of the OMBR
and UFO-MBR experiments are shown in Fig. 2. During OMBR testing,
the FO membranes were cleaned on days 49, 84, and 112 of operation;
however, during UFO-MBR testing, the FO membranes were not
cleaned. During both phases of the study the conductivity in the aerobic
tank was measured regularly and used to calculate the TDS concentra-
tion expressed as g L−1-NaCl. TDS concentration in the DS and activated
sludge as a function of time are shown in Fig. 3.

During OMBR testing, the initial water flux through the FO mem-
braneswas approximately 4.2 Lm−2 h−1, followed by a steady decrease
in flux over the first 55 days of operation. Flux decline can be attributed
both to the decrease in driving force and to membrane fouling. The
driving force across the FO membranes decreased as the bioreactor sa-
linity steadily increased from approximately 0.8 g L−1 to 8 g L−1 TDS
due to reverse salt flux (diffusion of salts from the DS to the bioreactor)
and to salts entering the bioreactors with the influent, while the DS
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concentration remained constant (Fig. 3a). The concentration difference
across the FO membrane declined from 31 to 24 g L−1 by the time that
the salinity in the bioreactor reached a steady-state.

The effect of membrane fouling on flux decline for the OMBR testing
is best illustrated between the first (day 55) and second (day 84)mem-
brane cleanings. Between these two cleaning events the flux declined
from 2.5 to 0.5 Lm−2 h−1 while the systemwas operating at a constant
driving force. This indicates that the flux decline during extended oper-
ation was due to membrane fouling and not due to a change in driving
force. The FO membrane plates were removed from the skid for visual
inspection upon which it was discovered that the membranes were

fully covered with organic and biological foulants. The extent of mem-
brane fouling during the OMBR testing is depicted in Fig. 4.

Water flux as a function of time for the UFO-MBR testing is shown in
Fig. 2b. During the first three weeks the system was operated in an
OMBR mode, after which the UF subsystem operation started. Results
from the first six weeks of UFO-MBR operation clearly show the benefit
of adding the UF membrane into the system. Prior to starting the UF
subsystem, a decline in FOwater flux (5.7 to 3.8 L m−2 h−1) was evident
over the first three weeks of operation due to increasing bioreactor salin-
ity (Fig. 3b). However, once theUFmembrane operation started, FOwater
flux increased and stabilized at approximately 4.8 Lm−2 h−1 for the re-
mainder of the UFO-MBR testing. Althoughwater flux during UFO-MBR
operation appeared to be stable, small fluctuations in water flux were
discernible and appeared to be related to changes in the DS and feed
temperatures (Fig. 2b).

Temperature has a substantial effect on the flux through semi-
permeable membranes due to changes in water viscosity and thus a
change in diffusivity of water through themembrane [34]. To eliminate

0

4

8

12

16

20

24

28

32

0

2

4

6

8

10

12

14

16

D
ra

w
 S

ol
ut

io
n 

Te
m

pe
ra

tu
re

, o C

W
at

er
 F

lu
x,

 L
 m

-2
h-1

Days of OMBR operation

(a)Flux DS temperature

0

4

8

12

16

20

24

28

32

0

2

4

6

8

10

12

14

16

D
ra

w
 S

ol
ut

io
n 

Te
m

pe
ra

tu
re

, o C

W
at

er
 F

lu
x,

 L
 m

-2
h-1

Days of UFO-MBR operation

(b)Flux DS temperature

Fig. 2.Water flux and DS temperature over the course of (a) 124 days of OMBR and (b) 125 days of UFO-MBR operation.
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Fig. 3. TDS concentration in the FO bioreactor and DS over the course of operation of (a)
the OMBR and (b) the UFO-MBR systems.

Fig. 4. Membrane fouling on one of the membranes used during OMBR testing. Similar
fouling was observed on all inspected membranes.
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the apparent influence of temperature on water flux, the FO flux during
OMBR and UFO-MBR testing was normalized to a temperature of 25 °C
using temperature correction factors developed by DOW FILMTEC [36].
The normalized temperature corrected (TC) flux and salinity difference
between the DS and activated sludge over the course of the OMBR and
UFO-MBR testing are shown in Fig. 5.

The operating temperature for the OMBR evaluation was less than
25 °C during the first 110 days of operation; therefore, the TC flux re-
sults shown in Fig. 5a shifted up from the water flux results shown in
Fig. 2a. Alternatively, the results towards the end of theOMBR operation
were shifted down in Fig. 5a from those shown in Fig. 2a because the
temperature then was above 25 °C. Consequentially, the TC flux de-
cline (5.8 to 0.6 L m−2 h−1) was greater than the non-corrected
flux decline (4.2 to 0.5 L m−2 h−1), which implies that FO membrane
fouling in the OMBR was more severe than expected using just water
flux data.

The TC flux (Fig. 5b)was higher than the non-corrected flux (Fig. 2b)
during the entire UFO-MBR test because the temperature was lower
than 25 °C for the entire evaluation period. Furthermore, the variation
in flux (Fig. 2b) was substantially reduced when corrected for tempera-
ture (Fig. 5b). The TC flux was steady during UFO-MBR operation with
major changes in TC flux appearing to be related to increases or de-
creases in the salinity difference between the DS and aerobic tank.

The salinity in the FO tank (Fig. 3b) increased during the first three
weeks of UFO-MBR operation resulting in a decline in the TC flux.
Subsequently, the UF subsystem was put into operation, the bioreactor
salinity decreased and stabilized, and the flux recovered. The TC flux
minimally decreased between day 40 and day 125 of operation at a
rate of approximately 0.005 L m−2 h−1 per day, likely as a result of
slow FO membrane fouling. The extent of membrane fouling during
the UFO-MBR experiment is shown in Fig. 6.

Themarked difference inmembrane fouling between the OMBR and
UFO-MBR testing may be attributed to differences in air scouring (fine
bubble vs. coarse bubble aeration) and to accumulation of cations in
the aerobic tank. One of the main purposes of aeration between the
membrane plates is to provide scouring on the membrane surface and
prevent membrane fouling. The organic and biological fouling that de-
veloped on the FO membranes during the OMBR evaluation was likely
induced by insufficient scouring on the membrane surface by the fine
bubble aeration, while coarse bubble aeration during the UFO-MBR op-
eration resulted in better scouring and lower membrane fouling. While
there are no prior studies that correlate air-bubble diameter and reduc-
tion in membrane fouling in OMBR systems, a critical review conducted
by Böhm et al. [37] on bubble geometry and membrane fouling for tra-
ditional plate-and-frame MBRs concluded that increased bubble

diameter (up to the width of the channel between plates) significantly
increased membrane scouring and reduced fouling.

The second potential cause for severe membrane fouling during
OMBR testing is the accumulation of divalent cations in the OMBR
aerobic tank in which the FO membranes were submerged. Ionic
strength has been shown to contribute to organic fouling in tradi-
tional MBRs, with increased fouling observed at elevated divalent
ion concentrations, primarily calcium [38]. Calcium was found to in-
teract with soluble microbial products and polysaccharides in acti-
vated sludge to increase the formation of the fouling gel and cake
layers that collect on the surface of MF and UF membranes in tradi-
tional MBR applications [39]. A few studies [40–42] investigated
the effects of calcium on organic fouling of CTA FO membranes, and
in all cases the addition of calcium was observed to induce mem-
brane fouling.

The concentrations of major ions in the FO tank were measured
on four separate occasions during the OMBR evaluation and are sum-
marized in Table 1. Calcium concentration in the FO tank increased
eightfold to a maximum of 1680 mg L−1 over the evaluation period.
In comparison, the calcium concentration used in previous FO
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Fig. 5. Temperature-corrected flux, temperature-corrected pure water flux, and salinity difference between the DS and feed over the course of (a) 125 days of OMBR and (b) 124 days of
UFO-MBR operation. Temperature-corrected pure water flux for the OMBR evaluationwas conductedwith a tap-water feed and a constant DS concentration of 32 g L−1 NaCl. Temperature-
corrected pure water flux for the UFO-MBR evaluation was conducted with a tap-water feed and a constant DS concentration of 26 g L−1 NaCl.

Fig. 6. Typical fouling on the FO membranes used during UFO-MBR testing.
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fouling studies [40–42] ranged from 20 to 200 mg L−1. The exces-
sively high concentration of calcium in the FO tank during the
OMBR evaluation very likely resulted in calcium complexation with
organic carbon in the activated sludge and precipitation of calcium
salts, both of which may have induced the severe membrane fouling
that was observed.

During the UFO-MBR investigation the concentrations of major
ions were measured after the aerobic tank had reached a steady-
state salinity. The measured calcium concentration in the FO tank
under steady-state conditions was approximately 60 mg L−1, less
than 4% of the maximum concentration measured during OMBR test-
ing. Thus, the FO membrane was likely not exposed to the same se-
vere fouling mechanisms from calcium complexation during UFO-
MBR compared to OMBR testing.

3.2. TDS accumulation in the bioreactors

The accumulation of solutes in the bioreactor is controlled by re-
verse salt flux through the FO membrane and by the presence and
concentration of solutes in the wastewater influent, which are well
rejected by the FO membrane. The rate of solute diffusion through
the membrane depends on membrane selectivity, diffusion coeffi-
cient of the solute, and on the concentration difference across the
membrane. The benchmark reverse salt flux for the OMBR and
UFO-MBR FOmembranes was determined by submerging the FO cas-
settes in tap water prior to testing in activated sludge. The conduc-
tivity of the tap water was measured over 24 h with the FO system
operating at a constant DS concentration. The change in conductivity
(as g L−1 NaCl), the volume of the tank containing the FO membrane
cassette, and the membrane area were used to calculate the reverse
salt flux. The calculated reverse salt flux for the OMBR and UFO-
MBR investigations were approximately 1.77 g m−2 h−1 and 1.75 g
m−2 h−1, respectively. The average TDS concentration of the municipal
wastewater fed to the OMBR and UFO-MBR reactors in this evaluation
was 0.5 g L−1.

The rejection of influent salts by the FO membrane coupled with
the reverse salt diffusion from the DS to the bioreactor accounted
for the TDS accumulation in the OMBR and UFO-MBR is illustrated
in Fig. 3. The TDS reached a peak concentration (approximately
8 g L−1) during OMBR testing (Fig. 3a) when daily sludge wasting
started after 8 weeks of operation.Wasting of 4 L d−1 tomaintain aMLSS
concentration of 5 g L−1 and 70 day SRT was not able to reduce the TDS
concentration in the aerobic tank below 8 g L−1.

The TDS concentration in the aerobic tank during UFO-MBR test-
ing (Fig. 3b) illustrates the benefit of operating a UF membrane in
parallel to the FO membrane. The wasting rate at the beginning of
UFO-MBR testing, prior to starting the UF system, was 10 L day−1

during which the TDS concentration increased tenfold from 0.4 g L−1 to
4 g L−1. As soon as the UF subsystem was started, the TDS concentration
rapidly declined and remained constant at approximately 1 g L−1 until
the end of the UFO-MBR investigation.

3.3. Nutrient rejection and accumulation

3.3.1. OMBR performance
During the OMBR investigation the concentration of phosphate in

the DS and RO permeate was below the detection limit. These results
agree with observations in previous FO studies that achieved more
than 99% rejection of phosphate [43,44]. High phosphate rejection
is also a very good indicator for FO membrane integrity. The concen-
trations of total phosphorous, nitrate, ammonia, and COD for the dif-
ferent streams in the OMBR system are shown in Fig. 7.

Phosphorus steadily accumulated in the anoxic and aerobic tanks
over thefirst 53days of OMBRoperation because of high phosphorus re-
jection by the FO membranes. Sludge wasting began after day 53 at
which point the phosphorus concentration in the tanks leveled off and
remained relatively constant until the end of the test. The rejection of
phosphorus by the FO membrane was greater than 98% and the total
system (FO and RO) rejection was greater than 99% over the course of
the OMBR investigation.

The nitrate concentration was relatively high and the ammonia con-
centrationwas low in the anoxic and aerobic tanks, and in theDS for the
first 20 days of OMBRoperation. High nitrate and low ammonia concen-
trations in the bioreactors are indicative of adequate ammonia oxida-
tion (nitrification). Nitrate accumulation, especially in the anoxic tank,
suggests that nitrate reduction (denitrification) was limited during the
first threeweeks of OMBR operation. Over the sameperiod of operation,
the nitrate concentration in the DS increased as a result of nitrate diffus-
ing through theCTA FOmembrane from the aerobic/FO tank into theDS.
Once the biological denitrification process was established at the begin-
ning of the fourth week, the nitrate concentration throughout the sys-
tem was consistently low. Even when the nitrate concentration in the
DS was high during the first three weeks of OMBR operation, the con-
centration of nitrate in the RO permeate was consistently less than the
secondary drinking water maximum concentration limit (10 mg L−1),
making the product water suitable formost reuse applications. Previous
studies also demonstrated low rejection of nitrate by CTA FO mem-
branes [22,45,46], which demonstrate the importance of incorporating
denitrification process in an OMBR system.

Ammonia concentration in the anoxic and aerobic tanks slowly
increased from day 8 to day 31 before increasing dramatically from
day 31 to day 43. The high ammonia concentration coupled with
the low nitrate concentration indicates that nitrification was limited
between day 31 and day 54. There could be multiple explanations for
the loss of nitrification but the most likely is that the microbial com-
munity was negatively impacted by elevated TDS concentrations in
the anoxic and aerobic tanks (Fig. 3a). Ammonia oxidizing bacteria
(AOB), primarily responsible for nitrification in activated sludge,
have been shown to be sensitive to changes in salinity. Ye et al.
[27] evaluated the influence of increasing salinity on AOB activity
in a sequencing batch reactor and concluded that AOB are strongly
inhibited at salinity concentrations greater than 1% (~10 g L−1). Al-
though the salinity in the aerobic tank remained high for the remain-
der of the investigation, the ammonia concentration in the FO tank
began to decline on day 43 and was completely oxidized after
101 days of operation, indicating that AOB might have acclimated
to the high salinity conditions. The return of nitrification at high sa-
linity may be explained by a shift in the microbial community from
salt sensitive microbes to salt tolerant AOB and ammonia oxidizing
archaea (AOA). Wu et al. [47], demonstrated that the population of
saline tolerant AOB and AOA that are in relatively low abundance
under low saline conditions can increase at high salinity given suffi-
cient SRT.

The COD removal in the anoxic and aerobic tanks was highly varied
through the OMBR testing, ranging from 82% at the beginning and 11%
at the end of the testing period. The reason for the difference in COD
degradation during OMBR testing is not known; regardless, the com-
bined FO and RO membranes exhibited excellent COD rejection

Table 1
OMBR and UFO-MBR FO tank ion concentrations as measured by IC and ICP.

Ion concentration (mg L−1)

OMBR UFO-MBR

Day 8 Day 53 Day 83 Day 124 Day 124

Calcium 206 297 387 1680 55
Magnesium 54 97 252 520 16
Potassium 52 125 253 578 16
Sodium 401 3545 3408 3574 360
Chloride 1103 5676 5434 5122 495
Nitrate — N 35 18 2 14 17
Phosphate 16 47 46 57 37
Sulfate 638 1628 2781 2531 155
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throughout the investigation. The COD concentration in the RO perme-
ate was consistently less than 10 mg L−1, illustrating the benefit of
employing a multi-barrier treatment approach such as the OMBR.

3.3.2. UFO-MBR performance
TheUFO-MBR influent, anoxic and aerobic/FO tanks, DS, and RO per-

meate streamswere sampledweekly for phosphorus, nitrate, ammonia,
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Fig. 7.The concentrations of (a) total phosphorus, (b) nitrate, (c) ammonia, and (d)COD in theOMBR influent, anoxic tank, FO tank,DS, andROpermeate over 124 days of OMBRoperation.

0

50

100

150

200

250

3 6 10 18 24 31 38 48 53 61 68 90 96 103110116124

T
ot

al
 p

ho
sp

or
us

 (m
g/

L
 -

P
O

4)

Days of UFO-MBR operation

(a) Influent
Anoxic tank
FO tank
Draw solution
RO permeate
UF pemeate

0

25

50

75

100

125

150

3 6 10 18 24 31 38 48 53 61 68 90 96 103110116124

N
it

ra
te

 (m
g/

L
 -

N
)

Days of UFO-MBR operation

(b) Anoxic tank
FO tank
Draw solution
RO permeate
UF permeate

0

25

50

75

100

125

150

3 6 10 18 24 31 38 48 53 61 68 90 96 103 110 116124

A
m

m
on

ia
 (m

g/
L

 -
N

)

Days of UFO-MBR operation

(c) Influent
Anoxic tank
FO tank
Draw solution
RO permeate
UF permeate

0

100

200

300

400

500

3 6 10 18 24 31 38 48 53 61 68 90 96 103110116124

C
he

m
ic

al
 o

xy
ge

n 
de

m
an

d 
(m

g/
L

)

Days of UFO-MBR operation

(d) Influent
Anoxic tank
FO tank
Draw solution
RO permeate
UF permeate

Fig. 8. Anoxic tank, FO tank, DS, and RO permeate (a) total phosphorus, (b) nitrate, (c) ammonia, and (d) COD concentrations over 125 days of UFO-MBR operation.
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and COD analysis. The UF permeate was sampled for analysis once a
week following start-up of the UF system on day 21. The measured nu-
trient concentrations for the UFO-MBR system over the duration of the
evaluation period are shown in Fig. 8. It is worth noting that the UFO-
MBR system was seeded with new sludge from the same source as the
OMBR, but the testing of the system was conducted in different times
of the year. The UFO-MBR system operation was slightly different
(higher sludge volume, more aeration). Therefore, the initial conditions,
biodiversity in the sludge, and nutrient and organic loading rates were
different, thus, resulting in a different general performance of the aero-
bic and anoxic biological processes (Figs. 7 vs. 8).

Total phosphorus concentration exceeded 175 mg L−1 in the anoxic
tank and 220mg L−1 in the aerobic tank after 24 days of OMBRoperation.
Once the system began operation in the UFO-MBR mode, phosphorus
concentration in the anoxic and aerobic tanks started to decrease as a re-
sult of phosphorus being extracted from the aerobic tank through the UF
membrane. The phosphorus concentration in the aerobic tank and UF
permeatewas consistently between45 and50mgL−1 throughout the re-
mainder of the UFO-MBR investigation. These results were obtained
through operation of the FO membrane system and UF membrane sys-
tem at similar permeation flow rates. Higher or lower concentrations of
phosphorus could be maintained in the aerobic tank by operating the
UF system at decreased or increased permeate flow rates, respectively.

Nitrate concentrations increased in the anoxic and aerobic tanks
through the first 18 days of operation to approximately 75 mg L−1.
The nitrate concentration decreased after day 18 as a result of the UF
system being put into service and from denitrification in the anoxic
tank. The decline in nitrate concentration can be partially attributed to
denitrification because its concentration in the anoxic tank was negligi-
ble from day 48 of operation to the end of the experiment, although ni-
trate rich wastewater was continuously pumped from the aerobic tank
to the anoxic tank. The nitrate concentration in theDSwas similar to the
nitrate concentration in the aerobic/FO tank due to the relatively fast
diffusion of nitrate through the CTA membrane. Using a tight seawater
RO membrane to reconcentrate the DS resulted in RO permeate nitrate
concentrations regularly below 5 mg L−1 after the engagement of the
UF system.

The influent ammonia concentration was constantly between 35
and 50 mg L−1 throughout the 125 days of UFO-MBR operation. The
ammonia concentration in the anoxic tank was always higher due to
the anoxic conditions in the tank, but its concentration in the FO tank
was negligible for almost the entire testing period as a result of ade-
quate oxidation conditions and nitrification in the aerobic tank.

The degradation of COD in the anoxic and aerobic tanks was much
more stable during the UFO-MBR than OMBR testing. The average
COD removal in the two biologically active tanks was approximately

78% throughout the UFO-MBR investigation. One deviation that can be
noted in the UFO-MBR COD removal/rejection is the spikes in COD con-
centration that were observed in the DS. On several occasions the COD
concentration was greater than 200 mg L−1 with a maximum concen-
tration of 275 mg L−1 measured on day 61 of the testing. The reason
for the elevated COD concentrations in the DS is not known but it is im-
portant to note that the RO permeate COD concentration remained
below 5.5 mg L−1 even when the DS concentration spiked. The average
COD removal/rejection from the influent to the RO permeate exceeded
99% throughout the UFO-MBR testing period.

3.4. UFO-MBR salinity and phosphorus modeling

A simple mass balance model was developed to predict salinity and
phosphorus concentrations in the FO tank during the UFO-MBR testing
using the average wastewater influent salinity, measured FO water and
reverse salt fluxes, set wasting flow rate (i.e., SRT), set recycling flow
rate between the aerobic/FO to anoxic tanks, and set UF permeate
flow rate. The UF membrane was not operated during the first
21 days, and therefore the system was modeled as an OMBR for
that period of time. The measured and modeled salinity and phos-
phorus concentrations in the aerobic tank as a function of operating
days are shown in Fig. 9a and b, respectively.

Themodeled salinity concentration in the aerobic tank increased at a
similar rate as the measured salinity concentration and reached the
same peak value of approximately 4 g L−1. Themodeled salinity follow-
ing the start-up of the UF system decreasedmore rapidly than themea-
sured concentration; however, themodeled andmeasured steady-state
salinity concentrations were equal (1 g L−1).

The peakmodeled phosphorus concentration (~175mgL−1) did not
match the measured peak phosphorus concentration (~225 mg L−1).
While TDS is made up of mostly conservative constituents, which are
negligibly affected by biological processes, microbial phosphorus up-
take and release were not accounted for in the mass balance and may
have contributed to the difference between the measured and modeled
phosphorous concentrations in the FO tank. Although the model peak
concentration did not match the actual peak concentration, the
modeled steady-state phosphorus concentration was similar to the
measured concentration.

The model results illustrated in Fig. 9 demonstrate that the UFO-
MBR system could be modeled with relative certainty with respect to
aerobic tank salinity and phosphorus concentrations operating with or
without the UF system parallel to the FOmembrane under themodeled
conditions. The model was also used to predict the aerobic tank salinity
and phosphorus concentrations at different UF permeate to FO perme-
ate flow rate ratios (QUF/QFO). This was done because the ideal UFO-
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MBR operating strategy would be one that maximizes the phosphorus
concentration in the UF permeate to optimize recovery and minimize
the salinity concentration in the FO tank to reduce inhibition of the
microbial community. Modeling results as a function of QUF/QFO ratios
are shown in Fig. 10.

The salinity and phosphorous concentrations in the aerobic tank de-
crease as a power functionwith increasing UF permeate to FO permeate
flow rate ratio. In practice, the maximum aerobic tank salinity should
not exceed 2 g L−1 to prevent inhibition of the microbial community.
For the system tested and modeled in this study, the QUF/QFO ratio to
achieve an FO tank salinity of 2 g L−1 would be approximately 0.2 and
the corresponding phosphorus concentration would be approximately
75mgL−1. In the future, thismodelwill be refined to account for system
size, membrane characteristics, and operating modes.

4. Conclusions

The OMBR and UFO-MBR systems were investigated for more than
120 days of continuous operation while consistently producing high
quality RO permeate from domestic wastewater. Both systems exhibit-
ed excellent removal/rejection of nitrogen, phosphorus, and COD from
the screened influent to the RO permeate. The average removal of
nitrogen, phosphorus, and COD during the OMBR and UFO-MBR test-
ing exceeded 82%, 99%, and 96%, respectively, for both evaluations.
Although, the nitrogen removal was low compared to the phosphorus
and COD, the RO permeate concentration was never higher than
10 mg L−1 and 5 mg L−1 for the OMBR and UFO-MBR testing periods,
respectively.

The OMBR and UFO-MBR both performedwell with respect to nutri-
ent removal/rejection, but membrane fouling was significantly reduced
during testing of the UFO-MBR compared to the OMBR. The UFO-MBR
was operated at a stable flux of 4.8 L m−2 h−1 over the duration of
the investigation without a single membrane cleaning. The steady flux
can be attributed to the UF system drawing salts from the bioreactor,
thereby maintaining a constant driving force and potentially reducing
the concentration of cations that have been associatedwithmore severe
membrane fouling. An ancillary benefit of coupling the UF system with
the OMBR was that a nutrient rich stream could be extracted from the
reactor with the UF permeate. The nutrients from this stream have the
potential of eventually being harvested for beneficial use.

Acknowledgments

The authors would like to thank Hydration Technology Innovations,
LLC and the National Science Foundation Engineering Research Center
Program under Cooperative Agreement EEC-1028968 (ReNUWIt) for

supporting this study. The authors thank the CAPES Foundation
(N. 7733-11-9), Ministry of Education of Brazil, for the financial
support of Ms. Fernandes da Silva. The author would also like to
thank Aqua-Aerobic Systems, Inc. and Mr. David Vuono for the
technical support of this study.

References

[1] NRC, Water Reuse: Potential for Expanding the Nation's Water Supply through
Reuse of Municipal Wastewater, National Academies Press, Washington, D.C., 2012

[2] C. Lubello, R. Gori, F.P. Nicese, F. Ferrini, Municipal-treated wastewater reuse for
plant nurseries irrigation, Water Res. 38 (2004) 2939–2947.

[3] G. Oron, C. Campos, L. Gillerman, M. Salgot, Wastewater treatment, renovation and
reuse for agricultural irrigation in small communities, Agric. Water Manag. 38
(1999) 223–234.

[4] P.L.McCarty, J. Bae, J. Kim, Domesticwastewater treatment as a net energyproducer—
can this be achieved? Environ. Sci. Technol. 45 (2011) 7100–7106.

[5] J. Frijns, J. Hofman, M. Nederlof, The potential of (waste)water as energy carrier, En-
ergy Convers. Manag. 65 (2013) 357–363.

[6] J. Arevalo, G. Garralon, F. Plaza, B. Moreno, J. Perez, M.A. Gomez, Wastewater reuse
after treatment by tertiary ultrafiltration and a membrane bioreactor (MBR): a com-
parative study, Desalination 243 (2009) 32–41.

[7] A. Brehant, V. Bonnelye, M. Perez, Comparison of MF/UF pretreatment with conven-
tional filtration prior to RO membranes for surface seawater desalination, Desalina-
tion 144 (2002) 353–360.

[8] G.K. Pearce, The case for UF/MF pretreatment to RO in seawater applications, Desa-
lination 203 (2007) 286–295.

[9] J. Ottoson, A. Hansen, B. Bjorlenius, H. Norder, T.A. Stenstrom, Removal of viruses,
parasitic protozoa andmicrobial indicators in conventional andmembrane process-
es in a wastewater pilot plant, Water Res. 40 (2006) 1449–1457.

[10] A. Achilli, T.Y. Cath, E.A. Marchand, A.E. Childress, The forward osmosis membrane
bioreactor: a low fouling alternative to MBR processes, Desalination 239 (2009)
10–21.

[11] A. Alturki, J. McDonald, S.J. Khan, F.I. Hai, W.E. Price, L.D. Nghiem, Performance of a
novel osmotic membrane bioreactor (OMBR) system: flux stability and removal of
trace organics, Bioresour. Technol. 113 (2012) 201–206.

[12] E.R. Cornelissen, D. Harmsen, K.F. de Korte, C.J. Ruiken, J.J. Qin, H. Oo, L.P. Wessels,
Membrane fouling and process performance of forward osmosis membranes on
activated sludge, J. Membr. Sci. 319 (2008) 158–168.

[13] M.S. Nawaz, G. Gadelha, S.J. Khan, N. Hankins, Microbial toxicity effects of reverse
transported draw solute in the forward osmosis membrane bioreactor (FO-MBR),
J. Membr. Sci. 429 (2013) 323–329.

[14] H. Zhang, Y. Ma, T. Jiang, G. Zhang, F. Yang, Influence of activated sludge properties
on flux behavior in osmosis membrane bioreactor (OMBR), J. Membr. Sci. 390–391
(2012) 270–276.

[15] J.S. Zhang, W.L.C. Loong, S.R. Chou, C.Y. Tang, R. Wang, A.G. Fane, Membrane biofoul-
ing and scaling in forward osmosis membrane bioreactor, J. Membr. Sci. 403 (2012)
8–14.

[16] W.C.L. Lay, Q.Y. Zhang, J.S. Zhang, D. McDougald, C.Y. Tang, R. Wang, Y. Liu, A.G. Fane,
Study of integration of forward osmosis and biological process: membrane perfor-
mance under elevated salt environment, Desalination 283 (2011) 123–130.

[17] A.A. Alturki, J.A. McDonald, S.J. Khan, W.E. Price, L.D. Nghiem, M. Elimelech, Removal
of trace organic contaminants by the forward osmosis process, Sep. Purif. Technol.
103 (2013) 258–266.

[18] N.T. Hancock, P. Xu, D.M. Heil, C. Bellona, T.Y. Cath, Comprehensive bench- and pilot-
scale investigation of trace organic compounds rejection by forward osmosis, Envi-
ron. Sci. Technol. 45 (2011) 8483–8490.

[19] X. Jin, J.H. Shan, C.Wang, J.Wei, C.Y.Y. Tang, Rejection of pharmaceuticals by forward
osmosis membranes, J. Hazard. Mater. 227 (2012) 55–61.

[20] R.V. Linares, V. Yangali-Quintanilla, Z.Y. Li, G. Amy, Rejection of micropollutants by
clean and fouled forward osmosis membrane, Water Res. 45 (2011) 6737–6744.

[21] N.T. Hancock, P. Xu, M.J. Roby, J.D. Gomez, T.Y. Cath, Towards direct potable reuse
with forward osmosis: technical assessment of long-term process performance at
the pilot scale, J. Membr. Sci. 445 (2013) 34–46.

[22] N.T. Hancock, T.Y. Cath, Solute coupled diffusion in osmotically driven membrane
processes, Environ. Sci. Technol. 43 (2009) 6769–6775.

[23] T.Y. Cath, A.E. Childress, M. Elimelech, Forward osmosis: principles, applications, and
recent developments, J. Membr. Sci. 281 (2006) 70–87.

[24] C. Klaysom, T.Y. Cath, T. Depuydt, I.F.J. Vankelecom, Forward and pressure retarded
osmosis: potential solutions for global challenges in energy andwater supply, Chem.
Soc. Rev. 42 (2013) 6959–6989.

[25] N.T. Hancock, N.D. Black, T.Y. Cath, A comparative life cycle assessment of hybrid
osmotic dilution desalination and established seawater desalination and wastewa-
ter reclamation processes, Water Res. 46 (2012) 1145–1154.

[26] A. Uygur, Specific nutrient removal rates in saline wastewater treatment using
sequencing batch reactor, Process Biochem. 41 (2006) 61–66.

[27] L. Ye, C.Y. Peng, B. Tang, S.Y. Wang, K.F. Zhao, Y.Z. Peng, Determination effect of
influent salinity and inhibition time on partial nitrification in a sequencing batch
reactor treating saline sewage, Desalination 246 (2009) 556–566.

[28] K.S. Bowden, A. Achilli, A.E. Childress, Organic ionic salt draw solutions for osmotic
membrane bioreactors, Bioresour. Technol. 122 (2012) 207–216.

[29] D. Xiao, C.Y. Tang, J. Zhang, W.C.L. Lay, R. Wang, A.G. Fane, Modeling salt accumula-
tion in osmotic membrane bioreactors: implications for FOmembrane selection and
system operation, J. Membr. Sci. 366 (2011) 314–324.

0

15

30

45

60

75

90

105

120

0.0

1.0

2.0

3.0

4.0

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

M
od

el
ed

 A
er

ob
ic

 T
an

k 
Ph

os
ph

or
us

 C
on

ce
nt

ra
tio

n,
 m

g 
L

-P
-1

M
od

el
ed

 A
er

ob
ic

 T
an

k 
Sa

lin
ity

, 
g 

L-1
N

aC
l 

QUF/QFO

Modeled FO tank salinity

Modeled FO tank phosphorus
concentration

Fig. 10.Modeled aerobic tank salinity and phosphorus concentrations as a function of the
UF permeate to FO permeate flow rate ratios.

73R.W. Holloway et al. / Desalination 363 (2015) 64–74



 259 

 
 

[30] C.B. Ersu, S.K. Ong, E. Arslankaya, Y.W. Lee, Impact of solids residence time on bio-
logical nutrient removal performance of membrane bioreactor, Water Res. 44
(2010) 3192–3202.

[31] T.Y. Cath, R.W. Holloway, J.R. Herron, K. Lampi, M.S. Pravin, Water reuse system and
method, USPTO 61/751,195, January 10, 2013.

[32] M.S. Pravin, T.Y. Cath, R.W. Holloway, J.R. Herron, K. Lampi, W.L. Schultz, A.S. Wait,
Water reuse system and method, USPTO 61/876,108, September 10, 2013.

[33] DOW, FILMTEC™ SW30-2540, http://www.dowwaterandprocess.com/en/products/
f/filmtec_sw30_2540 2013.

[34] T.Y. Cath, M. Elimelech, J.R. McCutcheon, R.L. McGinnis, A. Achilli, D. Anastasio, A.R.
Brady, A.E. Childress, I.V. Farr, N.T. Hancock, J. Lampi, L.D. Nghiem, M. Xie, N.Y. Yip,
Standardmethodology for evaluating membrane performance in osmotically driven
membrane processes, Desalination 312 (2013) 31–38.

[35] Koch Membrane Systems, PURON® hollow fiber submerged membranes for MBR
applications, http://www.kochmembrane.com/PDFs/Data-Sheets/Hollow-Fiber/UF/
KMS_Puron_Hollow_Fiber_PSH_37_41_Row_Datasheet.aspx 2013.

[36] DOW, FILMTEC membranes: system performance projection, http://msdssearch.
dow.com/PublishedLiteratureDOWCOM/dh_0035/0901b80380035b3e.pdf?
filepath=liquidseps/pdfs/noreg/609-02056.pdf&fromPage=GetDoc 2013.

[37] L. Bohm, A. Drews, H. Prieske, P.R. Berube, M. Kraume, The importance of fluid dy-
namics for MBR fouling mitigation, Bioresour. Technol. 122 (2012) 50–61.

[38] P. Bacchin, P. Aimar, R.W. Field, Critical and sustainable fluxes: theory, experiments
and applications, J. Membr. Sci. 281 (2006) 42–69.

[39] X.M. Wang, T.D. Waite, Impact of gel layer formation on colloid retention in mem-
brane filtration processes, J. Membr. Sci. 325 (2008) 486–494.

[40] V. Parida, H.Y. Ng, Forward osmosis organic fouling: effects of organic loading,
calcium and membrane orientation, Desalination 312 (2013) 88–98.

[41] B. Mi, M. Elimelech, Chemical and physical aspects of organic fouling of forward
osmosis membranes, J. Membr. Sci. 320 (2008) 292–302.

[42] B. Mi, M. Elimelech, Organic fouling of forward osmosis membranes: fouling revers-
ibility and cleaning without chemical reagents, J. Membr. Sci. 348 (2010) 337–345.

[43] R.W. Holloway, A.E. Childress, K.E. Dennett, T.Y. Cath, Forward osmosis for concen-
tration of anaerobic digester centrate, Water Res. 41 (2007) 4005–4014.

[44] S. Phuntsho, H.K. Shon, S. Hong, S. Lee, S. Vigneswaran, A novel low energy fer-
tilizer driven forward osmosis desalination for direct fertigation: evaluating
the performance of fertilizer draw solutions, J. Membr. Sci. 375 (2011)
172–181.

[45] N.T. Hancock, W.A. Phillip, M. Elimelech, T.Y. Cath, Bidirectional permeation of elec-
trolytes in osmotically drivenmembrane processes, Environ. Sci. Technol. 45 (2011)
10642–10651.

[46] B. Coday, D.M. Heil, P. Xu, T.Y. Cath, The effects of transmembrane hydraulic pres-
sure on performance of forward osmosis membranes, Environ. Sci. Technol. 47
(2013) 2386–2393.

[47] Y.J. Wu, L.M.Whang, T. Fukushima, S.H. Chang, Responses of ammonia-oxidizing
archaeal and betaproteobacterial populations to wastewater salinity in a full-
scale municipal wastewater treatment plant, J. Biosci. Bioeng. 115 (2013)
424–432.

74 R.W. Holloway et al. / Desalination 363 (2015) 64–74



 260 

 
 

 

7/2/15 10:12 AMRightslink Printable License

Page 1 of 8https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherI…5b50-335e-4926-b0e4-38c05480b863%20%20&targetPage=printablelicense

ELSEVIER LICENSE
TERMS AND CONDITIONS

Jul 02, 2015

This is a License Agreement between Ryan W Holloway ("You") and Elsevier ("Elsevier")
provided by Copyright Clearance Center ("CCC"). The license consists of your order details,
the terms and conditions provided by Elsevier, and the payment terms and conditions.

All payments must be made in full to CCC. For payment instructions, please see
information listed at the bottom of this form.

Supplier Elsevier Limited
The Boulevard,Langford Lane
Kidlington,Oxford,OX5 1GB,UK

Registered Company
Number

1982084

Customer name Ryan W Holloway

Customer address 1213 8th Street

 GOLDEN, CO 80401

License number 3660860233101

License date Jul 02, 2015

Licensed content publisher Elsevier

Licensed content publication Desalination

Licensed content title Long-term pilot scale investigation of novel hybrid ultrafiltration-
osmotic membrane bioreactors

Licensed content author Darren Lee Oatley-Radcliffe,Andrew S. Wait,Aline Fernandes da
Silva,Jack Herron,Mark D. Schutter,Keith Lampi,Tzahi Y. Cath

Licensed content date 1 May 2015

Licensed content volume
number

363

Licensed content issue
number

n/a

Number of pages 11

Start Page 64

End Page 74

Type of Use reuse in a thesis/dissertation

Portion full article

Format both print and electronic



 261 

 

7/2/15 10:12 AMRightslink Printable License

Page 2 of 8https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherI…5b50-335e-4926-b0e4-38c05480b863%20%20&targetPage=printablelicense

Are you the author of this
Elsevier article?

Yes

Will you be translating? No

Title of your
thesis/dissertation

A Comprehensive Assessment of a Hybrid Ultrafiltration-Osmotic
Membrane Bioreactor for Water Reuse and Nutrient Recovery from
Municipal Wastewater

Expected completion date Jul 2015

Estimated size (number of
pages)

200

Elsevier VAT number GB 494 6272 12

Permissions price 0.00 USD

VAT/Local Sales Tax 0.00 USD / 0.00 GBP

Total 0.00 USD

Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your Rightslink account and that are available at any time at
http://myaccount.copyright.com).

GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."

4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.



 262 

APPENDIX G 
 

Copy of publication 

R.W. Holloway, J. Regnery, L.D. Nghiem, T.Y. Cath, Removal of trace organic 

chemicals and performance of a novel hybrid ultrafiltration-osmotic membrane bioreactor, 

Environmental Science and Technology 48 (2014) 10859-10868 

 

 

 

Reprinted with permission from the journal Environmental Science and Technology. 

Copyright 2014 Elsevier. 

 

 



 263 

 
 

Removal of Trace Organic Chemicals and Performance of a Novel
Hybrid Ultrafiltration-Osmotic Membrane Bioreactor
Ryan W. Holloway,† Julia Regnery,† Long D. Nghiem,‡ and Tzahi Y. Cath*,†

†Colorado School of Mines, Golden, Colorado 80401, United States
‡University of Wollongong, Wollongong, NSW 2522, Australia

*S Supporting Information

ABSTRACT: A hybrid ultrafiltration-osmotic membrane bioreactor (UFO-
MBR) was investigated for over 35 days for nutrient and trace organic
chemical (TOrC) removal from municipal wastewater. The UFO-MBR
system uses both ultrafiltration (UF) and forward osmosis (FO) membranes
in parallel to simultaneously extract clean water from an activated sludge
reactor for nonpotable (or environmental discharge) and potable reuse,
respectively. In the FO stream, water is drawn by osmosis from activated
sludge through an FO membrane into a draw solution (DS), which becomes
diluted during the process. A reverse osmosis (RO) system is then used to
reconcentrate the diluted DS and produce clean water suitable for direct
potable reuse. The UF membrane extracts water, dissolved salts, and some
nutrients from the system to prevent their accumulation in the activated
sludge of the osmotic MBR. The UF permeate can be used for nonpotable
reuse purposes (e.g., irrigation and toilet flushing). Results from UFO-MBR investigation illustrated that the chemical oxygen
demand, total nitrogen, and total phosphorus removals were greater than 99%, 82%, and 99%, respectively. Twenty TOrCs were
detected in the municipal wastewater that was used as feed to the UFO-MBR system. Among these 20 TOrCs, 15 were removed
by the hybrid UFO-MBR system to below the detection limit. High FO membrane rejection was observed for all ionic and
nonionic hydrophilic TOrCs and lower rejection was observed for nonionic hydrophobic TOrCs. With the exceptions of
bisphenol A and DEET, all TOrCs that were detected in the DS were well rejected by the RO membrane. Overall, the UFO-
MBR can operate sustainably and has the potential to be utilized for direct potable reuse applications.

1. INTRODUCTION
The need to develop alternative sources of water has increased
as climate change and growing populations further exacerbate
the pressure on existing fresh water supplies. Reclaimed water is
one of such alternative sources for augmenting fresh water
supplies through water reuse. The challenge for water reuse
applications is to efficiently employ a combination of biological,
chemical, and physical treatment barriers to provide adequate
removal of pathogenic microorganisms, nutrients, and
especially trace organic chemicals (TOrCs) for public and
environmental health protection.1

Wastewater treatment facilities using either conventional
activated sludge (CAS) or membrane bioreactor (MBR) were
designed to remove organic carbon, nutrients such as nitrogen
and phosphorus, and pathogenic microorganisms; however,
they have not been specifically designed to remove TOrCs
(e.g., pharmaceuticals, steroid hormones, and industrial
chemicals) that could potentially pose risks to humans and
the environment.2 The removal of TOrCs by CAS treatment
processes is highly variable and generally low. Thus, additional
treatment processes such as nanofiltration (NF) or reverse
osmosis (RO),3−7 activated carbon adsorption,8 advanced
oxidation,9,10 and ozonation11,12 are required subsequent to
activated sludge treatment to ensure adequate TOrC removal.

Highly selective membrane separation technologies such as
NF and RO have an advantage over most other processes for
TOrC removal because TOrCs can be physically removed from
the product water instead of transformed to unidentified
compounds by for example oxidative techniques. High TOrC
rejection (>85%) by NF and RO has been demonstrated in
bench-,6,7 pilot-,5 and full-scale studies3,4 treating tertiary
treated effluent for water reuse. The removal of TOrCs
through semipermeable membranes used for these processes is
a function of the physicochemical properties of the compound
such as molecular weight, charge, and hydrophilicity, as well as
of the membrane, such as charge, hydrophilicity, and salt
permeability.13

Similar to NF and RO, excellent TOrC rejection has been
demonstrated using the osmotically driven forward osmosis
(FO) membrane process.14−28 In particular, Xie et al.23

reported that due to the retarded forward diffusion
phenomenon, using the same membrane material, FO could
outperform RO for rejection of hydrophobic TOrCs. Xie et
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al.23 described the retarded forward diffusion phenomenon as
the hindrance of TOrC transport from feed to draw solution in
the membrane pores caused by the diffusion of draw solute in
the opposite direction. FO differs from RO and NF in that the
driving force for FO is the difference in osmotic pressure (salt
concentration) between the low salinity feed stream and high
salinity draw solution (DS) compared to hydraulic pressure
difference between the feed and product water in RO and NF.
In FO, water diffuses through the semipermeable FO
membrane from the feed solution to the DS; thus, the DS is
diluted during FO and the feed becomes more concen-
trated.29,30 To recover fresh water and maintain a constant DS
concentration, FO is commonly coupled with a DS recovery
process such as distillation,31 membrane distillation (MD),32,33

or RO.34−36 In addition to reconcentrating the DS, a major
benefit of using a hybrid FO-MD or FO-RO process is that two
highly selective barriers are employed in series for removal of
almost all dissolved feed constituents, including TOrCs.37

A further implementation of FO in a multibarrier treatment
approach is the osmotic membrane bioreactor (OMBR).38−43

Instead of a microfiltration or ultrafiltration membrane, an FO
membrane is used in OMBR to extract water from activated
sludge into a concentrated DS. The OMBR has several
advantages over conventional MBR technologies, including
low membrane fouling propensity and superior rejection of
suspended and dissolved contaminants.21,34 One shortcoming
of the OMBR is that dissolved constituents accumulate in the
bioreactor due to high rejection of the FO membrane and
reverse salt diffusion of draw solution into the feed, resulting in
decreased driving force across the FO membrane and biological
activity in the bioreactor, both of which reduce the efficiency of
the system in terms of water recovery and nutrient removal.44,45

In a previous study, we have demonstrated that the
accumulation of salinity in the bioreactor could be mitigated
by integrating a UF membrane into the OMBR system to bleed
out dissolved constituents from the activated sludge.46 This
resulted in a novel hybrid process called UFO-MBR that can
simultaneously produce one effluent stream through the UF
membrane, suitable for nonpotable reuse, and high quality
stream through the hybrid FO-RO dual-barrier system suitable
for potable reuse. In this study, we aim to extend our previous
work to evaluate the performance of a UFO-MBR system with
respect to water flux, nutrient removal, and TOrC removal. The
results are used to determine the applicability of the UFO-MBR
system for potable water reuse.

2. MATERIALS AND METHODS
A pilot-scale UFO-MBR was operated continuously from
October 2012 to May 2013, treating municipal wastewater at
the Water Reclamation Research Facility of the Colorado
School of Mines in Golden, Colorado. The system was
evaluated for water flux, salt accumulation, and nutrient
removal (biologically) and rejection (by membranes) over
the full testing period, and it was investigated for TOrC
removal and rejection for 35 days. The TOrC investigation was
conducted toward the end of the full testing period (March to
April 2013) to ensure that the microbial community was well
established and the system operating under steady-state
conditions.
2.1. UFO-MBR Pilot System. A schematic drawing of the

UFO-MBR process is illustrated in Figure 1. The UFO-MBR
system comprises a 105-L anoxic bioreactor and a 235-L
aerobic bioreactor containing a submerged FO plate-and-frame

cassette (Hydration Technology Innovations, Albany, OR) and
a UF hollow-fiber PVDF membrane module (Koch Membrane
Systems Puron, Wilmington, MA). The FO plate-and-frame
cassette has five plates, each with two cellulose triacetate
(CTA) membranes (one on each side) with a total system
membrane area of 1.2 m2. The active layer of the FO
membrane faces the activated sludge in the aerobic bioreactor
and the porous support layer faces the draw solution channels
inside the FO plates. The UF module has a membrane surface
area of approximately 0.44 m2, and the nominal pore size of the
membrane is 0.03 μm. A computer controlled peristaltic pump
was used to draw permeate through the membrane at 90 mL
min−1 for 3 min followed by a membrane backwash at the end
of each permeate cycle at 180 mL min−1 for 30 s.
The anoxic bioreactor was fed with prescreened (2 mm)

municipal wastewater from a student residential complex.
Sludge from the anoxic bioreactor was transferred to the
aerobic bioreactor by gravity, and sludge from the aerobic
bioreactor was recirculated back to the anoxic bioreactor by a
pump at a flow rate of 0.25 L min−1. A detailed description of
the UFO-MBR system and operating conditions are provided
elsewhere.46 The UFO-MBR system was also integrated with a
pilot RO system for DS recovery.
The pilot-scale RO system is fully automated and uses a

programmable logic controller (UE9-Pro, LabJack Corp.,
Lakewood, CO) and a data acquisition and instrument control
software (LabVIEW, National Instruments Corp., Austin, TX)
to maintain a constant DS concentration by varying the
hydraulic pressure through an array of three spiral-wound thin-
film composite membranes (SW30 2540, Dow Filmtec, Edina,
MN). A detailed description of the pilot system is available
elsewhere.34

2.2. Analytical Methods for Water Chemistry. Samples
from the influent, anoxic and aerobic bioreactors, DS, and RO
permeate were collected weekly for ammonia, nitrate, total
nitrogen, total phosphorus, chemical oxygen demand (COD),
and mixed liquor suspended solids (MLSS). The MLSS
concentration in the anoxic and aerobic bioreactors was
quantified according to Standard Methods 2540. Samples
were diluted as necessary to avoid sodium and chloride
interferences, and measured using Hach TNTplus (Loveland,
CO) reagent vials with a Hach DR 5000 spectrophotometer.
Conductivity, pH, and temperature in the bioreactors, and of

the UF permeate were measured daily. The RO subsystem
performance was continuously monitored using online meters
that recorded the conductivity, temperature, and pH of the DS
and RO permeate.

Figure 1. Flow diagram of the UFO-MBR system used for the TOrC
rejection investigation.
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2.3. TOrC Analysis. TOrC concentrations were determined
using an analytical method modified from Vanderford and
Snyder47 as reported in Teerlink et al.48 The method includes
isotope dilution and solid phase extraction, followed by
quantification by high performance liquid chromatography
coupled with tandem mass spectrometry (LC−MS/MS). A
description of the procedure for sample preservation, solid
phase extraction, and analysis is provided in the Supporting
Information section. Key physicochemical properties of TOrCs
that were detected in the municipal wastewater and their
average concentrations are summarized in Table S1 of the
Supporting Information.
2.4. Rejection Calculations and TOrC Mass Balance.

The concentration of TOrCs in the UFO-MBR influent, UF
permeate, DS, RO permeate, and anoxic and aerobic
bioreactors were measured every 7 days over the 35 day
testing period to determine the removal of TOrCs in the
bioreactors and rejection across the FO and RO membranes.
The TOrC rejection by the RO membrane could be directly
calculated using measured concentrations; however, TOrC
removal in the bioreactors and rejection by the FO membranes
had to be calculated using a mass balance approach. The
process flows, bioreactor volumes, and TOrC concentrations
used to calculate the rejection and removal, as well as develop
the mass balance equations are illustrated in Figure 1.
The percent rejection of TOrCs by the RO membrane (RRO)

is calculated using the measured TOrC concentration (CDS) in
the DS and in the RO permeate (CRO) as described by eq 1:
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The percent TOrC rejection by the FO (RFO) membrane is
calculated using a mass balance that accounts for the
accumulation of TOrCs in the DS due to higher TOrC
rejection by the RO membrane compared to the rejection by
the FO membrane. Thus, RFO is calculated using the calculated
TOrC concentration in the water crossing the FO membrane
(CDS* ) and the measured TOrC concentration in the aerobic
bioreactor (CAR) as determined using eqs 2 through 6:
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CDS* is calculated from the mass flow rate of TOrCs that crossed
the membrane (ṀDS), which is a function of the change in the
mass of TOrCs in the DS (MDS) over time and the mass of
TOrCs that left the DS over the same period with the RO
permeate (MRO). TheMDS and is calculated using the measured
TOrC concentration in the DS (CDS) and DS tank volume
(VDS), and the MRO is calculated using the TOrC concentration
in the RO permeate (CRO) and RO permeate flow rate (QRO).

All mass balance concentration units are in ng L−1, the time
unit is h.
Similar to estimating the FO rejection, the percent TOrC

removal in the bioreactors (RBIO) is determined using a mass
balance approach. The mass balance is used to calculate the
modeled mass of TOrCs in the bioreactors (MMBIO) assuming
that no TOrCs were removed from the system through
biological degradation or adsorption. The MMBIO is subtracted
from the measured (actual) TOrC mass in the bioreactor
(MABIO) to estimate RBIO as described by eqs 7 through 12:
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MABIO is calculated using the measured TOrC concentrations in
the anoxic bioreactor (CAN) and aerobic bioreactor (CAR), and
corresponding bioreactor volumes (VAN and VAR). MMBIO is
determined using a mass balance that included the mass
entering the system (ṀIN), the mass exiting with the UF
permeate (ṀUF), the mass diffusing through the FO membrane
to the DS (ṀDS), and the mass wasted which is a function of
the wasting rate (QW). The mass of a TOrC for the respective
inputs and outputs is calculated at each time step (time
between measurements) using the measured concentrations
and flow rates (QIN, QUF, QFO, and QW).

3. RESULTS AND DISCUSSION
3.1. Water Flux and Bioreactor Salinity. Throughout the

investigation the UFO-MBR was operated with an NaCl DS
having a concentration of 42 g L−1. The UF subsystem was
operated at an average flux of 7 L m−2 h−1 over the first 14 days
of the investigation to maintain a steady-state salinity in the
anoxic and aerobic bioreactors. Between day 14 and 28 the UF
system was turned off to evaluate the effects of solute
accumulation on system performance, and after day 28 the
UF system was turned on again. The FO water flux, DS
temperature, aerobic bioreactor salinity, and DS salinity over
the testing period are shown in Figure 2.
The FO water flux shown in Figure 2a was steady over the

period of investigation apart from some variations due to
changes in DS temperature and aerobic bioreactor salinity. The
FO water flux increased from approximately 4 to 4.5 L m−2 h−1

over the first 14 days of the TOrC removal evaluation as a
result of an increase in the DS temperature from 13.8 to 17.7
°C. Temperature affects FO flux due to changes in solution
viscosity at the feed-membrane and DS-membrane boundary
layers.26,49−51

After the UF system was turned off at day 14, the FO water
flux slightly declined by approximately 0.6 L m−2 h−1, primarily
due to an increase in salinity in the aerobic bioreactor (Figure
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2b) from 1.6 g L−1 to 3.6 g L−1 NaCl, which diminished the
osmotic pressure driving force between the feed and DS. The
water flux recovered to approximately 4.7 L m−1 h−1 once the
UF system was turned on and the salinity in the aerobic
bioreactor decreased to lower than 2 g L−1 NaCl.
3.2. Bioreactor Solids, SRT, and Nutrient Removal.

Samples from the UFO-MBR were analyzed weekly for MLSS
and nutrient concentrations as part of monitoring system
performance (nutrient removal). The MLSS data from the
anoxic and aerobic bioreactors were used to calculate the solids
retention time (SRT) in the bioreactors. MLSS concentrations
in the bioreactors and the corresponding SRT over the testing
period are shown in Figure 3.
The MLSS in the aerobic and anoxic bioreactors remained

relatively constant, between 1.6 and 3.6 g L−1, throughout the
study. The MLSS concentrations in the bioreactors fluctuated
but were very similar, indicating that the sludge was well mixed
and circulated between the two bioreactors. The MLSS
concentration in the aerobic bioreactor was consistently higher
than in the anoxic bioreactor because water was constantly
removed from the activated sludge through the UF and FO
membranes, leaving behind the suspended solids.
The SRT during testing ranged from 63 to 68 days,

fluctuating with changes in the MLSS concentrations in the
bioreactors. Operating at long SRTs (>20 days) is typical of
bench-scale OMBR39,46 and full-scale MBR systems.52,53 The
advantages of operating MBRs at long SRTs include lower
sludge production/wasting,54 reduced membrane fouling
potential,53,55 and increased removal of recalcitrant compounds
and TOrCs.56−58

In addition to monitoring the solids concentrations in the
bioreactors, ammonia, nitrate, total phosphorus, and COD of
the influent and effluent were also measured on a weekly basis
(Figure 4). The average influent ammonia concentration over
the testing period was approximately 44 mg L−1, and the
ammonia was completely oxidized to nitrate in the aerobic
bioreactor and remained at an average concentration of
approximately 5 mg L−1 in the anoxic bioreactor. As a result
of low ammonia concentrations in the aerobic bioreactor, the
concentration of ammonia in the DS and RO permeate were
below 0.08 mg L−1 (detection limit) for all measurements.
Elevated concentrations of nitrate were detected in the

anoxic bioreactor, aerobic bioreactor, and DS during the first 4
weeks of testing. High nitrate concentrations in the anoxic
bioreactor may have been due to a carbon limitation, an
insufficient hydraulic retention time (HRT) in the anoxic zone

for complete nitrate reduction (denitrification), or a reduction
in the denitrification rate due to the denitrifying micro-
organisms being negatively affected by the elevated salt
concentration in the anoxic bioreactor.59 The substantial
decrease in nitrate concentration in the anoxic tank with
increasing influent COD concentration at the end of the
investigation period might support the hypothesis that
denitrification was incomplete because the system was carbon
limited.
Nitrate concentrations in the aerobic bioreactor and DS were

elevated throughout the study. The high nitrate concentration
in the aerobic bioreactor is due to the oxidation of ammonia
(nitrification) to nitrate under the aerobic conditions in the
bioreactor, and the elevated concentration in the DS is due to
low nitrate rejection by the FO CTA membranes.34,42,60 The
nitrate concentration in the RO permeate was consistently less
than 10 mg L−1 prior to stopping the UF system, after which,
the nitrate concentration in the RO permeate increased as a
result of the higher levels of nitrate in the DS.
The influent phosphorus concentration remained consistent

over all measurements with an average concentration of
approximately 16.6 mg L−1. The minimum measured
concentration of phosphorus in the bioreactors was 44 mg
L−1 and increased to a maximum concentration of 110 mg L−1

in the aerobic bioreactor when the UF system was not
operating. The high concentration of phosphorus in the
bioreactors is a result of phosphorus being well rejected by
the FO membrane, as evident by the low measured phosphorus
concentrations in the DS, and of the lack of environmental and

Figure 2. (a) FO water flux and DS temperature and (b) aerobic bioreactor salinity and DS concentration during the 35 days of UFO-MBR TOrC
removal and rejection investigation.

Figure 3. MLSS concentrations in the aerobic and anoxic bioreactors
and system SRT during the UFO-MBR TOrC removal testing.
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operational conditions in the bioreactors that would support
biological phosphorus removal.
Similar to phosphorus, COD was well rejected by the FO

membrane. The concentration of COD in the DS was less than
3 mg L−1 for all but two measurements. The COD did not
accumulate in the bioreactors, as observed with phosphorus,
because the carbon was biologically removed in the bioreactors.
Overall, the COD was completely removed from the influent to
the RO permeate.
3.3. Bioreactor TOrC Removal. There are two pathways

regularly observed for TOrC removal in activated sludge
processes: microbial transformation (biodegradation) and
physical separation (adsorption).58,61−66 Biodegradation is
governed by the bioreactor configuration because TOrCs are
metabolized in the aerobic and anoxic bioreactors, and can be
further degraded when the sludge is recirculated between these
two unique environments.67 Operating conditions such as SRT
and MLSS concentration can also affect TOrC removal by
biodegradation due to increased contact with the biologically
active solids. The adsorption of TOrCs to activated sludge
varies depending on the hydrophobicity, charge, and liquid
phase concentration of the compound, and on the character-
istics of the sludge, including the fraction of organic carbon,
MLSS concentration, and food-to-microorganism ratio.61−63,66

To describe the adsorption of TOrCs in activated sludge,
Freundlich and Langmuir isotherm models can be used to
calculate adsorption coefficients. However, these calculated
coefficients must be applied with caution because they can vary
among different biological systems.
Due to the complex mechanisms responsible for TOrC

removal in activated sludge processes, the percent removal of

TOrCs by biodegradation and adsorption in the UFO-MBR
aerobic and anoxic bioreactors was calculated as a single value
using a mass balance that only included the measured liquid-
phase TOrC concentrations of the influent, aerobic and anoxic
bioreactors, and DS as described by eqs 7 through 12. Solid
phase TOrC concentrations were not considered in this
evaluation because only TOrCs in the aqueous phase will
potentially transport through the UF, FO, and RO membranes,
impacting the final product water quality. The aqueous phase
removal of 20 TOrCs and associated Log D are shown in
Figure 5.
The removal of TOrCs in the bioreactor ranged from 15% to

100%, and can be grouped into two categories: the low and
moderate (removal <80%) and high (removal >90%) removal
of compounds. All readily biodegradable compounds were well
removed by the biological reactor. Aside from sulfamethoxazole
(Log D = −0.32) and diclofenac (Log D = 0.95), the removal
efficiency of the remaining compounds generally increased with
increasing Log D (Figure 5). The lack of correlation indicates
that adsorption was likely a less relevant removal pathway for
TOrCs that were highly removed during UFO-MBR operation.
BIOWIN (v4.10, United States Environmental Protection
Agency), a model widely used to predict the biodegradability
of organic compounds, could not effectively simulate the
biodegradation and adsorption processes in the UFO-MBR.
Limitations of the model are discussed elsewhere.68,69 Hence,
removal of most of the analyzed TOrCs in this study could not
be explained by their BIOWIN indices (Table S2, Supporting
Information).
TOrCs that were poorly or moderately removed by the

bioreactor include sucralose (15%), sulfamethoxazole (64%),

Figure 4. Concentration of (a) ammonia (NH4
+), (b) nitrate (NO3

−), (c) total phosphorus (TP), and (d) soluble COD in the UFO-MBR influent,
anoxic bioreactor (AN tank), aerobic bioreactor (AR tank), UF permeate, DS, and RO permeate. The UF system was turned off after sampling on
day 14 and restarted after sampling on day 28 of operation.
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TCEP (57%), TCPP (70%), fluoxetine (55%), TDCP (67%),
bisphenol A (74%), and diclofenac (75%). Sucralose was
detected in the influent at concentrations exceeding 40 μg L−1

and was not degraded or adsorbed in the bioreactors owing to
its poor biodegradability and low log D.70 Sulfamethoxazole,
fluoxetine, and diclofenac are pharmaceutical compounds with
reported removal of less than 20% in nitrifying and nutrient
removing wastewater treatment plants.65,71 The chlorinated
flame retardants TCEP, TCPP, and TDCP are recalcitrant in
the aqueous environment72,73 and resistant to biological
degradation in municipal wastewater treatment plants.58

Bisphenol A, a plasticizer, is highly biodegradable in municipal
wastewater treatment plants;74,75 however, removal and
rejection results for bisphenol A can be skewed for experiments
conducted with plastic appurtenances because this compound
will leach from these appurtenances during operation and
testing.76,77

Twelve TOrCs were highly degraded in the bioreactors: four
(acetaminophen, caffeine, ibuprofen, propylparaben) are
considered to be highly degradable,65,78 five (naproxen,
diphenhydramine, atenolol, oxybenzone, triclocarban) reported
to be moderately degradable,64,65,78,79 and three (acesulfame,
DEET, trimethoprim) would have low removal expectancies in
municipal wastewater treatment systems.58,70,80 Lange et al.70

surveyed the influent and effluent of 17 municipal wastewater
treatments plants for artificial sweeteners concentration; results
from this survey revealed that acesulfame was not removed
through any of the traditional treatment systems. Similarly, low
removal of DEET and trimethoprim through CAS plants was
reported by Bernhard et al.58 and Göbel et al.,80 respectively.
However, in MBR systems operated at long SRTs, removal of
DEET and trimethoprim increased substantially with increasing
SRT.58,80

3.4. FO and RO TOrC Rejection. Of the 20 TOrCs
detected in the UFO-MBR influent, 18 compounds were
detected in the DS and 12 in the RO permeate. Rejection of
TOrCs by the FO membrane was calculated using a mass
balance (eqs 1 through 6), and rejection by the RO membrane
was calculated using the measured TOrC concentrations in the
DS and RO permeate. TOrC rejection by the FO and RO

membranes, ordered by charge and increasing molecular
weight, are shown in Figure 6.

Rejection was greater than 99% by the FO and RO
membranes for all measured negatively and positively charged
TOrCs. Nonionic (neutral at pH values around 7) and
hydrophobic (log D > 2 at pH 8) TOrC rejection by the FO
membrane was lower compared to the charged species; yet, the
rejection tended to increase with increasing molecular weight.
Similar to the rejection of charged TOrCs, the RO membrane
demonstrated near complete rejection of nonionic compounds;
however, lower rejection was observed through the membrane
for the hydrophobic nonionic TOrCs.
High rejection of charged TOrCs by the CTA FO membrane

used for the UFO-MBR evaluation has been previously
documented in bench- and pilot-scale studies treating synthetic
wastewater18 and secondary effluents.19,21 The mechanism for
the rejection of negatively charged species has been associated
with electrostatic repulsion by the slightly negatively charged
CTA membrane and may also be in part due to the formation
of a larger hydrated layer around the ionic species. Indeed, the
high rejection of positively charged TOrCs can be explained by
the large hydrated radius of ionic species in an aqueous
solution. Alturki et al.14 reported that TOrC rejection exceeded
85% for all measured TOrCs with a molecular weight greater
than 266 g mol−1 in a short-term OMBR evaluation; this result
is in general agreement with similar FO research. Furthermore,
FO TOrC removal experiments conducted with secondary

Figure 5. Average combined removal (n = 8) of 20 TOrCs through
the bioreactors ordered by increasing percent removal. Sorption
coefficients (Log D) for each compound are provided on each bar, and
values are indicated on the secondary y-axis. The molecular weight of
each compound is provided in parentheses.

Figure 6. Average TOrC rejection by (a) FO and (b) RO membranes
during UFO-MBR testing (n = 8) ordered by charge, hydrophobicity,
and molecular weight. TOrCs that were rejected completely by the FO
membrane (a) are not shown in graph (b) for the RO membrane
because rejection could not be calculated.
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effluent have demonstrated higher rejection by fouled FO
membranes compared to that by virgin membranes for
positively charged and some nonionic compounds.19,21 It has
been hypothesized that the fouling layer may prevent
partitioning of these compounds through the membrane
because of pore blocking and adsorption to the organic cake
layer. The CTA FO membranes were removed at the
conclusion of the evaluation and inspected for membrane
fouling. Although the fouling was not severe, there was
evidence of organic, inorganic, and biological fouling on the
membrane surface that would have influenced TOrC rejection
while operating in the activated sludge.
The rejection of TOrCs by the RO membrane was similar to

that of the FO membrane for all charged species but exhibited
higher rejection for the nonionic and hydrophobic nonionic
TOrCs. High rejection of the hydrophilic nonionic TOrCs
(acetaminophen, caffeine, acesulfame, TCEP, TCPP, and
TDCP) by the SW30 RO membrane compared to the CTA
FO membrane may be due to the higher selectivity of the
SW30 RO polyamide active layer.81 The rejection of the
nonionic hydrophobic compounds with low molecular weight
(DEET and bisphenol A) was the lowest for the FO and RO
membranes; however, the RO membrane rejection was
approximately three times greater for DEET and 30% greater
for bisphenol A compared to the FO membrane. This result
differs from those reported by Hancock et al.19 in which DEET
and bisphenol A were better rejected by the CTA FO
membrane than the SW30 RO membrane. Similarly, Xie et
al.23 reported that bisphenol A rejection in FO mode was
higher than that in RO mode. However, these studies were
conducted with deionized water or secondary effluent as the
feed solutions, not activated sludge. The chemical and physical
properties of the fouling layer affect convective and diffusive
transport of TOrCs through the membrane in both FO and RO
mode; therefore, the difference in results of the current study
and previous works may be associated with properties of the
fouling layer.18,81

The total UFO-MBR system removal was calculated using
the influent and RO permeate concentrations. The removal
included degradation in the anoxic and aerobic bioreactors and
rejection by the FO and RO membranes. The total average
system removal and removal over time for five TOrCs that

were not completely removed during the tested period are
shown in Figure 7.
The UFO-MBR removed 15 of the 20 measured TOrCs to a

concentration below quantification limits from the influent to
the RO permeate when the bioreactor was operated at an HRT
of 30 h. Five TOrCs were detected in the RO permeate at
quantifiable concentrations in the low ng L−1 range (20 to 190
ng L−1); of the five, four compounds (sulfamethoxazole, TCEP,
TCPP, and DEET) were removed on average by greater than
95%. The low removal efficiency for sulfamethoxazole may be a
consequence of the analytical technique not being sensitive
enough to detect changes in the sulfamethoxazole concen-
tration at the very low measured concentrations (15 ng L−1).
Bisphenol A (87% removal) was the only compound to be
removed on average by less than 90%. The removal of
bisphenol A was not only the lowest but the removal efficiency
also appeared to be affected by the operation of the UF system
(Figure 7b). Furthermore, as discussed above, leaching of
bisphenol A from plastic materials during testing can lead to
lower than expected rejection/removal.
The UF system was offline for 14 days (between days 14 and

28) during which the total system removal (calculated from the
influent to the RO permeate) of bisphenol A, DEET, TCEP,
and sulfamethoxazole decreased. The most significant decrease
in rejection was observed for bisphenol A (20%) and DEET
(12%), both of which increased in concentration in the
bioreactors (bisphenol A from 135 ng L−1 to 268 ng L−1 and
DEET from 62 ng L−1 to 94 ng L−1) while the UF system was
offline. As a result of increasing bioreactor concentrations, the
concentrations of bisphenol A and DEET increased in the DS
from 67 ng L−1 to 132 ng L−1 and 146 ng L−1 to 404 ng L−1,
respectively. Consequently the concentrations of both com-
pounds increased in the RO permeate from 50 to 60 ng L−1 and
53 to 110 ng L−1 for bisphenol A and DEET, respectively. The
change in system removal over this period demonstrates the
dynamic relationship between the operation of the UF
membrane and FO-RO hybrid membrane system on UFO-
MBR treatment performance.

Figure 7. Overall TOrC removal by the UFO-MBR system (a) averaged over all measurements (error bars show the standard deviation of 8
measurements) and (b) the removal of bisphenol A (BPA), DEET, TCEP, sulfamethoxazole (SMX), and TCPP over the testing period. The UF
system was turned off after sampling on day 14 and restarted after sampling on day 28 of operation.
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