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ABSTRACT 
 

The results of a pilot-scale assessment of the osmotic membrane bioreactor (OMBR) pro-

cess are presented. Recent developments to commercially available forward osmosis (FO) mem-

branes have created new potential applications for the process, including the treatment of water 

with high-fouling tendency such as raw wastewater, to produce high quality water. However, few 

investigations of wastewater treatment with FO have been performed to date. While the use of an 

OMBR for wastewater treatment presents some potential operational advantages compared to 

conventional wastewater treatment processes, the greatest potential of the OMBR is to generate 

potable water for direct reuse. In past lab studies of the OMBR process, product water quality 

was limited by low rejection of nitrogen compounds such as ammonia and nitrate. In this study, 

the first industrial OMBR prototypes were tested in a system comprising aerated and anoxic bio-

reactors and a continuous RO process to treat raw wastewater from the Mines Park student-

housing complex. Two long-term investigations were conducted, one for 14 weeks and a second 

for 18 weeks, to assess the performance of two prototype FO membrane modules and a nitrogen 

removal system. Water flux was 2-3 L/m2-hr and limited by a number of variables, including 

membrane fouling and salt accumulation in the bioreactors. However, declines in water flux due 

to membrane fouling were mostly recoverable with membrane cleaning, including osmotic 

backwashing. Generally, very high quality product water was generated by the pilot system, 

based on high retention of organic carbon and phosphate. The average rejection of organic car-

bon by the OMBR system was higher than 90% and phosphate rejection exceeded 99% through-

out both phases of testing. Nitrogen removal of the system ranged from 30% to 90%, being pri-

marily dependent upon the rates of biological nitrification and denitrification in the system. 

When biological nitrogen removal was efficient, high quality water was generated. Further de-

velopment of the OMBR should be focused on optimization of the operating water flux and on 

comparing the life-cycle costs of the OMBR to other membrane bioreactor systems and conven-

tional wastewater treatment technologies. 
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CHAPTER 1 

INTRODUCTION 

 

This thesis summarizes the results of a pilot scale assessment of two forward osmosis 

(FO) plate and frame assemblies operated in osmotic membrane bioreactor (OMBR) mode. The 

assemblies were first and second generation commercial prototypes and results from the current 

investigation provided information about long term operation and future development of OMBRs. 

Chapter 1 includes an introduction to water scarcity issues, water reclamation and reuse, 

and osmotically driven membrane processes including FO and the OMBR, as well as reverse 

osmosis (RO) because many applications of the OMBR process will be a hybrid OMBR-RO con-

figuration. The background of research and development of the OMBR process and a summary 

of the barriers that remain in the way of process commercialization are presented. Chapter 1 con-

cludes with a summary of the research objectives that were explored during the assessment. 

Chapter 2 describes the materials and methods used to operate the hybrid OMBR-RO 

system and to analyze the system and the various samples of water taken from the system during 

the assessment. The data and results of experiments conducted during the assessment are pre-

sented and discussed in chapter 3. Finally, in chapter 4 conclusions of the assessments are pro-

vided and an outlook for the future of OMBR research and development is presented. 

 

1.1 Water scarcity 

Increasing volumes of freshwater resources are required to support the continuous in-

crease in human population, and even though the volume of freshwater on the planet is relatively 

fixed, the water cycle and climatic variability generate an uneven geographical distribution of 

access to freshwater. Economic development and industrialization already have large demands 

for freshwater resources and have been responsible for numerous instances of environmental 

degradation and water contamination, and the highest rates of population growth are often in re-

gions where water scarcity is already a concern. While some geographical limitations are over-

come with regional water transfers, the increasing contamination together with the increasing 

demands for freshwater creates the need for more advanced water reclamation and reuse strate-

gies [1]. 
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Human civilization continuously demands freshwater for a myriad of uses, including 

drinking, sanitation, agriculture, industry, electrical power generation, and recreation. As a result, 

the quality of freshwater resources are increasingly at risk of exposure to a multitude of contami-

nants, including trace organic contaminants and other micropollutants [2] associated with differ-

ent water uses. With the increasing prevalence of micropollutants in freshwater resources, new 

technological solutions are needed to augment water supply and protect water quality [3]. 

To continue to support population growth and economic expansion, it is important to 

manage both the quality and availability of fresh water. Management strategies include protec-

tion of current water supplies, reducing the cumulative effects of multiple point sources on water 

supplies, and implementation of advanced treatment technologies and monitoring efforts to pro-

mote beneficial reuse of reclaimed water. Natural disaster relief efforts are often focused on 

providing clean water as a result of infrastructure damage or loss. For most of these cases, more 

reliable supplies of water would be desirable, but reclamation and reuse of existing impaired wa-

ter resources may be the only viable strategy to meet demands. Similarly, compared to recover-

ing water from the ocean through desalination, recycling of reclaimed water might be a better 

option for increasing supply even in coastal regions due to lower energy requirements for treat-

ment [4]. The application of water recycling schemes could thus augment water supply in places 

where the supply has become scarce and protect water quality by avoiding the discharge of low-

quality reclaimed water to the environment. 

 

1.2 Wastewater treatment 
Conventional wastewater treatment plants (WWTPs) use various physical, chemical, and 

biological processes to remove contaminants from the raw wastewater. These usually include 

settling and clarification by gravity, biological activated sludge, filtration, advanced nutrient re-

moval (biological and/or chemical), and disinfection. These processes are designed to remove or 

immobilize contaminants of concern and reduce the load of total suspended solids (TSS) and bio-

logical oxygen demand (BOD) on receiving environments. The BOD in wastewater is primarily 

a result of the organic carbon in the influent, which requires oxidation and/or metabolism to 

eventually be transformed to mainly carbon dioxide (CO2), nitrogen (N2), and water. While cru-

cial for sewage management, these conventional plants consume energy and do not, in general, 

produce effluent suitable for potable reuse. As a result, drinking water treatment plants (DWTPs) 
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designed to protect the water supply ahead of distribution are also constructed. The state of the 

art of both WWTPs and DWTPs that are designed to produce a reusable effluent is membrane 

filtration combined with advanced oxidation processes. Many recent developments in the spec-

trum of membrane filtration technologies have opened the doors to the development of more ef-

ficient water reclamation systems, and older plants can easily be retrofitted with advanced mem-

brane-based post-treatment processes to produce high-quality effluent on-site, which may be re-

used for a range of beneficial purposes. 

 

1.2.1 Wastewater reclamation 

Domestic wastewater contains many constituents that make it unsuitable for direct dis-

charge to the environment, and centralized municipal WWTPs have been constructed to treat raw 

sewage collected from urban and suburban communities. Besides domestic sewage, wastewater 

is generated during most industrial processes, from food and beverage processing to mining and 

resource extraction, and as a result of agricultural and erosion run-off. Frequently, industrial 

wastewater requires pre-treatment before it can be combined with domestic sewage and flows to 

a WWTP. 

The activated sludge process in WWTPs is primarily responsible for BOD removal, but 

depending on the mode of operation of the process, nitrate and phosphate compounds are gener-

ally not adequately removed from the wastewater, and they may contribute to downstream eu-

trophication, even if BOD is removed. Therefore, chemical precipitation strategies and other bio-

logical processes have been designed to facilitate phosphate removal, and fixed-film and at-

tached growth biological reactors have been designed to facilitate denitrification in WWTPs. 

Dissolved solids contributing to salinity and hardness ions persist through WWTPs, and there-

fore advanced post-treatment may be required in some WWTPs if the influent wastewater has 

elevated salinity. In addition to dissolved inorganic constituents, many emerging organic con-

taminants, including various industrial and agricultural chemicals, pharmaceuticals, personal care 

products, flame retardants [5], and endocrine disrupting compounds [6] are not always efficiently 

removed in conventional WWTPs. When high-quality effluent is desired, many dissolved con-

stituents can be removed with advanced treatment processes such as nanofiltration (NF) or re-

verse osmosis (RO) [7-9]. 
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Conventional WWTPs commonly have a large footprint and consume energy for pump-

ing, mixing, and aeration needed in the activated sludge process. While the size of a WWTP de-

pends on the flow of sewage to be treated, centralized treatment schemes result in large footprint 

plants to provide enough area for the clarification, activated sludge and disinfection contact ba-

sins, making the large plants relatively inflexible to major process modification. An emerging 

alternative water reclamation process that has undergone commercial development since the 

1990’s is the membrane bioreactor (MBR). An MBR is the combination of a submerged mem-

brane process such as ultrafiltration (UF) or microfiltration (MF) with a suspended-growth biore-

actor. When used for wastewater treatment, MBR processes produce high-quality effluent that 

may be discharged to waterways or further reclaimed for beneficial reuse while operating within 

a smaller footprint and with less byproduct sludge than conventional WWTPs [10]. Hollow-fiber 

UF membranes are often used in MBRs to ensure greater than 99% removal of microorganisms 

and viruses [10]. The MBR effluent can still be expected to contain low-molecular weight organ-

ic compounds, salinity, and trace nutrients and metals that are not removed by either the biologi-

cal digestion or the membrane filtration. In many cases, the quality of MBR effluent is good 

enough for discharge to an environmental receiving body of water, eventually to be indirectly 

reused downstream. In some cases where water supply is diminishing, the MBR effluent could 

potentially be treated with more advanced processes for even direct potable reuse. The MBR 

permeate can be treated further with NF or RO membranes to produce a high quality water for 

nearly any beneficial use scenario [8]. 

 

1.2.2 Water reuse 

Water reclamation and reuse strategies can provide treated water at a range of qualities 

and potentially provide solutions to localized water shortage problems. For these strategies to be 

implemented, the installment of plants with advanced treatment processes subsequent to conven-

tional WWTPs, or in replacement of the WWTPs altogether, should be considered. Current ad-

vanced water treatment processes depend primarily on pressure-driven membrane filtration pro-

cesses including MF, UF, NF, and RO, and on advanced oxidation and disinfection processes. 

The incorporation of membrane processes in water treatment creates a definite barrier to many of 

the constituents of concern in wastewater to ensure high-quality product water quality [7, 11]. 
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Many options for beneficial reuse of reclaimed water exist, including agricultural, indus-

trial, and domestic. In many cases, depending on water demand and water rights, water reuse 

may be sufficient for water supply augmentation. Indirect potable reuse (IPR) schemes include 

aquifer recharge and stream flow augmentation. Direct potable reuse (DPR) still has not seen 

widespread implementation, but will increasingly be incorporated in cases when water supply 

augmentation is desirable and WWTPs need construction or renovation and could be modified 

with advanced processes. 

 

1.2.3 Benefits and limitations of membrane technologies 

Membrane processes are modular, making them easily scalable and capable of operation 

within a small footprint. The footprint of WWTPs can be decreased by replacing conventional 

filtration processes with membrane based processes, and integrated membrane systems can be 

constructed within trailers or shipping containers making them viable as on-site treatment sys-

tems or for field operation. Membranes have even been submerged directly into activated sludge 

in membrane bioreactors (MBRs). 

The pumping, mixing, aeration, membrane cleaning, in-line monitoring, and other im-

portant operations of integrated membrane systems such as MBRs can largely be automated to 

make them capable of long-term operation with little labor for operation and maintenance re-

quired. The MBR product water quality has little variability because the use of a definite mem-

brane barrier makes it less sensitive to process changes or upsets that may affect the effluent wa-

ter quality of conventional WWTPs. Another characteristic of MBRs that make them less sensi-

tive to process changes and influent water quality changes is the possibility of running a higher 

sludge retention time (SRT) in an MBR than in conventional activated sludge processes. Typical 

activated sludge processes are operated with an SRT of 4-14 days, requiring a relatively high 

food-to-microorganism ratio (F/M) of 0.25-0.5, whereas MBRs can be operated with an SRT of 

10-30 days, or even longer, and can work efficiently with F/M ratio below 0.12 [12]. When local 

or on-site wastewater treatment is being considered, the ability of MBRs to effectively treat low 

flow of sewage with little maintenance can make them optimal for small to mid-scale water rec-

lamation operations. 

Membrane processes are limited by fouling that occurs due to the accumulation of solids 

on the membrane surface or in the membrane pores, and by the rejection of constituents in the 
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feed water, depending on the operating conditions. The long-term rejection and permeability of 

membranes can be impacted by loss of membrane integrity or decline in available membrane sur-

face area resulting from biological fouling or scaling of the membrane, leading to the need for 

membrane replacement. UF and MF membranes used for MBRs can typically be operated at 

over 98% water recovery but are prone to fouling after long-term operation, and thus require in-

termittent cleaning and continuous air scouring to maintain high water recovery [10]. Intermit-

tent membrane cleaning with backwashing removes most of the reversible fouling, and constant 

operation with air scouring prevents the accumulation of surface fouling on the membrane. Even 

if membrane fouling is controlled, the rejection of constituents in the activated sludge (e.g., nu-

trients, micropollutants, and salinity) is still limited due to the membrane properties, and is high-

ly dependent on biological and chemical processes in the bioreactor. Therefore, MBR product 

water still may not be adequate for many direct or indirect water reuse scenarios, but could po-

tentially be treated with NF or RO to ensure more-complete removal of pollutants [7, 8, 11]. 

Other treatment processes that provide high retention barriers to contaminants present in 

wastewater are needed to enable advanced reuse applications such as direct potable reuse. 

 

1.3 Osmotically driven membrane processes 

RO membranes remove salt and other constituents from impaired water by applying hy-

draulic pressure against a dense semi-permeable membrane that retains ions and molecules based 

on their charge and/or size while allowing water to diffuse through the membrane. The net flow 

of water through the membrane normalized by the membrane area is termed the water flux. Be-

cause solutes tend to partition and diffuse through the membrane according to the concentration 

gradient across the membrane [13, 14], solutes do permeate through the membrane into the per-

meate but generally at a slower rate than water. Osmotically driven membrane processes (OD-

MPs) are a class of membrane processes in which water flux is driven by osmotic pressure, not 

by hydraulic pressure. In ODMPs water diffuses from a feed of low osmotic pressure, through a 

semipermeable membrane, and into a concentrated draw solution having high osmotic pressure. 

Forward osmosis (FO) is an ODMP that has been studied extensively in recent years for treat-

ment of wastewater and desalination, and has a potential to provide process intensification where 

water reuse enhancement is sought. Osmosis and FO membranes are also being investigated for 

application in pressure-retarded osmosis (PRO), a process that converts osmotic pressure differ-
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ence across the membrane into useful work and energy. Water flux magnitude and direction as a 

function of transmembrane pressure for FO, PRO, and RO are illustrated in Figure 1.1. 

There is a major difference in the nature of the driving force between RO and FO due to 

concentration polarization that occurs inside and outside the membrane. In FO, internal concen-

tration polarization (ICP) occurs as water from the feed solution exits the active layer of the 

membrane and dilutes the draw solution inside the porous support layer of the membrane [15, 

16]. As a result, the effective osmotic pressure difference that drives water flux is lower than the 

osmotic pressure difference between the bulk draw and feed solutions. In RO the flux intrinsical-

ly depends only on the external driving force, the applied hydraulic transmembrane pressure. In 

FO, however, the flux intrinsically depends on the applied osmotic pressure and the extent of 

ICP due to the properties of the membrane and draw solution. As a result, there is a logarithmic 

relationship between the water flux in FO and the overall driving force for the FO process, in-

stead of the linear relationship observed in RO. 

 

 
Figure 1.1 The magnitude and direction of water flux is plotted on the y-axis as a function of 
transmembrane pressure (x-axis) for FO, PRO, and RO operations with semi-permeable mem-
branes. The FO zone exists uniquely where the hydraulic pressure difference is zero. In the PRO 
zone the hydraulic pressure difference is higher than zero but lower than the osmotic pressure 
difference across the membrane and the water diffuses through the membrane into the saline 
stream. In the RO zone the hydraulic pressure difference exceeds the difference in osmotic pres-
sure between the feed and draw solutions. Figure adopted from [17]. 

 

In a phenomenon analogous to the effect described above the diffusion of solutes through 

the membrane also contributes to a reduction in the driving force. As solutes reverse diffuse from 
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the draw solution into the feed solution they can reduce the local osmotic pressure difference 

across the membrane by increasing the solute concentration on the feed side of the membrane. 

This effect could be exacerbated by fouling if the net reverse flux of salt becomes hindered by 

the fouling layer and leads to an accumulation of solutes near the active layer in a phenomena 

called cake-enhanced (external) concentration polarization, further reducing the local osmotic 

pressure difference while also increasing the scaling and colloidal fouling propensity [18]. 

Despite the concentration polarization phenomena, ODMPs are attractive because they 

can operate at ambient pressure, have high-retention of small molecular weight contaminants, 

and their energy demand is much lower than high-pressure membrane processes such as NF and 

RO. Without hydraulic pressure on the membrane the fouling propensity of FO membranes is 

lower than RO membrane [19, 20], making FO processes potentially more applicable to feed wa-

ters with high fouling potential. 

A number of FO applications for treatment of waters with high fouling potential have 

been investigated to date, including the treatment of dilute wastewater [21], secondary effluent 

[22], landfill leachate [23], direct potable reuse on extra-planetary life support systems [24, 25], 

anoxic digester centrate [19], and oil and gas drilling mud and fracture flowback water [26]. In 

addition to the water reclamation processes, other FO applications have been developed and 

studied in recent years and include personal water treatment devices for emergency water supply 

(e.g., water extraction bags [27]) and pharmaceutical drug delivery systems [28]. 

More recently, the combination of FO and biological wastewater treatment has been un-

der investigation, as a result of the realization that utilizing the osmotic driving force instead of 

the hydraulic driving force to recover water in the submerged membrane process could reduce 

the cost of wastewater reclamation while simultaneously facilitating improved retention of con-

taminants in the feed water. Compared to the combination of MBR and RO for water reclamation, 

an osmotic MBR (OMBR) and RO hybrid system may be capable of operation with reduced 

membrane cleaning intensity and produce high quality water for direct potable reuse.  

 

1.4 Background and concept of the OMBR process 

The general concept of the OMBR is similar to the UF-based MBR in that it is the inte-

gration of a membrane filtration process with biological treatment in a single reactor vessel. Raw 

wastewater is fed to the bioreactor where it is retained before eventually diffusing through the 
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submerged FO membranes into the draw solution. Some of the activated sludge is wasted to con-

trol the concentration of accumulated solids in the reactor because no solids are transportable 

through the semi-permeable FO membrane barrier. The activated sludge in the reactor is con-

stantly stirred and aerated to maintain a suspended-growth environment. Periodic osmotic back-

washing of the submerged FO membranes can be performed in place, simply by changing the 

draw solution from one of higher salinity than the activated sludge to one of lower salinity, re-

versing the direction of flux through the submerged membranes. If pure water is used, the tempo-

rary influx of water should not cause any changes to the activated sludge, except to slightly di-

lute it. 

To prevent the accumulation of solids and activated sludge on the submerged membranes, 

aeration is required during OMBR operation to scour the membrane surface. As in the MBR pro-

cess, the supplied aeration simultaneously maintains the suspended-growth reaction, provides 

dissolved oxygen, and scours the membrane surface to prevent fouling. 

Different from typical MBR operation is the inclusion of the draw solution in the OMBR. 

The draw solution can be supplied in recirculating or once-through configurations and could be 

derived from synthetic solution, seawater, or recycled brine, depending on the location of opera-

tion. This makes the OMBR potentially useful for a number of applications. If synthetic brine is 

used for the draw solution, the best choices of inorganic draw solutes are NaCl and MgCl2 [29]. 

Both solutes meet the criteria for draw solute selection outlined by Achilli [29]: they are easy to 

reconcentrate, have high solubility and diffusivity (resulting in high osmotic pressure and low 

scaling propensity), are major ions in natural seawater, are non-toxic, and are easily available. 

The draw solution regeneration process will typically be RO, but in some cases NF could 

be used, or the diluted draw solution could simply be discharged in another way [30]. Major cri-

teria for choosing the regeneration process include whether or not high-quality product water is 

desired from the process and the characteristics of the solutes being used for the draw solution. 

A major potential advantage of the OMBR over a typical MBR is the high retention of 

feed constituents within the reactor, leading to high quality product water and reduced fouling 

potential for downstream membrane processes. The FO membrane provides excellent pre-

treatment ahead of NF or RO membranes, making their long-term operation much more con-

sistent and durable. In this way the dual barrier treatment of an OMBR-RO process represents a 

very effective technique for water purification. The lower fouling propensity of FO membranes 



 10 

due to minimal applied hydraulic pressure also could lead to improved long-term operation of the 

OMBR if membrane fouling due to organic and biological processes can also be mitigated. 

The major potential disadvantage of OMBR operation compared to typical MBR opera-

tion is the bi-directional solute flux expected to occur across the FO membrane [14, 31-34]. This 

phenomenon could limit OMBR operation with impacts to the microbes in the feed water result-

ing from the accumulation of salt, or the regeneration process, especially in closed-loop opera-

tion, and the overall water flux as a result of a reduction in the osmotic pressure driving force. 

The accumulation of some constituents, especially some organics, in the draw solution could 

lead to fouling and process upsets in the regeneration process, especially if RO is used. Even if 

fouling can be controlled in OMBR operation, the steady state flux may still be lower than that 

typical of MBRs, making it hard to compete economically. The accumulation of solutes in the 

feed solution may create toxic conditions that lead to inhibition of the biological processes in the 

reactor, or cause precipitation and scaling if the solubility limit of one or more constituents is 

reached. The effect of salinity on high retention bioreactors has been investigated in the context 

of the OMBR [35]. While carbon removal has been found to be efficient even in hyper-saline 

conditions, nitrate and phosphate removal has been observed to become inhibited when the salin-

ity exceeds 10 g/L [35]. Just as important as the concentration of salt in the OMBR is whether or 

not the microbial community can adapt to changes in salinity. In general microbial communities 

respond to gradual changes in their environment and adapt mechanisms to cope, but cannot cope 

with shocking changes to their environment. Elevated salinity of the activated sludge could drive 

the osmotic flow of intracellular water out of the microorganisms – dehydrating them if they are 

not able to adapt mechanisms to cope with the increased osmotic stress. For OMBR operation, 

the start-up and initial accumulation of salinity must be gradual enough that the microbes respon-

sible for carbon and nutrient removal are allowed to adapt. 

 

1.5 Past OMBR investigations 

Since 2008, the use of FO for wastewater treatment has been under investigation by aca-

demic and industrial researchers [30-33, 36-42]. In 2008 Achilli et al. [37] performed an initial 

investigation of the OMBR at the lab-scale with synthetic wastewater as feed water and cellulose 

triacetate (CTA) FO membranes developed by Hydration Technology Innovations (HTI) (Albany, 

OR). Achilli et al. found that the FO membranes experienced less than a 20% flux decline over 
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the course of testing with regular osmotic backwashing and OMBR salinity at approximately 5 

g/L TDS. During the study Achilli used 0.0173 m2 membrane samples and observed water flux 

as high as 11 L/m2-hr. The flux was stable after 15 days of operation with regular osmotic back-

washes performed to recover the flux from reversible fouling. Achilli reported higher TOC and 

NH4
+ removal, at 98% and 90%, respectively, than is normally observed in conventional MBRs. 

Since the 2008 study Achilli et al. performed a thorough investigation of various inorganic draw 

solutes available for FO applications and developed selection criteria to compare each draw so-

lute, concluding that NaCl and MgCl2 could be the best-suited draw solutions for most FO appli-

cations [29]. More recently, Bowden et al. [43] and Ge et al. [44] concluded preliminary investi-

gations of the use of organic draw solutes and polyelectrolytes specifically for application in the 

OBMR, in an effort to find a draw solute that may not accumulate in the bioreactor. They hy-

pothesized that organic draw solutes are susceptible to biological degradation and therefore they 

would not accumulate in an OMBR the way inorganic solutes do. The specific reverse salt flux 

of both magnesium acetate and sodium formate draw solutes was found to be less than the values 

reported for NaCl in FO applications [43]. 

Lutchmiah et al. also investigated OMBR for applications in wastewater treatment and 

sewer mining [45]. Beginning also at the lab scale using cross-flow membrane cells and 0.1 m2 

FO membrane samples, the researchers observed water flux of 6.3 L/m2-hr with 0.5 M NaCl 

draw solution, and reported very little flux decline after 8 hours of constant operation with tap 

water as the feed stream [36]. The researchers noted that even with tap water the effect of con-

centration polarization reduced the water flux nearly 63% from what could be expected in analo-

gous RO operation. The researchers also concluded that NaCl performed better than MgSO4 

draw solution due to the greater solute diffusivity of NaCl and resultant greater osmotic pressure. 

In a subsequent study in 2010 [38], an OMBR testing apparatus was constructed with the same 

0.1 m2 FO membrane module and tested. Feed water in the system was recirculated between a 

bioreactor and an external FO membrane contactor. The feed water was activated sludge derived 

from municipal wastewater. Water flux of 3 L/m2-hr was achieved with draw solution osmotic 

pressure of 5 atm, and 7.2 L/m2-hr was achieved with draw solution osmotic pressure of 22.4 atm, 

using NaCl as the draw solute. While constant draw solution concentration was maintained, the 

osmotic pressure of the feed water increased due to the net reverse solute diffusion but leveled 

out after 195 hours of operation, at which point the water flux was reduced by 30%, primarily 
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due to the reduction in osmotic driving force as little membrane fouling was observed. Although 

osmotic backwash with saline, basic solution was performed, no significant flux decline from 

operation was observed and so flux recovery resulting from cleaning could not be documented. 

The researchers went on in 2011 [39] to use the pilot OMBR system along with an RO system to 

test the FO membrane in a submerged U-shaped flow channel. The membrane was submerged in 

a tank external to the biological reactor, and activated sludge was recirculated between the two 

tanks. After two weeks of operation with three different kinds of activated sludge, no irreversible 

membrane fouling was observed. Economic analysis of the OBMR-RO hybrid operation con-

cluded that a net water flux of 15 L/m2-hr (with 0.5 M NaCl draw solution) in the FO system 

would be required for the OMBR-RO to become economically competitive with an MBR-RO 

hybrid, assuming equal product water quality. 

Alturki et al. have reported on the performance of laboratory testing of an FO membrane 

under OMBR-like conditions [41]. NaCl solutions of 1.5 M and 2.0 M were used for the draw 

solution, and synthetic wastewater was used for the feed solution. The FO membranes from HTI 

were operated outside the bioreactor in a cross-flow cell, and were operated with the active layer 

facing the draw solution to maximize the water flux. This membrane orientation is prone to foul-

ing in the OMBR operation and while the initial flux is higher, the steady state flux is lower than 

if the active layer was facing the feed solution. Stabilized flux between 3-4 L/m2-hr was ob-

served after 4 days of operation. The experiments were primarily designed to determine the ef-

fectiveness of the FO barrier on a suite of 27 TOrCs. The researchers concluded that the removal 

of TOrCs larger than 266 g/mol by FO is generally very high, but TOrCs smaller than 266 g/mol 

were observed to diffuse with ease and the removal efficiency of the smaller TOrCs in an OMBR 

would be dependent on the biological degradation. The researchers also noted the increase in sa-

linity over seven days of operation may have impacted the biological process, as a reduction in 

the ratio of the concentration of volatile suspended solids to that of the total mixed liquor sus-

pended solids from 0.87 to 0.66 was observed. The ratio is a rough representative measure of the 

portion of the activated sludge in the feed solution that is biologically active. A reduction in the 

biologically active portion of the activated sludge could be attributed to the elevated salinity in 

the OMBR. 

Researchers in Singapore have also presented the results of a 73-day test of an OMBR 

system [31, 33]. FO membranes from HTI were investigated in a cross-flow cell. The water flux 
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was stable for the duration of the 73-day test and minimal fouling was observed with no resultant 

deterioration of the membrane performance detected. A gel-like layer present on the active sur-

face of the membrane after the test was attributed to organic surface fouling, but as was men-

tioned, the effect of the layer on the water flux was minimal. However, the researchers noted that 

the layer likely reduced the rate of reverse salt flux and may have moderated the effect of salt 

accumulation in the OMBR test system. 

Researchers from China [40] also recently reported on a study using an FO membrane 

and activated sludge, using HTI’s FO membrane and a cross-flow membrane cell external to the 

bioreactor. 4 M concentrated NaCl draw solution was used, and twenty different kinds of activat-

ed sludge were used to determine any variability in the rate of fouling and flux decline for the 

duration of the 10-hr tests. MLSS concentration, mean particle size, relative hydrophobicity, dis-

solved and bound polysaccharide concentrations, and dissolved and bound protein concentrations 

were measured to relate properties of each type of activated sludge to the initial and final rates of 

water flux and the rate of fouling. The main conclusion from the study was that the greater the 

initial flux (due to low osmotic pressure of the activated sludge), the greater the rate of flux de-

cline. The polysaccharide content of activated sludge samples was not associated with fouling 

and instead was associated with slower flux decline due to its contribution to an elevated osmotic 

pressure of the feed solution, and thus a lower initial osmotic pressure differential. The protein 

content, however, was associated with the fouling layer and like the MLSS, mean particle size, 

and relative hydrophobicity increased protein content was associated with faster flux decline in 

the tests. 

The experimental and theoretical work surrounding FO, ODMPs, and the OMBR over the 

last 4 years has resulted in a baseline of knowledge of the processes, their potential for applica-

tion in wastewater reclamation and reuse processes, and the limitations that must still be over-

come for the processes to become commercially viable. The major challenges include the lack of 

a high-performance FO membrane and ideal draw solutes as well as the potential effects of bidi-

rectional solute flux and solute accumulation on biological treatment and on the downstream re-

generation system. Configurations of commercial FO membranes are currently limited to flat-

sheet and spiral-wound modules. There still is no commercial version of a hollow-fiber FO 

membrane, and the spiral wound module has very limited application in treatment of wastewater 

containing solids that may easily clog the flow channels of a spiral wound module. Thus the cur-
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rent application of FO to wastewater treatment is limited to the use of flat-sheet membranes. In 

addition to the three major challenges, continued development of an ideal plate-and-frame mod-

ule for flat-sheet FO membranes and optimization of the integration of an OMBR process with a 

subsequent draw solution regeneration and purification process are also challenges being ad-

dressed by current research. Rejection of specific solutes such as nitrate and ammonia in the 

wastewater is a major challenge in the FO process. Past studies demonstrated that nitrate and 

ammonia rapidly diffuse from the feed into the draw solution. In wastewater treatment applica-

tions these constituents are prevalent and need to be controlled to achieve potable quality product 

water [46]. 

 

1.6 Long-term and steady state OMBR operation 

The accumulation of salinity in the feed solution of the OMBR at steady state is the result 

of two factors, the contribution of solutes from the influent sewage and from the net reverse dif-

fusion of solutes from the draw solution. Predicting the steady state salinity of the feed solution 

is useful for predicting the steady state water flux that could be expected in an OMBR system. 

The ratio of net salt flux to net water flux (JS/JV) (also known as specific reverse salt flux) has 

dimensions of concentration and can be thought of as the effective contribution of reverse solute 

diffusion to the salinity of the feed solution. Both the salt and water flux are directly related to 

membrane properties including the salt permeability and water permeability. 

Two important aspects of activated sludge and OMBR operation are the sludge retention 

time (SRT) and the hydraulic retention time (HRT). The ratio of SRT/HRT needs to be opti-

mized to attain efficient biological treatment while avoiding the accumulation of too much solids 

or salt in the bioreactor. Longer SRTs in bioreactors generally lead to better treatment (up to ~70 

d SRT) but this may not be true in OMBRS due to the accumulation of salinity. System water 

recovery also increases with increased SRT, again at the cost of elevated feed solution salinity in 

OMBRs. The SRT affects the community of ammonia oxidizing bacteria (AOB) and nitrite oxi-

dizing bacteria (NOB) as well as the denitrifiers and the phosphate accumulating organisms 

(PAOs). The denitrifiers are the most sensitive to the SRT, and don’t normally persist when the 

SRT is too short (below 30 days) as they require time to adapt to a suspended-growth environ-

ment. While water is constantly extracted from the bioreactor through the submerged FO mem-

branes, water and solids both may be removed with activated sludge wasted from the system. As 
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some water is lost during the wasting of activated sludge, the rate of wasting couples the SRT to 

the HRT, and thus to the rate of water recovery in the OMBR system. 

 

1.7 Objectives 

The purpose of this study was to investigate the long-term operation of two prototype 

plate-and-frame OMBR assemblies with real wastewater. The active surface area of the FO 

membranes on the plates of the prototypes tested was much larger than had been tested during 

previous studies, making this study the closest to a pilot-scale OBMR study that has yet been 

performed. In addition the prototypes were submerged in the activated sludge feed as they would 

be during real world operation, unique to this study and the study performed by Qin et al. [38] 

with the submerged U-shaped membrane housing. Each prototype was tested separately in the 

same bioreactor, the same RO system and draw solution conditions, and the same wastewater so 

the performance of each prototype could be compared. In addition to the aerated bioreactor in 

which the prototypes were submerged, an anoxic bioreactor was also used to create the condi-

tions for denitrification to take place to determine if nitrogen removal of the OMBR system 

could be improved over operation without an anoxic bioreactor. The pilot-scale RO system used 

for this study was developed for a previous study [47], and throughout this study the conditions 

of the RO system were observed so changes could be made to optimize the performance of the 

hybrid OMBR-RO configuration. In summary, three research objectives were addressed during 

this study: 

1) Evaluate the novel prototype FO membrane plate and frame assemblies; 

2) Operate the OMBR with an anoxic bioreactor to make denitrification possible; 

3) Optimize the hybrid configuration of OMBR and RO systems. 
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CHAPTER 2 

MATERIALS AND METHODS 

 

Two innovative FO plate and frame assembly prototypes were tested between May 2011 

and May 2012. The prototypes were designed and constructed by Hydration Technology Innova-

tions (HTI) (Albany, OR) for pilot testing in OMBR mode. The OMBR process is undergoing 

evaluation for viability in various commercial applications of wastewater reclamation and reuse. 

Experiments with the two prototypes operating inside a bioreactor were performed in conjunc-

tion with a pilot RO system that was operated alongside the OMBR system to continually pro-

duce reusable-quality water and supply concentrated draw solution to the submerged FO plates. 

Long-term pilot testing of the pilot OMBR-RO took place in Golden, CO at the Sustainable Wa-

ter Research Facility at the Mines Park student-housing complex. The experimental and analyti-

cal materials and methods used to carry out the OMBR performance assessment are described in 

this chapter. 

 

2.1 Plate-and-frame OMBR prototypes 
The submersible FO plate and frame design overcomes barriers to reliable submerged 

membrane operation. Two major barriers are the structure and orientation of the plate skeleton 

and the construction of the draw solution flow channels within the plates. The plates of the proto-

types are oriented vertically to prevent the AS from settling by gravity onto the plate surfaces, 

and to provide a constant up-flow of air for surface scouring to prevent the build-up of fouling 

between the plates. The draw solution channels inside the FO plates are supported with a poly-

meric mesh spacer to provide open channels for flow while enhancing the turbulence of the draw 

solution to keep it thoroughly mixed and prevent salinity gradients from forming. The prototypes 

were also designed to incorporate unique approaches to seal the edges of the semi-permeable 

membrane within the structure of the plate. Prototype 1 was constructed using an adhesive that 

sealed the edges, and prototype 2 was constructed by pinching the edges of the membranes be-

tween small steel plates and the edges of the frame.  

Each prototype was designed with a draw solution inlet at the bottom of each plate and a 

draw solution outlet at the top corner of each membrane plate connected to a manifold that com-
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bines all the diluted draw solution streams exiting the membrane plates. The inlet of a rotary 

vane pump was connected to the outlet of the draw solution manifold to constantly pull draw so-

lution and ensure flow of draw solution under negative pressure in the draw solution channels 

inside each membrane plate. If the draw solution channels are over-filled or become pressurized, 

the membranes may rupture and compromise the process. 

In addition to the pilot scale OMBR tests, bench scale FO tests were performed to deter-

mine the FO membrane performance (i.e., water flux and salt rejection) under ideal conditions. 

Samples from both batches of membranes used during fabrication of the FO plates used in each 

prototype were tested at bench scale. 

 

2.1.1 Prototype #1 

The first prototype was received in April 2011, at which time the hybrid OMBR-RO sys-

tem was configured. A photograph of the first prototype is shown in Figure 2.1. Prototype #1 

was equipped with five membrane plates supported by a stainless steel frame. The dimensions of 

the plate and frame assembly were 50 cm (20”) tall, 48 cm (19”) wide, and 23 cm (9”) wide. 

Continuous operation began in early May 2011 and ended in mid-August 2011 after 98 days of 

operation. 

 
Figure 2.1 Photograph of the first prototype plate and frame assembly tested during the OMBR 
assessment. The prototype is shown with five FO plates supported by a stainless steel frame. 
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The first prototype was built with five plates, each having two faces with an FO mem-

brane on each face. The total active membrane surface area of the five plates combined was 1.18 

m2. The plates were installed in a stainless steel frame to provide support while the assembly was 

submerged in the bioreactor. Each plate was connected at the top by ¼” tubes to inlet and outlet 

manifolds that controlled the distribution of the draw solution flow to each of the five plates. The 

inlet manifold was connected with a 3/8” tube to the reject line of the RO system and the outlet 

manifold was connected to the inlet of a rotary vane pump (Procon, Murfreesboro, TN) that 

pumped the draw solution through the draw solution flow channels of the FO plates and main-

tained constant flow under negative pressure (vacuum). The diluted draw solution was sent back 

to the RO feed tank after flowing through the FO plates. 

 

2.1.2 Prototype # 2 

After evaluation of the results from experiments with the first OMBR prototype, a second 

prototype was constructed. The second prototype was delivered in December 2011. A picture of 

the second prototype is shown in Figure 2.2. Testing started in January 2012 and was carried out 

continuously for 135 days until May 2012. 

 
Figure 2.2 A photograph of the second FO plate and frame prototype after 9 weeks of operation 
with activated sludge in the bioreactor. Residue of activated sludge can be seen on the membrane. 
 

The second prototype was more robust than the first. Prototype # 2 was 62 cm (24.5”) 

high, 24 cm (9.6”) wide, and 47 cm (18.4”) long. With the frame constructed of stainless steel 
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rectangular pipe, and each plate reinforced with stainless steel edges, the assembly weighed well 

over 100 lbs. As a result, a winch was installed to move the assembly in and out of the OMBR 

tank for inspection and/or for submersion in a different tank for cleaning or for pure water per-

meability measurements. In addition to the difference in dimensions, different, more permeable 

membranes were installed in prototype #2. 

 

2.3 Membranes 
A key feature of the hybrid OMBR-RO process is the incorporation a dual-membrane 

barrier with the use of both the FO and RO membranes. Because both FO and RO membranes 

have very high retention of most solutes, the RO permeate can be produced consistently for 

longer periods of time between cleanings and with higher quality water than ultrafiltration based 

MBR processes with RO post-treatment [37]. Separating the activated sludge from the draw so-

lution with the FO membrane contactor prevents exposure of the RO membranes to most of the 

organic and inorganic foulants present in the activated sludge, making the membranes much less 

prone to organic and biological fouling without chemical cleaning, even after long-term opera-

tion. 

 

2.3.1 FO membranes 

The membranes supplied by HTI are innovative in that they have a very thin active layer 

made of cellulose triacetate (CTA) while also having a support layer with enough mechanical 

strength to prevent deterioration of the membrane surface during long-term submerged operation. 

Two FO membranes were tested in this study. The membrane used for the first prototype 

plates (CTA-1) was a thin-film composite membrane with the active layer on one side of the 

membrane, and a non-woven porous support layer on the opposite side. The porous support layer 

allows water and dissolved solids through, and faced the draw solution side. 

The membrane in the second prototype (CTA-2) incorporates an embedded polyester 

mesh within the dense active layer. The CTA-2 membrane is asymmetric with nonporous active 

layer (facing the feed water) and conical pores on the support side, and overall it is thinner than 

the CTA-1 membrane. The thin-membrane design reduces the effect of the support layer on wa-

ter and solute transport through the membrane without compromising the mechanical integrity of 

the active layer of the membrane. 
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2.3.2 RO membranes 

The RO membranes used for the study were polyamide spiral wound thin-film composite 

seawater RO elements (SW30-2540, DOW Filmtec, Edina, MN). These elements have high salt 

rejection (>99% NaCl rejection) making them ideal for the draw solution reconcentration process 

and for pilot testing the water reuse capability of the OMBR-RO system. A cartridge filter (Gen-

eral Electric heavy duty pre-filter housing with 5-µm filter) was installed between the RO feed 

tank and the high-pressure RO pump to protect the RO elements and pump from any suspended 

solids that may have accumulated in the draw solution. 
During startup of the testing with the first prototype, three membrane elements (SW30-

2540) connected in series were used in the RO system. After startup it became apparent that the 

RO system was oversized for the volume of water being recovered by the FO membranes in the 

OMBR. Therefore, only one of the three elements was used from day 32 to day 63 to reduce the 

RO membrane surface area and thus the salt loss through the RO system. After day 63 it was ap-

parent that even a smaller RO element could be used. The SW30-2540 element was replaced 

with a similar, but smaller element (SW30-2514), which was used until the end of testing of the 

first prototype. After the RO system was outfitted with the smaller RO element, the rate of water 

recovery could be increased without increasing the rate of RO permeate production. Less salt 

was lost with the permeate stream at higher recovery. This means that the same volume of draw 

solution could be recirculated for a longer time before being depleted. During the test of the se-

cond prototype the RO system was operated with all three SWRO-2540 elements connected in 

series. 

 

2.4 OMBR-RO hybrid system description 
The OMBR consists of both an aerobic and an anoxic tank. The FO plate and frame as-

sembly was submerged inside the aerobic tank. An array of air diffusers was installed under the 

FO membrane assembly. The volume of the aerobic tank was 177 L and the volume of the anox-

ic tank was 104 L. A schematic of the OMBR set-up is shown in Figure 2.3. 

As water permeate through the FO membranes into the draw solution, raw wastewater is 

fed into the anoxic tank to maintain constant and equal MLSS height in both tanks. MLSS could 

be wasted from both tanks simultaneously; however, no MLSS was wasted throughout the course 
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of the test of prototype #1 and for the first 8 weeks of testing of prototype #2. A peristaltic pump 

(Cole-Parmer, Vernon Hills, Illinois) was used to constantly recirculate MLSS from the aerobic 

bioreactor to the anoxic bioreactor while a 1.5” pipe connected the two bioreactors and allowed 

free return of MLSS to the aerobic bioreactor. The rate of recirculation normally ranged from 85 

to 170 mL/min (5x-10x the rate of influent wastewater) and was adjusted, if needed, on a daily 

basis throughout the course of each test. During the experiments the temperature of the bioreac-

tors was allowed to fluctuate with time of day and weather, but was stabilized by the heat trans-

fer between the draw solution and MLSS that occurred through the FO membranes. A photo-

graph of the OMBR tanks during normal operation is shown in Figure 2.4. 

 

 
Figure 2.3 A schematic of the hybrid OMBR-RO system. The OMBR subsystem is on the left 
and the RO subsystem is on the right. Raw wastewater is fed to the bioreactor while draw solu-
tion is recirculated between the RO membranes and the FO membranes. The wastewater under-
goes biological treatment while freshwater permeates through the FO membranes into the draw 
solution before being pressurized ahead of the RO membranes. Combining the two subsystems 
provides a dual-barrier treatment of the wastewater. 
 

2.4.1 Bioreactor aeration and mixing 

Initially, air for scouring of the FO membranes and aeration of the sludge was supplied to 

the aerobic bioreactor via 3/8” diameter tubing from a large air compressor (Craftsman, Hoffman 

Estates, IL), and later from a portable air compressor (ActiveAqua™ 70, Portland, OR). The air 

was distributed through ceramic fine-bubble diffusors that were installed under the FO mem-

brane assembly (Figure 2.5). The air provided the dissolved oxygen necessary for the activated 

sludge process, kept the bioreactor well-mixed, prevented biosolids from settling to the bottom 
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of the reactor, and constantly scoured solids away from the surface of the membrane. The anoxic 

bioreactor was continuously mixed using a vertical shaft mixer, and a loose-fitting lid was kept 

on the tank to keep it anoxic. 

 
Figure 2.4 The pilot scale OMBR during normal operation. The rectangular tank on the left is 
the aerobic bioreactor in which the FO membrane prototypes were submerged. The blue drum in 
the center is the anoxic bioreactor. Above the blue tank are the influent and recirculating peristal-
tic pumps. Membrane air scouring compressors and the water level control system are located on 
the storage cabinet on the right. 
 

 
Figure 2.5 Fine bubble air diffusers located under the second prototype at the beginning of test-
ing. The diffusers were attached to a plastic plate to keep them directly under the FO membrane 
plates. 
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2.5 RO subsystem 

An RO system was utilized to produce high-quality product water and to continuously re-

concentrate the diluted draw solution returning from the OMBR. The system maintained the flow 

rate of the draw solution through the submerged FO plates between 1.0 and 2.5 L/min, depending 

on the operating conditions. A variable speed, high-pressure, positive displacement pump (Hy-

draCell M03, Wanner Engineering Inc., Minneapolis, MN) was used to provide hydraulic pres-

sure in the RO system to concentrate the draw solution. 

The RO system produced a draw solution at a constant, predetermined concentration of 

32 g/L NaCl. During specific experiments, the RO subsystem was adjusted to produce draw solu-

tion of higher concentrations. A supervisory control and data acquisition (SCADA) system was 

used in conjunction with a proportional electronic valve (EPV-SS-6L, Hass Manufacturing 

Company, Averill Park, NY) to control the RO pressure and maintain the concentration of the 

draw solution at a user defined conductivity set point. The draw solution concentration was con-

stantly measured by an in-line conductivity probe (EW-19500-46, Cole-Parmer, Vernon Hills, 

IL) and continuously recorded by the SCADA system. FO flux was then determined based on the 

flow rate of RO permeate adjusted by the rate of depletion of water in the RO feed tank, which 

was attributed to the net loss of salt in the RO subsystem into the RO permeate and reverse diffu-

sion of salt through the FO membrane into the mixed liquor in the OMBR. 

The SCADA system utilized (Figure 2.6) a LabVIEW (National Instruments) control 

program and a LabJack (UE9-Pro, LabJack Corporation, Lakewood, CO) hardware. The 

SCADA system controlled the hybrid RO-FO process and maintained the operating conditions 

(i.e., draw solution concentration, pH, temperature, and RO pressure) during the long-term ex-

periments in this study. 

The RO system and SCADA computer are shown in Figure 2.7. The three RO membrane 

elements (DOW Filmtec SW30-2540) were operated in series, with the reject flow of one pres-

sure vessel becoming the feed to the next vessel. The reject of the third membrane was used as 

the draw solution for the OMBR. The RO permeate from stage 1 was collected in a product wa-

ter tank and the RO permeate from stages 2 and 3 was combined and returned to the RO feed 

tank.  

The RO unit was operated outdoors in a cargo trailer during testing of the first prototype. 

Despite the use of air conditioning, the temperature of the draw solution varied daily with the 
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ambient temperature, reaching as high as 32 °C. The pH of the draw solution was held constant 

at 6 to protect the FO membranes from higher pH conditions that could hydrolyze and degrade 

the cellulose acetate polymer. The pH tended to increase during operation of the OMBR process. 

To maintain a constant draw solution pH, a 0.1 M HCl solution was slowly dosed into the draw 

solution tank whenever the pH increased above a set point of 6. 

 

 
Figure 2.6 A screen capture of the SCADA program which was used to continuously record data 
and to maintain constant operating conditions during the experiments. Data was plotted on the 
computer screen by the SCADA system to enable observation of trends before the data was fur-
ther analyzed and compiled. 

 

2.6 Solution chemistry 
The OMBR process requires both feed and draw solutions during operation. The feed so-

lution is typically the primary wastewater or other source of impaired water that needs treatment. 

The draw solution is the working fluid, used in the process to induce water flux across a semi-

permeable membrane. The type and concentration of the draw solution used during the OMBR 

tests is described below, followed by a description of the wastewater used for the feed water dur-

ing the tests. 
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Figure 2.7 A photograph of the advanced pilot scale RO system and the SCADA system inside 
the cargo trailer. 
 

2.6.1 Draw solution 

NaCl was used to prepare the draw solution. NaCl was chosen because it is the primary 

component of seawater and because it satisfies the required criteria: high solubility and osmotic 

pressure, chemically compatible, non-toxic, easy to regenerate, and reduced risk of scaling or 

fouling [29]. 

The draw solution concentration was maintained at 20 g/L NaCl during the start up of the 

first test, and otherwise maintained at 32 g/L NaCl to simulate the osmotic pressure of pretreated 

seawater that could be used as the draw solution in many OMBR applications. Again, during 

specific experiments, the RO subsystem was adjusted to produce draw solution of higher concen-

trations. 

 

2.6.2 Feed water 

Raw screened domestic wastewater from approximately 400 dormitories at Mines Park 

was used as the OMBR feed stream. It was drawn from the same holding tank effluent used to 

feed a demo-scale sequencing batch MBR (SBMBR) system also undergoing testing at Mines 

Park. The OMBR feed was pumped with a grinder pump and pretreated through a 2-mm mesh 

screen. Average water quality parameters of the influent, based on measurements taken through-

out the course of the operation, are summarized in Table 2.1. 
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Table 2.1 Feed water quality for the raw wastewater used as influent to the OMBR. 

Influent water quality parameter Concentration range (mg/L) 
Chemical oxygen demand 250 - 400 
Soluble chemical oxygen demand (sCOD) 150 - 250 
Total suspended solids 250 - 350 
Total dissolved solids 150 - 400 
Total phosphate (as PO4) 17 - 20 
Total nitrogen 46 - 60 
Ammonia (as N) 33 - 45 
Total phosphorous 3 - 8 

 

2.7 Operating conditions 
When the OMBR system operation began in May, the system was filled with activated 

sludge from the Mines Park demo-scale SBMBR system. The initial MLSS concentration was 

approximately 3.5 g/L. Wasting of MLSS was not consistently performed over the course of the 

first phase of study because the MLSS did not reach the desired concentration of 6,000 mg/L by 

the end of the experiment. An MLSS concentration of 6,000 mg/L was desired to achieve opti-

mal biodegradation of the organic matter in the influent and to elucidate the effects of MLSS 

concentration on water flux through the FO membranes. Evaluation of each of the two proto-

types took place under similar operating conditions to allow for comparison. The key operating 

conditions in the OMBR included the HRT, SRT, and the wasting rate, as well as the concentra-

tions of solids and salinity of the bioreactor. 

 

2.7.1 Accumulation of solids and salinity 

During testing of both prototypes, salinity was allowed to accumulate in the bioreactors 

in order to determine if the elevated salinity would have an effect on the biological processes in 

the OMBR. The concentration of NaCl in the draw solution was held constant so decline in water 

flux could be attributed to membrane fouling or the decrease in salinity difference between the 

draw and feed solutions associated with accumulation of salt in the bioreactor. To allow the ac-

cumulation of MLSS in the bioreactors and to allow time for the microbial community to adapt 

to elevated salinity in the reactors, no activated sludge wasting was performed during phase one. 

The only time sludge was removed from the system during phase one was at the rate of 5 L/d 

when the system was in idle mode, which only occurred two times, between days 27-28 (5 days 

of no recorded data), and between days 85-86 (9 days of no recorded data). 
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The effect of wasting on MLSS and TDS was investigated during the second phase. 

When a sufficient level of MLSS (5 g/L) and accumulation of salinity (9 g/L) was observed after 

7 weeks of operation, daily wasting of activated sludge at a rate of 4 L/d was started (on day 56) 

and continued throughout the end of phase two. The sludge was wasted from the bottom of both 

the aerobic and anoxic tanks simultaneously. With the system volume of 280 L, 4 L represented 

1.4% of the volume of the bioreactor, meaning that the SRT was set at 70 days, and one full SRT 

was observed before the conclusion of phase two on day 126. The HRT of the OMBR is related 

to the FO water flux, the volume of the bioreactors, and the rate of wasting. Throughout the 

course of both phases, the HRT ranged from 3 to 20 days depending primarily on water flux. 

 

2.7.2 Draw solution regeneration and maintenance 

NaCl was used for the draw solute during both phases of the study, primarily because the 

anticipated application of OMBR requires the FO membrane to operate with high sodium and 

chloride concentrations naturally present in seawater. The use of NaCl solution also limited scal-

ing within the draw solution regeneration loop to only that associated with the influx of solutes 

from the feed solution. During the OMBR testing the three different RO element configurations 

were tested. At the beginning of the Phase 1, three SWRO 2540 elements (2.5” in diameter and 

40” long) were operated in series. When the FO flux was observed to be much lower than the 

permeate flow needed for efficient NaCl regeneration, the array was first reduced to a single 

2540 element and second reduced to a single 2514 element (2.5” diameter and 14” long). 

Replenishment of the DS volume took place inconsistently with the changes made to the 

RO system, but in general was performed whenever 20 L of draw solution had been depleted 

from the RO tank. In this way the volume of the draw solution fluctuated between 20-40 L, gen-

erally requiring replenishment every 2-4 days. The steady replenishment of draw solution allevi-

ated some effects of operating the draw solution in a closed-loop by diluting the accumulation 

and limiting the concentration that could be reached by some solutes. 

 

2.7.3 Aeration, mixing, and sludge recirculation 

During the experiment the level of aeration provided was kept as constant as possible. 

The air supply was adjusted until a dissolved oxygen (DO) concentration of 4 mg/L was estab-

lished in the aerobic bioreactor at rate between 11-15 L/h of air. The anoxic tank was mixed be-
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cause it was not exposed to the aeration, and the rate of mixing was minimized to prevent settling 

of solids on the bottom of the tank and to avoid breaking of the bio-flocs that were established in 

the anoxic tank, as the denitrification process generally occurs within biofilms or mature flocs. 

The rate of sludge recirculation from the aerobic reactor back to the anoxic reactor was varied 

daily as the water flux in the FO process changed, or as MLSS wasting was performed, to main-

tain the rate of recirculation between 4-5 times the rate of the influent flow of sewage. The recir-

culation was performed to maintain sufficient levels of nitrate and COD in the anoxic tank to al-

low denitrification to take place at a sufficient rate. 

 

2.7.4 Enhanced denitrification 

During the OMBR study, once denitrification had been established, sucrose was added to 

the raw wastewater influent in an attempt to enhance the rate of denitrification by increasing the 

level of COD in the bioreactor. Testing of the first prototype was carried out during the summer, 

when the COD concentration in the influent was relatively low (low occupancy of the dorms) 

and resulted in moderate denitrification. 

The COD of sucrose was determined and it was added slowly over the course of 4 days 

while the levels of nitrate and total nitrogen in the bioreactors were measured to observe the ef-

fects of elevated COD on the rate of denitrification in the OMBR. 

 

2.8 Sampling and analytical procedures 

Samples were drawn for analysis at five locations in the OMBR system, including the 

draw solution, RO permeate, aerobic and anoxic underdrains, and the raw wastewater intake. 

Samples were collected for analysis nearly every week during both phases of testing. Amber 

glass bottles were used to collect 125 mL samples from each source, and immediately transport-

ed to the laboratory where they were centrifuged and filtered with a 0.45 μm filter before further 

dilution (when necessary) and analysis. Dilution was required for many of the analysis to be per-

formed on the draw solution and bioreactor mixed liquor samples because of the high salinity 

and interference with many analytical instruments. 
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2.8.1 Sample dilutions 

As a result of the elevated salinity, and in particular chloride levels of the water samples, 

dilutions were prepared for analysis to avoid interference and inaccurate results. Dilutions ranged 

from 1:40 for highly saline draw solution samples to only 1:2 for samples with salinity < 500 

mg/L. Sample dilutions were prepared for analysis by transferring a measured volume of 10-50 

mL of a sample into a larger volume of DI water and mixing them in a clean beaker. 

 

2.8.2 Bioreactor measurements 

Daily conductivity measurements were taken with a hand-held conductivity probe and 

approximately once a week total dissolved solids analysis was carried out on samples from each 

of the five locations. In addition, pH, temperature, and dissolved oxygen in the bioreactors were 

monitored on a near-daily basis. 

 

2.8.3 Salinity correlation 

The measurements recorded with the conductivity probe were correlated to their associat-

ed TDS values using a second order polynomial correlation. The correlation was made based on 

the TDS value and the conductivity measurement of each one of five samples of activated sludge, 

each with different salinity, ranging from 1 to 10 g/L NaCl. 

 

2.8.4 Analytical methods 

Analyses of COD, nutrients, and additional wastewater parameters were carried out with-

in a few hours of collecting the samples. Analytical results were used to determine the rate of 

rejection of solutes achieved by the FO and RO membranes, the rate of reverse flux of solutes 

from the draw solution into the feed water, and the extent of the biological nitrification, denitrifi-

cation, and phosphate accumulation processes. 

MLSS and volatile suspended solids (MLVSS) concentrations were quantified during 

weekly sample analysis according to Standard Methods 2540 using glass fiber filters (PALL Su-

por® - 450, 25mm ø, Pall Corporation, Port Washington, NY, USA). Some variability in the 

measurements of MLSS concentration that could result from variations in the extent of mixing of 

the activated sludge of the bioreactors was accounted for by taking samples from the same loca-

tion each time, and by taking three separate samples at each location for triplicate analysis. Bulk 
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wastewater analysis was performed on samples using Hach (Loveland, CO) reagent kits that use 

the Hach TNTplus™ vials and the Hach DR 2800™ portable spectrophotometer. The Hach 

methods are summarized in Table 2.2. Some samples were diluted as necessary because in many 

of the Hach kits chloride levels above 1,500 mg/L could significantly affect the results. The chlo-

ride levels of the mixed liquor and the draw solution were well above 1,500 mg/L by the end of 

each phase of testing.  

Handheld meters were used to determine the conductivity (Oakton Instruments, Vernon 

Hills, IL, USA) and pH (Thermo Fisher Scientific Inc., Waltham, MA, USA) of each of the in-

fluent, mixed liquor, draw solution, and RO permeate samples. Total alkalinity was determined 

by titrating the sample using sulfuric acid (1.600 ± 0.008 N H2SO4) and a Hach Digital Titrator 

(Hach Company, Loveland, CO, USA). The volume of sample used was 50 mL or 100 mL and a 

pH of 5.6 was chosen for the end point of the titration. The results are expressed in terms of 

mg/L CaCO3. 

 

Table 2.2 Hach bulk wastewater analysis kits used in the OMBR study. Samples were processed 
separately with each kit and the results were obtained using the portable spectrophotometer. 

Parameter HACH TNTplusTM Method Range 
Chemical oxygen de-
mand (COD) 

High range: TNT 821 Dichromate  20 - 1500 mg COD/L 
Low range: TNT 822 Dichromate  3 - 150 mg COD/L 

Total phosphorus (TP) High range: TNT 844 Ascorbic acid  0.5 - 4.9 mg PO4/L 
 Low range: TNT 843 Ascorbic acid  0.15 - 4.50 mg PO4/L 
Total nitrogen  (TN) Low range: TNT 826 Persulfate digestion  1 - 16 mg N/L 
Nitrate (NO3

--N) Low range: TNT 835 Dimethylphenol  0.23 - 13.50 mg NO3
--N/L 

Nitrite (NO2
--N) Low range: TNT 839 Diazotization 0.015 - 0.600 mg NO2

--N/L 
Ammonia (NH3

+-N) High range: TNT 832 Salicylate 2 - 47 mg NH3-N/L 
 

Anion analysis was conducted using a Dionex DC80 ion chromatograph (IC) (Dionex, 

Sunnyvale, CA) to quantify Br-, Cl-, F-, SO4
-, and PO4

- in the samples. The measurements of total 

phosphorous using the Hach kit and IC were compared, as the IC measures all phosphate and the 

Hach kit is designed to measure only ortho-phosphate (the bio available portion). 

Cation analysis was conducted using an Optima 3000 inductive coupled plasma (ICP) 

spectrophotometer (Perkin Elmer, Norwalk, CT) to quantify metals and cations in each of the 

samples. IC and ICP analysis was normally conducted within two weeks of collection and sam-
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ples were stored at 4 °C until analysis could be carried out. ICP samples were preserved with ni-

tric acid. 

Dissolved organic carbon (DOC) in the raw wastewater, bioreactors, and draw solution 

was measured using a catalytically aided platinum combustion TOC analyzer (TOC-5000A, 

Shimadzu Scientific Instruments, Columbia, MD). The DOC concentration in the mixed liquor 

represented the portion that was more readily diffusible through the FO membrane, size and 

charge of the organic material permitting. The level of DOC in the raw wastewater was moni-

tored to determine the extent of biodegradation of DOC over time as the salinity of the OMBR 

increased. DOC samples were preserved with phosphoric acid and stored in a fridge prior to 

analysis, which normally took place within two weeks of storage. 

 

2.9 Data collection and analysis 
Data used to determine water flux was extracted from the SCADA files generated during 

operation of the DS regeneration system (pilot RO system). This was a primary reason the RO 

system was operated 24-7, although other modes of operation may be more efficient for com-

mercial OMBR applications. Data was recorded every minute by the SCADA system, and as wa-

ter and salt flux were computed, the data was processed into hourly and daily representations. 

The water flux was determined by normalizing the difference in the accumulation of 

product water in the RO permeate tank and depletion of water in the DS tank over time to the 

active membrane surface area of the submerged prototype. To avoid inefficiency in the DS re-

generation process, the recovery of the entire system would be equal to the rate of recovery of 

water in the FO system. In less than ideal operation, the system recovery is greater than the rate 

of FO recovery, as a result of steady depletion of the volume of draw solution. Depletion of the 

draw solution occurs as a result of operating the RO regeneration process in a closed loop, be-

cause the loss of draw solute through the FO membrane into the feed solution and through the 

RO membrane into the permeate stream is inevitable. 

Solute rejection by both the FO and RO membranes was calculated from daily measure-

ments of conductivity in each of the streams in the OMBR, the activated sludge of the bioreac-

tors, the draw solution, the RO permeate, and from less frequent results of IC and ICP analysis of 

samples of each stream. The conductivity readings were calibrated to the results of TDS analysis 

of samples from each of the five different streams in the OMBR. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

 

Performance of the prototypes and the RO regeneration process was evaluated based on 

the long-term trends in water flux and recovery, membrane fouling, and the transport and rejec-

tion of constituents in the feed and draw solutions. Results of the OMBR performance assess-

ment are presented in chronological order, first with the data from Phase I of testing with proto-

type #1, then with the data from Phase II of testing with prototype #2. 

Large amounts of data were collected during both experimental phases, and both sections 

are broken down further for organization. First, water productivity of each prototype is discussed 

in terms of both the water flux and the rate of water recovery. Second, the transport and rejection 

of solutes by the FO membranes is discussed, with some attention also given to the performance 

of the RO membranes. The role of biological metabolism, in particular biological nitrogen re-

moval, will be discussed as well. Third, the observations of membrane fouling are presented 

along with the performance of cleaning strategies that were explored, and the relationships be-

tween membrane fouling, water productivity, and solute transport and rejection are highlighted. 

 

3.1 Results for Phase I 

During Phase I, the water flux of FO prototype #1 ranged from 1.3 to 2.2 LMH while the 

difference in concentration between the NaCl draw solution and activated sludge feed solution 

ranged from 16 to 27 g/L TDS. The initial water flux of FO prototype #1 prior to testing with 

activated sludge was 3.1 LMH with 64 g/L NaCl draw solution and deionized water feed. After 

the prototype was submerged in the bioreactor, but still prior to the addition of activated sludge, 

32 g/L NaCl dissolved in deionized water was used for the draw solution, and the draw solution 

flow rate through the FO membrane plates was adjusted while the flux was measured. The result-

ing values of water flux at each flow rate are summarized in Table 3.1. After the pilot operation 

was underway, samples of membrane extracted from one of the plates of the prototype was tested 

at the bench scale with 32 g/L NaCl draw solution and deionized water feed and the water flux 

was 2.96 LMH. The difference between the water flux observed at the bench-scale and pilot-
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scale is thought to be due to incomplete mixing of the draw solution in the flow channels or of 

enhanced concentration polarization effects occurring in the pilot plates. 

 

Table 3.1 FO water flux at three different draw solution flow rates. Varying the draw solution 
flow rate resulted in changes in the water flux, likely due to the effects of the flow rate on mixing 
in the flow channels of the plates and thus reduction in external concentration polarization. 

Water flux (LMH) Flow rate (mL/min) 
1.67 20 
2.34 100 
2.49 200 

 

Based on the results shown in Table 3.1, the draw solution flow rate of 1 LPM (200 

mL/min per plate or 100 mL/min per surface) was chosen for operation during Phase I to keep 

the flux as high as possible. After the draw solution flow rate was stabilized and normal opera-

tion of the OMBR-RO system had been established, the initial rate of reverse salt diffusion of the 

prototype was measured. The initial salt flux through the membranes was determined while tap 

water was still in the bioreactor tank. The tank was filled with fresh tap water, with initial con-

ductivity of 0.7 mS/cm, and the build-up of salinity in the tank over the course of 24 hours was 

observed while tap water was added to replenish the volume of the feed tank. During the test the 

water flux averaged 2.46 LMH. The salt flux was determined by normalizing the rate of increase 

in salinity in the tank (adjusted to include the additional 60 L of tap water added over the course 

of the 24-hour run) to the surface area of the membranes of the FO prototype. The rate of salt 

flux was measured to be 1.97 g/m2/hr. The ratio of salt flux to water flux was 0.8 g/L. 

 

3.1.1 Water productivity during Phase I 

For the duration of normal operation during Phase I, the OMBR was operated at 100% 

recovery (no wasting of sludge) and the RO system was operated at 4-8% recovery. More than 

3,700 L of product water were generated by the hybrid OMBR-RO system over 96 days of oper-

ating in Phase I. OMBR operation at 100% recovery means that all the influent sewage was re-

tained and the hydraulic retention time of the bioreactors was based only on the rate of FO water 

flux and the bioreactor volume. As a result of variation in the water flux, the hydraulic retention 

time ranged from 4.5 to 7 days during Phase I. 
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After the characteristics of the FO membranes used in prototype #1 were determined, an 

NaCl draw solution of 22 g/L was prepared and another flux measurement was conducted with 

tap water in the feed tank just before activated sludge from the pilot-scale MBR system at Mines 

Park was added to both the aerobic and anoxic bioreactors until the plate-and-frame assembly 

was submerged. Low water flux was observed during the initial tests indicated that the FO mem-

brane used in prototype #1 was not the highest permeability membrane currently manufactured 

by HTI. The trend of water flux for the duration of Phase I is shown in Figure 3.1. 

 

 
Figure 3.1 FO water flux is as a function of days of operation during Phase I of the study. Tem-
peratures of the draw solution and feed ranged from 15 to 30 °C, MLSS concentration ranged 
from 4 to 5.5 g/L, and activated sludge TDS concentration increased from 0.7 to nearly 10 g/L. 
 

The initial flux of 1.98 LMH was measured with tap water in the bioreactors and 22 g/L 

NaCl draw solution. After the bioreactors were filled with activated sludge the flux slightly de-

clined to 1.88 LMH, a reduction of only 5% from the flux observed with tap water. The flux 

gradually declined from 1.88 LMH to 1.4 LMH (a decline of 29%) over the course of the first 4 

weeks, by which time the salinity of the bioreactors increased to 5.5 g/L and the MLSS was 4.8 

g/L – reducing the salinity difference from 21 g/L to 16 g/L (Figure 3.2). In the study performed 

by Achilli et al., a lower flux decline of 18% was observed after the salinity increased to 4 g/L 
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with MLSS at 5.5 g/L. However, the experiments were conducted with synthetic feed wastewater, 

which will not simulate real fouling potential of real wastewater and not simulate common bio-

diversity. 

After week 4, the NaCl draw solution concentration was increased to 32 g/L. The water 

flux initially increased to 2.15 LMH before declining to 1.5 LMH by week 10. Dropping to a low 

of 1.4 LMH, the flux stabilized between 1.4 and 1.5 LMH for the final two weeks of operation 

during Phase I after the salinity difference between the draw solution and feed had stabilized. 

 

 
Figure 3.2 Water flux and salinity difference between the draw solution and activated sludge of 
the OMBR as a function of time during Phase I. 
 

The influence of the salinity difference of the draw solution and feed on the driving force 

for flux is apparent in Figure 3.2. The decline in the salinity difference for the first four weeks 

and for weeks 5 through 7 declined in proportion to the decline in the difference in salinity. 

While the salinity of the draw solution remained constant at 22 g/L, the increase in salinity of the 

feed to 5.5 g/L after week 4 and then to 9 g/L after week 7 caused the decline in salinity differ-

ence. 

Once the draw solution concentration was increased to 32 g/L after week 4, the water flux 

initially increased to 2.15 LMH, only slightly higher than the initial flux of the prototypes after 
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being submerged for the first time in the activated sludge, at 1.98 LMH. The differences in the 

MLSS concentration of the activated sludge and the time that the membranes were submerged 

make these numbers hard to compare. Membrane cleaning was not performed during the first 

half of Phase I because the influence of the change in driving force was still the most dominant 

factor contributing to flux decline after week 4, and because when one of the plates ruptured and 

required replacement (between days 27-28 of operation) hardly any accumulation of fouling on 

the membrane surfaces was visible. The correlation of flux decline to the decline in osmotic driv-

ing force could not be made without also taking the temperature of the water into consideration. 

The temperatures of the activated sludge and the draw solution for the duration of Phase I are 

shown in Figure 3.3. 

 

 
Figure 3.3 Water flux and feed and draw solution temperatures as a function of time during 
Phase I of the study. Phase I started in early May 2011 and ended in August 2011. As a result, 
the ambient temperature increased throughout Phase I. 
 

Viscosity of water decreases with increases in temperature, thereby increasing the rate at 

which water can diffuse through the FO membrane. The temperature of the draw solution in-

creased steadily during Phase I, starting at near 15 °C and increasing to nearly 30 °C by day 63. 

From day 63 to day 96 the temperature was stable near 28 °C. The temperature of the activated 

sludge also increased but the increase was not as dramatic as that of the draw solution, and the 
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activated sludge provided a heat sink for the draw solution in addition to the recirculating cool-

ing loop that was operated in the draw solution reservoir. Eventually, the temperature of both the 

activated sludge and the draw solution stabilized within ±2 °C of 28 °C. Compared to the effects 

of elevated salinity and MLSS concentration, the effect of the temperature on water flux was rel-

atively small. 

The accumulation of salinity in the bioreactors was measured by the change in conductiv-

ity of the MLSS in the bioreactors over time. The conductivity measurements were converted 

into concentration of total dissolved solids. Bioreactor TDS concentration as a function of time 

for the aerobic and anoxic reactors is shown in Figure 3.4. The salinity and pH of the anoxic re-

actor are not presented for the first five weeks due to erratic measurements that resulted from 

poor mixing in the anoxic reactor. After week 4, the mixing was consistent and the salinity 

measurements were recorded for the remainder of Phase I. 

 

 
Figure 3.4 TDS concentrations in the bioreactors as a function of time during Phase I of the 
study. 
 

Salinity in the bioreactors increased over time as a result of accumulation of solutes from 

both the influent wastewater and from reverse draw solution solute flux through the FO mem-

brane. The rate of reverse salt flux apparently changed over time, as the salinity of the bioreac-
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tors stabilized towards the end of Phase I without wasting. Because neither the concentration of 

salt in the influent sewage nor the rate of water flux changed significantly during Phase I, the 

slowing of accumulation of salinity in the bioreactor can be attributed to a gradual reduction in 

the rate of reverse salt flux through the FO membrane. Besides the reduction in the difference in 

salinity between the activated sludge and the draw solution contributing to the apparent reduction 

of reverse salt flux, any surface accumulation of material from the activated sludge on the mem-

branes could have eventually lead to inhibition of reverse diffusion of salt from the draw solution, 

a phenomenon known as cake enhanced concentration polarization [48]. 

The pH of the bioreactors was measured along with the salinity, temperature, and dis-

solved oxygen during near-daily monitoring of the OMBR. The pH of the draw solution was al-

ways 6, but the pH in the bioreactors was variable, being the result of a number of chemical and 

biological processes that were occurring. The trend of the pH of both reactors for the duration of 

Phase I is shown in Figure 3.5. 

 

  
Figure 3.5 pH in both reactors as a function of time during Phase I of the study. The pH fluctu-
ated between 7 and 8 during the first 7 weeks of operation, but stabilized after week 7 for the re-
mainder of the test with prototype #1. 
 

Early on, and throughout the first 6 weeks of operation during Phase I, the pH of the bio-

reactors was variable, but remained between 7 and 8 and never went outside of ideal operating 
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conditions. pH data for the anoxic reactor during the first five weeks was lost due to technical 

problems. After week 7, the pH of the aerobic reactor in particular was very stable, ranging from 

7.2 to 7.3, while the pH of the anoxic reactor was more variable but ranged from 6.9 to 7.2. The 

range of pH observed is typical for an activated sludge environment dominated by nitrification, 

and indicated that the microbial community present from week 7 to the end of Phase I had per-

sisted even in the conditions of elevated salinity. 

The MLSS concentration in the bioreactors increased steadily during Phase I of the study, 

a result of the accumulation of TSS from the influent and of any biomass generated by the mi-

crobes in the bioreactors, and of operation without MLSS wasting. The trend of MLSS accumu-

lation is shown in Figure 3.6. Beginning with activated sludge with 3.9 g/L MLSS, the bioreac-

tors accumulated solids up to the level of 5.7 g/L MLSS by the end of Phase I. 

 

  
Figure 3.6 MLSS concentration in the bioreactors as a function of time for the duration of Phase 
I of the study. There was a steady accumulation of solids observed in both the aerobic and anoxic 
bioreactors throughout Phase I. 
 

Through the first four weeks of operation during Phase I the MLSS accumulation oc-

curred more rapidly in the aerobic reactor than in the anoxic reactor. The difference was the re-

sult of poor mixing and possibly in part because the generally slower growth rate of microbes in 

the anoxic reactor. Mixing in the aerobic reactor was accomplished with the aeration but in the 
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anoxic reactor mixing was performed with a vertical shaft turbine, and the motor used to drive 

the turbine failed periodically for the first four weeks. After the motor was replaced, more con-

sistent mixing of the anoxic reactor allowed the MLSS concentration of the two tanks to become 

more stable, and after week five the concentrations were nearly identical. 

In addition to consistent measurements of MLSS, some MLVSS measurements of the ac-

tivated sludge from both bioreactors were recorded throughout the course of Phase I. When the 

bioreactors were seeded with activated sludge at the start of Phase I, the ratio of MLVSS/MLSS 

was 0.83. The ratio of MLVSS/MLSS as a function of time is shown in Table 3.2. The portion of 

MLSS associated with MLVSS is the living component of the activated sludge, while the rest of 

the MLSS is other suspended solids, including the byproduct metabolites and cell material of mi-

crobial metabolism. By day 28 the ratio was down to 0.75, but increased after day 42 to 0.8 when 

measured on the last day of Phase I. 

 

Table 3.2 Six measurements of MLSS and MLVSS concentrations in the activated sludge of the 
aerobic bioreactor during Phase I of the study. 

 

Day MLSS (g/L) MLVSS (g/L) Ratio 
1 3.93 3.26 0.83 

28 4.85 3.66 0.75 
42 5.19 3.9 0.75 
63 5.39 4.2 0.78 
92 5.65 4.44 0.79 
96 5.68 4.54 0.80 

 

Higher ratios of MLVSS/MLSS indicate greater biological activity in the reactors, as the 

volatile portion of the MLSS is mostly organic matter associated with the suspended-growth bio-

logical process. Any decrease in the ratio is normally associated with a decrease in biological 

activity. During Phase I the ratio decreased from the initial value of 0.83 to a value of 0.75 on 

day 42. The value increased again to 0.8 on the final day of Phase I. The changes in the ratio that 

were observed were not as big as have been observed in other studies, including one during 

which the ratio was observed to decline 24% from 0.87 to 0.66 [41], but the decline of 10% 

could still have been relatively significant if it indicated a reduction in microbial activity. Varia-

bility in the MLSS measurements on the order of 0.1 g/L was observed in samples during analy-
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sis, which means that the reported values in Table 3.2 are accurate to within ± 0.02. When the 

OMBR operation was underway, measurements of MLVSS and MLSS within the Mines Park 

SBMBR were also recorded by other researchers, and while the MLSS ranged from 2 to 7 g/L, 

the ratio was always higher than 0.8. The persistence of the microbial activity indicated by the 

consistent measures of the ratio was further investigated with analysis of the individual nutrients, 

including carbon, nitrogen, and phosphorous compounds. 

 

3.1.2 Membrane bioreactor performance during Phase I 

The concentration of nutrients in water from each sampling location in the system was 

measured to determine the separation efficiency of the FO and RO membranes and also tracked 

over time to observe any effects of accumulation in the biologically activated sludge or draw so-

lution. In the following discussion, some of the effects of the physical separation provided by the 

membrane were separated from the effects of the bioreactor on the degradation of some nutrients, 

in particular the carbon, ammonia, and phosphate in the influent wastewater. 

One of the nutrients for which the accumulation was most apparent is the phosphate in 

the bioreactors. Phosphate is a constituent of the influent sewage, but is retained very efficiently 

by the FO membranes. The concentrations of total phosphate (as phosphorous) in weekly sam-

ples taken from weeks 5 to 14 of operation are shown in Figure 3.7. An accumulation of phos-

phorous in the aerobic and anoxic bioreactors occurred steadily through 10 weeks of operation, 

even while the influent load of phosphorous was not observed to be higher than 20 mg/L. The 

level in the bioreactors reached 95 mg/L by week 10. The FO membrane maintained high rejec-

tion of phosphorous for the duration of Phase I, leading to elevated concentrations of phospho-

rous in the bioreactors and low levels in the RO product water. Phosphorous was present in the 

draw solution for only two of the nine sampling days, days 33 and 40, but was still below the 

drinking water standard set at 10 mg/L. The average phosphorous rejection of the FO membranes 

was 99.2% and was still relatively high at 78% and 82% on days 33 and 40.  

The OMBR was idle (operating without draw solution) for just over a week between days 

91-92 of normal operation. The activated sludge was still aerated and 5 L of activated sludge was 

replaced daily with raw influent to maintain the conditions of the bioreactors. The influence of 

the sludge retention on phosphorous accumulation is apparent in the trend of Figure 3.7, as the 
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total phosphorous level declined by day 92. The increase from day 92 to 96 showed the steady 

accumulation typical of normal OMBR operation at 100% water recovery. 

 

 
Figure 3.7 Total phosphorous concentrations as a function of time measured in the influent, bio-
reactors, draw solution, and RO permeate during Phase I. The accumulation of phosphorous in 
the bioreactor is attributed to the high rejection of phosphate by the FO membrane. 
 

In addition to phosphate, nitrate is a major constituent of wastewater that can be metabo-

lized in the OMBR, but is not well rejected by FO or RO membranes when in the form of am-

monia or nitrate. The trend of total nitrogen concentration in the samples taken during Phase I is 

shown in Figure 3.8. Total nitrogen analysis was not available for day 40, although the ammonia 

and nitrate levels of each sample were still measured.  

The influent concentration of total nitrogen varied between 30 and 60 mg/L-N, while the 

concentration of both the draw solution and the RO permeate ranged from 3 to 35 mg/L-N. The 

concentration in the bioreactors remained below the influent concentration during most of Phase 

I, indicating the influent nitrogen was being effectively oxidized unless it was diffusing into the 

draw solution first. The majority of the influent nitrogen was in the form of ammonia, as shown 
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by the plot in Figure 3.9. Previous studies have found ammonia rejection of the FO membrane to 

range from 80% [19] to 98% [37], so accumulation effects could be expected. On the other hand, 

if the ammonia was being transformed to nitrate, it was anticipated that it might even more easily 

diffuse into the draw solution. The rejections rates of nitrate had not been documented in previ-

ous OMBR studies, but data from previous FO studies indicated poor nitrate retention by FO 

membranes [14, 49]. The total nitrogen concentration in the bioreactors reached a peak at ap-

proximately day 54 before steadily declining until day 92. The accumulation from day 92 to 96 

was the result of process start-up after being idle for just over one week. 

 

 
Figure 3.8 Total nitrogen concentration as a function of time in each of the sampled streams dur-
ing Phase I of the study. 

 

Except for one event near the end of Phase I, transformation of ammonia to nitrite and ni-

trate in the bioreactors was very efficient. It is likely that this was the result of the presence of 

ammonia- and nitrite-oxidizing bacteria in the OMBR throughout Phase I, transforming ammo-

nia to nitrate. The absence of ammonia in the draw solution even while it was only present at low 

levels in the bioreactor indicates that the FO membranes were effectively retaining the ammonia. 
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Estimations of the rate of rejection of ammonia were not made because the nitrification process 

could not be interrupted, making de-coupling the nitrification and diffusion mechanisms for am-

monia removal difficult. The trend of nitrate (measured as nitrogen) during Phase I is presented 

in Figure 3.10. 

 

 
Figure 3.9 Ammonia concentration as a function of time for each of the bioreactors, the draw 
solution, and the RO permeate during Phase I of the study, reported as nitrogen. The average in-
fluent concentration of ammonia (not plotted) was 34.3 mg/L-N (n=9). Notably, only low con-
centrations of ammonia were observed in the draw solution and RO permeate. The ammonia 
content of both bioreactors was much lower than the concentration of the influent, but small lev-
els of ammonia were present in samples from the anoxic tank on every sampling day. 

 

The concentration of nitrate in the bioreactors steadily increased until day 54, and was 

always higher in the aerobic bioreactor than in the anoxic bioreactor, which is consistent with the 

aerobic conditions required for nitrification in the OMBR. The trend of changes in concentration 

of nitrate in the draw solution and in the RO permeate closely followed the trend of the changes 

in the aerobic bioreactor while the apparent rejection by the FO membrane varied from 20 to 

70%. While the draw solution was operated in a closed loop, the apparent rejection may in part 
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be a result of the repeated exposure of the draw solution to the activated sludge through the FO 

membrane contactor. 

 

 
Figure 3.10 Nitrate concentrations as a function of time in each of the sampled streams during 
Phase I of the study. 

 

By day 54 it was apparent that denitrification was not yet occurring because nitrate had 

accumulated in both bioreactors. It was thought that the denitrification was limited by COD con-

centration in the anoxic bioreactor. The COD of the influent was artificially increased while 

normal operating conditions were maintained by dosing a sucrose solution (39 mg/L sucrose, 

calculated to be approximately 268 mg/L of COD) at 18 mL/hour over the course of 3.5 days, 

from day 54-58. Consequently, the total nitrogen levels dropped from above 60 mg/L-N to ap-

proximately 30 mg/L-N, and the nitrate in the aerobic and anoxic bioreactors decreased to 22 and 

26 mg/L-NO3
-, respectively, between day 61 and day 75. However, within two weeks of begin-

ning the sucrose addition the levels were high again, indicating that the additional of COD from 

the sugar only briefly enhanced denitrification, and the effect did not last. The trend of sCOD in 

each of the sampled streams is shown in Figure 3.11.  
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The influent load of COD increased during Phase I, starting out just over 150 mg/L and 

reaching 300 mg/L in the raw, filtered samples at the end of Phase I. The highest concentration 

of influent COD is seen in the measurements on day 96 in Figure 3.11. The measured COD of 

the bioreactors was higher than that of the influent on the first three days of sampling, through 

day 47 of operation, but was lower than the concentration of COD in the influent on each of the 

sampling days following through the end of Phase I. The concentration of COD in the draw solu-

tion was generally much lower than that in the bioreactors, likely a combination of good rejec-

tion of organic compounds by the FO membranes and also by the effect of replenishment of the 

draw solution with deionized water during operation. Overall, the resulting apparent rejection of 

COD by the FO membrane averaged 83% during Phase I. The concentration of COD in the RO 

permeate were lower than that in the draw solution on all of the days sampled, while the RO re-

jection of COD was on average only 44%. 

 

 
Figure 3.11 sCOD concentration as a function of time in each of the five sampled streams during 
Phase I of the study. The soluble portion of the COD was analyzed because it is the portion most 
likely to be able to diffuse through the FO membrane barrier, and to be associated with the por-
tion of bioavailable COD. 
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In addition to the COD measurements made using the Hach reagents, samples were pre-

pared for total organic carbon analysis. The samples were filtered and therefore the results of the 

analysis represented the dissolved organic carbon (DOC). The trend of the DOC concentration of 

each sampled stream is plotted for the duration of Phase I in Figure 3.12. 

 

 
Figure 3.12 Dissolved organic carbon concentration as a function of time in each of the five 
sampled streams during Phase I of the study. 

 

The influent DOC concentration ranged from 17 mg/L to nearly 30 mg/L during Phase I. 

The DOC concentration in the bioreactors was as high or higher than the influent on the first 

three days of sampling, but was lower for the remainder of Phase I. The DOC concentration in 

the draw solution and RO permeate was generally much lower than that of the bioreactors. Based 

on the DOC measurements, the average rate of rejection of carbon by the FO membranes was 

74% and by the RO membranes it was 75% for a combined FO-RO rejection of 94% throughout 

Phase I. 
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3.1.3 Membrane fouling during Phase I 

The cumulative effect of membrane fouling during Phase I was most apparent after day 

56. Between days 56 and 77 the FO water flux decreased from 1.7 LMH to 1.3 LMH, a decline 

of 18%, while the salinity difference remained near 23 g/L. Prior to the increase of draw solution 

salinity on day 33, the water flux decline from 1.98 LMH to 1.4 LMH (20% decline) while the 

salinity difference decreased from 22 g/L to 17.5 g/L (a decline of 20%). The water flux in-

creased to 2.15 LMH after the draw solution concentration was increased to 32 g/L, increasing 

the salinity difference from day 32 to day 33 to 26.5 g/L. The flux increase of 50% with an in-

crease in the salinity difference of just over 53% at that point indicated that concentration polari-

zation effects were minimal, likely a result of the relatively low rate of water flux. The reduction 

of 18% in the flux after day 56 contributed the majority of the cumulative flux decline of at least 

29%, from 1.98 LMH at the beginning of Phase I with a salinity difference of 21.5 g/L to 1.4 

LMH at the end of Phase I, with a salinity difference of 22.5 g/L. It was likely the decline in wa-

ter flux was due to surface fouling of the membrane, although no major fouling was observed. 

Some membrane fouling is shown in Figure 3.13. 

 

 
Figure 3.13 Fouling buildup on one of the membranes of the first prototype after 12 weeks of 
testing is apparent in the photograph. While only attached to the bottom corner of the plate, an 
initial layer of fouling had been established. 
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The accumulation of organic material on the FO membrane of prototype #1 seen in Fig-

ure 3.13 occurred after 12 weeks of operation. The fouling build up was only observed on the 

bottom corner of the plate pictured, and the fouling represented the largest portion of all the 

membrane surfaces that were fouled, but it was apparent that an initial layer of surface foulants 

had been established after normal operation for 96 days. 

 
3.2 Results for Phase II 

Testing of prototype #2 began in December 2011, and normal operation of the prototype 

with new activated sludge from the SB-MBR was established on January 3, 2012. Phase II of the 

study ended in May 2012. The results of 124 days of continuous operation are presented in this 

section, and as with the results from Phase I, divided into three main sections. Beginning with a 

discussion of the water productivity and membrane performance of prototype #2, the section fin-

ishes with a discussion of the impacts of fouling on operation during Phase II. 

Prototype #2 was built with a more durable frame than prototype #1, and the membranes 

used in the plates of prototype #2 were different. Pictures of prototype #2 before the start of 

Phase II are shown in Figure 3.14. The membranes used for prototype #2 were also made of cel-

lulose-triacetate but had higher water permeability than the membranes used in prototype #1. 

During start-up with prototype #2 the aerobic bioreactor was filled with tap water just as 

was done during the start-up of Phase I. The initial water flux and reverse salt flux of the proto-

type as a unit was measured at three different draw solution flow rates. The results of the initial 

pure water permeability testing are summarized in Table 3.3. Based on these initial results, the 

draw solution flow rate was normally 2 LPM during Phase II in order to minimize external con-

centration polarization and maximize water flux. 

 
Table 3.3 Water flux, reverse salt flux, and specific reverse salt flux of the membranes in proto-
type #2 during the start-up of Phase II measured under different draw solution flow rates. 

 

Draw solution flow 
rate (LPM) 

Reverse salt 
flux (g/m2/hr) 

Water flux 
(LMH) 

Specific reverse salt flux 
(g/L) 

1 1.77 3.3 0.54 
1.5 2.24 3.8 0.59 

2 2.67 4.3 0.62 
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Figure 3.14 Prototype #2 plate and frame assembly as it is suspended above the aerobic tank 
during the beginning of Phase II is shown to the left hand side. A crane was installed to facilitate 
lifting of the assembly that weighed more than 100 lbs. On the right, prototype #2 is submerged 
in tap water during the start of Phase II. 

 

The water flux through the membranes of prototype #2 was higher than the water flux of 

the membranes in prototype #1, with a baseline flux of 4.3 LMH when using a 32 g/L NaCl draw 

solution and tap water feed in the bioreactor (compared to 2.5 LMH for prototype #1). The rate 

of reverse salt flux through the membranes of prototype #2 was also higher than the rate through 

prototype #1, measured during Phase I. However, as a result of higher water flux, the specific 

reverse salt flux of prototype #2 was approximately 0.6 g/L, which is actually lower than that of 

prototype #1, which was approximately 0.8 g/L during the start-up of Phase I. 

 

3.2.1 Water productivity during Phase II 

Throughout the course of Phase II more than 6,600 L of product water were generated by 

the multi-barrier OMBR-RO system. The RO system was operated at a rate of recovery between 

4 and 8% during Phase II, while the draw solution salinity was held at 32 g/L for the duration of 

Phase II. Activated sludge from the demo-scale SBMBR at Mines Park was used at the begin-

ning of Phase II to fill the bioreactors. Prototype #2 could be completely submerged in the aero-

bic bioreactor without increasing the overall volume of the bioreactors even though it was slight-

ly taller than prototype #1. FO water flux of prototype #2 as a function of time for the duration of 

Phase II is shown in Figure 3.15. 
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Figure 3.15 FO water flux as a function of time during Phase II. Four major events affected the 
flux during Phase II. After day 53 the membrane were temporarily pulled out of the activated 
sludge and rinsed, and daily wasting of MLSS began. After day 84 the FO membranes were 
cleaned with osmotic backwashing and rinsing. After day 107 the membranes were cleaned with 
osmotic backwashing followed by a brief chemical cleaning in detergent before rinsing. 

 

Throughout Phase II, the draw solution salinity was constant, but for the first 54 days 

many of the parameters of the activated sludge changed. While the initial water flux of the mem-

branes was much higher than that observed during Phase I, a large flux decline was also ob-

served. During the start up period of Phase II (through day 53) solids and salinity were allowed 

to accumulate in the bioreactors and the OMBR system was operated at 100% recovery. The hy-

draulic retention time during this phase was initially under 2.5 days and progressively increased 

to 8.8 days by day 53 during which time the water flux decreased. After day 53 the hydraulic re-

tention time ranged from 4-19 days through the end of Phase II. The solids retention time and 

rate of wasting of activated sludge after day 53 had little effect on the hydraulic retention time. 

The solids retention time was set at 70 days after day 53, and the system had 70 days of 

normal operation for the remainder of Phase II, from day 54 until day 124. The high solids reten-

tion time was chosen based on the high hydraulic retention time that was observed due to the ra-
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tio of the FO water flux to the volume of the bioreactors and the objective to establish nitrifica-

tion and denitrification in the bioreactors. 

For the first 42 days of Phase II the water flux decreased from 4.3 LMH to 1.6 LMH, a 

74% decline. The decline during this initial period was largely attributed to the accumulation of 

salinity in the bioreactors, but no membrane cleaning or wasting of activated sludge from the bi-

oreactors was performed and thus solids simultaneously accumulated in the bioreactor and may 

have contributed to the flux decline. 

Graphs of both the water flux and the salinity difference between the draw solution and 

activated sludge in the bioreactors are shown in Figure 3.16. The salinity difference stabilized 

after day 42 at 23.5-25.5 g/L for the remainder of Phase II. The water flux briefly stabilized be-

tween day 26 and day 36 at approximately 2.1 LMH, a 51% decline from the initial flux. After 

day 36 the water flux gradually declined again through day 42 – a total of 74% from the initial 

flux. Because the salinity stabilized but the flux was still declining, the additional decline during 

this period was attributed to the continuous increase in MLSS concentration and to any surface 

fouling of the FO membranes that may have occurred. 

 
Figure 3.16 FO water flux and the salinity difference between the draw solution and feed water 
for the duration of Phase II. 
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The temperature of both the draw solution and the activated sludge in the aerobic reactor 

remained near 15 °C, with some variability until day 54. After day 54 the temperature of both the 

draw solution and the activated sludge steadily increased from an average of 15 °C to an average 

of 25 °C by the end of Phase II. FO water flux and temperatures of the two streams as a function 

of time are shown in Figure 3.17. 

After day 54 prototype #2 was removed from the bioreactor temporarily and the plates 

were sprayed with tap water using a low pressure nozzle to remove what was apparently minimal 

surface fouling. The result of the cleaning after day 54 can be seen in the recovery of flux on day 

55. The recovery of water flux of approximately 32% can be attributed to the cleaning because 

all other conditions remained the same directly after the cleaning. However, the flux quickly de-

clined over the following three days, and by day 59 of operation the flux was at the level ob-

served before cleaning. Between days 59 and 84 a gradual flux decline occurred, likely due to the 

effects of fouling and concentration polarization because again the salinity difference did not 

change. The reduction of water flux to 80% of the value after cleaning was observed by day 84. 

After day 84 of operation another cleaning was performed, first with an osmotic back-

washing that lasted 1 hour while prototype #2 was still submerged in the bioreactor, and then 

with a tap water rinse as before. The immediate result of the cleaning was an increase in flux to 

2.35 LMH, a recovery of 28% compared to the initial water flux during Phase II. In addition, the 

cleaning may have contributed to the slower rate of flux decline that was observed between days 

85 and 107 than after the first cleaning. The water flux declined 62% between days 85 and 107, 

to only 21% of the initial water flux that was observed during Phase II. After day 107, the final 

cleaning was performed. 

As in the cleaning after day 84, first osmotic backwash was performed for approximately 

1 hour and then prototype #2 was removed and the plates were sprayed with tap water at day 107. 

The final cleaning also included submerging the membranes in a separate tank and soaking it for 

just over 10 minutes in a solution with a detergent. The detergent was used to attempt to dissolve 

some of the accumulated foulants. After the chemical cleaning, the prototype was rinsed again by 

spraying the plates with tap water before being re-submerged in the aerobic bioreactor. 
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Figure 3.17 FO water flux and temperatures of the draw solution and feed water as a function of 
time for the duration of Phase II. 
 

Once re-submerged in the activated sludge, the water flux was approximately 2.55 LMH, 

slightly higher than the water flux after the first chemical cleaning, with the same salinity differ-

ence but with relatively higher MLSS concentration of 5 g/L versus 4 g/L after the first chemical 

cleaning. After the second chemical cleaning, normal OMBR operation was sustained for nearly 

three more weeks until day 124. The water flux declined after the cleaning from 2.55 to 2.3 LMH, 

before becoming relatively stable at around 2.2 LMH through day 124. The flux declines of just 

10% and 12% observed in the days after the chemical cleaning were much smaller than the de-

clines observed after the two prior cleanings. The lack of irreversible flux decline between the 

second and third cleanings could be attributed both to the effects of the osmotic backwashes and 

the chemical cleaning that removed foulants from the membrane surface. Based on these results, 

it is likely that by increasing the frequency of osmotic backwashes and chemical cleanings from 

what was tested in this phase the large flux declines could be avoided and some irreversible foul-

ing likely could be avoided or delayed. 
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The trend of the salinity difference between the draw solution and activated sludge shows 

that an initial decline from approximately 31 to 23 g/L occurred during the first 7 weeks of oper-

ation (Figure 3.16). The decline is attributed to the accumulation of salt in the bioreactors from 

both the low concentrations of salts in the influent and the net-reverse salt flux from the draw 

solution. 

Because flux decline over the course of Phase II was in part due to the effects of fouling 

and because the salinity difference was constant for much of Phase II, the only portion of the ex-

periment where the flux decline could be associated with a decline in the salinity difference was 

for the first four weeks of operation. The salinity difference decreased from 31.3 to 25 g/L while 

the water flux decreased 52% from the initial value. During phase I the decline in water flux of 

prototype #1 observed with decreasing salinity difference was on the order of 30%, relatively 

smaller than what was observed in Phase II. In future testing of OMBR systems it will be im-

portant to better distinguish between the effects of the salinity difference and of fouling on water 

flux of the FO membranes. 

As discussed before, the temperature of the water affects water flux. During Phase II the 

effect of temperature increase was also apparently smaller than the effects of salt and suspended 

solids accumulation in the bioreactors on the osmotic driving force and the rate of fouling of the 

FO membranes (Figure 3.17). The temperature increase after day 54 could again be attributed to 

the change in season and thus the change in the ambient temperature of the space where the bio-

reactors were operated, and the changes in temperature of the influent sewage. Day 54 was at the 

end of February, and the remaining 11 weeks of Phase II took place during the gradually warmer 

spring months of March, April, and May. 

The TDS concentration as a function of time in the bioreactors during Phase II of the 

study is shown in Figure 3.18. The rate of salt accumulation in the bioreactors was fast at the be-

ginning of Phase II, increasing from 0.7 g/L at the beginning of Phase II to more than 2 g/L by 

day 3. The rate of salt accumulation in the bioreactors from day 2 and until daily wasting began 

gradually declined as a result both of the decreased salinity difference and the accumulation of 

foulants on the surfaces of the membranes. After wasting began, the accumulation of salt in the 

bioreactors stopped and a TDS concentration of 8-9 g/L was maintained through the end of 

Phase II. The gradual decline in accumulation and subsequent stabilization of salinity in the bio-

reactors was attributed to the strategy of daily wasting of 4 L of activated sludge. Besides affect-
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ing the accumulation of solids, the wasting affected the build-up of salt concentration in the bio-

reactors. MLSS concentration in the bioreactors as a function of time during Phase II of the study 

is shown in Figure 3.19. 

 

  
Figure 3.18 TDS concentrations in the aerobic and anoxic bioreactors as a function of time dur-
ing Phase II of the study. The steady increase in TDS concentration through day 56 is attributed 
to the simultaneous accumulation of salt from the influent sewage and from the net-reverse flux 
of NaCl from the draw solution. After day 56, the initiation of daily wasting of 4 L of activated 
sludge from the bioreactors stopped the TDS accumulation. 

 

The initial concentration of MLSS in the bioreactors was just over 1 g/L. The activated 

sludge used to start the OMBR experiment came from the pilot-scale SBMBR at Mines Park, but 

the operating conditions of the SBMBR were different and the MLSS concentration was lower at 

the time. Regardless, the MLSS concentration of the OMBR increased steadily through day 70. 

The rate of accumulation was fastest near the start of Phase II, but by day 20 the rate began to 

decline, most likely as a result of the reduced water flux and consequent increase in hydraulic 

retention time. The high rate of accumulation during start-up could also be contributed to the 

growth of biomass, particularly in the aerobic reactor. The influence of daily wasting on MLSS 

became evident after 70 days of operation when the concentration of MLSS in both bioreactors 
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stabilized at approximately 5 g/L. The MLSS remained constant between 4.9 and 5.2 g/L for the 

last 8 weeks of Phase II. 

 

 
Figure 3.19 MLSS concentration in the bioreactors as a function of time during Phase II of the 
study. MLSS concentration increased steadily from the beginning of Phase II at just over 1 g/L 
until day 70 at nearly 5.2 g/L. The rate of accumulation of solids began to stabilize after day 70, 
and until through the end of Phase II the MLSS of both bioreactors ranged from 4.9 to 5.2 g/L. 
 

As in Phase I, the MLVSS was measured periodically throughout Phase II. MLVSS, 

MLSS and their ratio for nine measurements during Phase II are summarized in Table 3.4. A 

similar trend was observed during both phases. During Phase II, after activated sludge was trans-

ferred from the pilot-scale MBR to the OMBR system, the ratio was approximately 0.81. The 

ratio then declined during the first 7 weeks of operation. Beginning with the observation of an 

increase in the ratio between days 53 and 83, the ratio increased steadily through the end of 

Phase II, at which time it reached a value of 0.82, slightly higher than the value observed at the 

start of Phase I. 
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Table 3.4 MLSS and MLVSS concentrations and MLVSS/MLSS ratio during Phase II of the 
study. The ratio was nearly the same at the end of Phase II as the beginning, but had declined for 
at least the first 53 days of operation. 

 

Day MLSS 
(g/L) 

MLVSS 
(g/L) Ratio 

1 1.08 0.88 0.81 
8 2.02 1.56 0.77 

14 2.49 1.87 0.75 
31 3.09 2.28 0.74 
43 3.54 2.64 0.75 
53 4.15 3.08 0.74 
83 5.12 3.95 0.77 

101 5.03 4.02 0.80 
124 5.02 4.1 0.82 

 

In addition to the temperature, TDS concentration, and MLSS concentration in the biore-

actors, the pH was measured throughout Phase II. pH in the bioreactor as a function of time dur-

ing Phase II is shown in Figure 3.20. The pH in the bioreactors varied from as low as 6 to as high 

8, before stabilizing at approximately 7. The pH stabilization observed was observed after 8 

weeks of operation, just one week longer than it took to see pH stabilization during phase I, and 

just after daily wasting began. The pH in the aerobic bioreactor was more stable than the pH in 

the anoxic reactor, and remained near 7.25 for the duration of Phase II. The pH of the anoxic 

tank generally declined between weeks 8 and 11, from nearly 7.4 down to just over 6.9. After 

week 11, the pH in the anoxic reactor remained more stable and was generally near 7.0.  

Stabilization of the pH in the OMBR resulted from the metabolic processes occurring in 

the system and facilitates the processes at the same time. For example, nitrification and carbon 

oxidation during biological oxidation can cause the pH to decline, but steady removal of nitrate 

and introduction of ammonia cause the pH to rise. It was possible to achieve balance of these 

processes in the OMBR system during both Phase I and Phase II, although the influence of the 

net diffusion of protons across the FO membranes cannot be ruled out, as the pH of the draw so-

lution was maintained constantly at 6. The pH stabilization also coincided with the start of the 

daily wasting routine, indicating the regeneration of solids in the activated sludge likely benefit-

ed the microbial community. 
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Figure 3.20 pH in both the aerobic and anoxic bioreactors as a function of time for the duration 
of Phase II. The pH was highly variable for the first four weeks. Between weeks 4 and 8 the pH 
began to stabilize but was steadily decreasing, before becoming more stable during the final 10 
weeks of operation. 
 

3.2.2 Membrane bioreactor performance during Phase II 

Analysis of nutrients including carbon, nitrogen species, and phosphate was performed 

periodically throughout Phase II similarly to Phase I. The concentration of phosphate in the draw 

solution and permeate was very low or below the measuring range of the Hach instrument during 

Phase II. The concentration of phosphate (measured as phosphorous) in the influent and two bio-

reactors is shown in Figure 3.21. Based on the measurements presented in the Figure 3.21 and of 

phosphate and phosphorous concentrations as measured by IC and ICP analysis, the average re-

jection of phosphate by the FO membranes was 98.6% and the average rejection by the RO 

membranes was 61.8%, for a combined FO-RO system rejection of phosphate of 99.7 %. The 

result of 99% rejection was observed during both Phase I and Phase II, confirming the expecta-

tion that phosphate would be highly rejected by FO. The accumulation of phosphate that oc-

curred until day 54 was indicative of operation without sludge wasting and of high retention of 

phosphate by the FO membranes. After day 54, a leveling effect was observed as phosphate was 
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withdrawn from the system with the sludge that was wasted daily. The steady concentration after 

day 54 was still higher than the influent concentration by a factor of 3, indicating that wasting 

only (to maintain specific SRT) was not enough to reduce phosphate concentration to an ac-

ceptable level. 

 

 

Figure 3.21 Phosphate concentration in the influent and bioreactors during days of sampling dur-
ing Phase II. 
 

The three nitrogen species/parameters (ammonia, nitrate, TN) were measured as in Phase 
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in Figure 3.22. Nitrogen accumulated in the bioreactors and the draw solution through day 50, 

before MLSS wasting began. The effect of wasting can be seen in the difference in total nitrogen 

concentration in each of the bioreactors between day 50 and 53. Throughout the course of Phase 

II, the average rejection of nitrogen based on the data in Figure 3.22 was 55% by the FO mem-

branes and 63% by the RO membranes, for a combined system rejection of nearly 78%. 
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Figure 3.22 Total nitrogen concentration in each of the sampled streams grouped by the day of 
sampling during Phase II. 

 

Ammonia concentration (measured as nitrogen) of each of the samples analyzed during 

Phase II is shown in Figure 3.23. After 15 days of operation, ammonia was consistently present 

in the anoxic bioreactor, which was receiving the influent sewage. The consequent appearance of 

ammonia in the draw solution and the aerobic bioreactor continued until day 53, indicating that 

ammonia oxidizing bacteria were relatively inactive and that ammonia was not being readily ox-

idized to nitrate. The OMBR system was eventually able to sufficiently oxidize ammonia, and by 

the end of Phase II ammonia was not detectable with the Hach analysis in the bioreactors, draw 

solution, or RO permeate. The gradual accumulation of ammonia in the bioreactors beginning on 

day 14 and through day 50 could be attributed to inhibition of the nitrifying bacteria in the acti-

vated sludge, possible due to the effects of salinity accumulation. The improved nitrification 

could be attributed to the changes in the MLSS content resulting from the daily wasting and sta-

bilization of the pH of the aerobic bioreactor near 7.2. Based on this trend, the increases in total 

nitrogen concentration during Phase II were largely attributed to elevated levels of ammonia. 

0	

25	

50	

75	


100	

125	

150	

175	

200	

225	

250	

275	

300	


8	
 11	
 12	
 13	
 14	
 20	
 31	
 36	
 43	
 50	
 53	
 54	
 83	
 101	
 117	
 124	


To
ta

l n
itr

og
en

 (m
g/

L 
- N

)	


Days of OMBR operation	


influent	

aerobic reactor	

anoxic reactor	

draw solution	

RO permeate	




 62 

Unlike the testing during Phase I, when ammonia was rarely detected in the OMBR sys-

tem, elevated levels of ammonia were observed in a number of samples during Phase II, allowing 

for assessment of the performance of the FO membranes regarding ammonia rejection. Based on 

the data presented in Figure 3.23, the average rejection of ammonia by the FO membrane was 

51% and by the RO membrane was 59%, for a combined rejection of 89%. In general, the per-

formance of the FO membranes during Phase II confirmed the expectation that biological nitro-

gen removal would be important during OMBR operation due to the limited rejection of nitrogen 

species by both FO and RO membranes.  

 

 

Figure 3.23 Ammonia concentration (measured as nitrogen) in each of the sampled streams 
grouped by the day of sampling during phase II. 

 

The influent concentration of ammonia ranged from 20 to 40 mg/L, averaging 30.8 mg/L 

throughout Phase II. Beginning particularly after day 14 ammonia began to accumulate first in 

the anoxic reactor, then also in the aerobic reactor and the draw solution. While the concentration 

of ammonia in the product water never exceeded 8 mg/L in the samples analyzed during Phase II, 

the ammonia concentration was elevated between days 31 and 83. After day 83, ammonia was 
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only detected at very low concentrations in the samples from the bioreactors, draw solution, and 

RO permeate. After that point, it was apparent that the influent nitrogen was transformed biolog-

ically within the OMBR system, first into nitrate and eventually into nitrogen. The nitrifying and 

denitrifying organisms likely required time to adapt to the conditions of the OMBR system, in-

cluding the elevated salinity, before they could efficiently remove nitrogen. 

Nitrate concentration (measured as nitrogen) in the system as a function of time is shown 

in Figure 3.24 for samples collected during Phase II of the study. During the first three weeks 

nitrification was apparently working in the OMBR system as nitrate had accumulated to over 80 

mg/L in the aerobic reactor. The level of nitrate in the draw solution also increased during the 

first three weeks and in two of the samples of the RO permeate the nitrate concentration was 

above 10 mg/L, which is the drinking water standard for nitrate. After day 20 the level of nitrate 

in the RO permeate in every sample analyzed was appropriate for most water reuse scenarios.  

 

 

Figure 3.24 Nitrate concentration of each of the sampled streams grouped by the day of sam-
pling during Phase II. 
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Throughout Phase II, the average nitrate rejection by the FO membranes was 51% and by 

the RO membranes was 57%, for a combined average rejection of 82%. While trends of nitrate 

accumulation in the aerobic reactor were observed between days 43 and 54 and between days 83 

and 124, the concentration was never again as high as during the first three weeks of operation, 

indicating that denitrification was occurring for at least the last ten weeks of operation during 

Phase II. The performance of biological nitrogen removal in the OMBR after the first 8 weeks of 

operation indicated that there was sufficient loading of carbon from the influent sewage to facili-

tate the denitrification process. 

Soluble COD (sCOD) concentration as a function of time in each of the sampled loca-

tions is shown in Figure 3.25. The influent sCOD concentration ranged from less than 200 to ap-

proximately 350 mg/L, similar to the trend observed during Phase I.  

 

 

Figure 3.25 sCOD concentration as a function of time in each of the sampled streams grouped 
by the day of sampling during Phase II. 
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days 53 and 54. With the elevated level of sCOD in the OMBR, more sCOD was observed in the 

0	


50	


100	


150	


200	


250	


300	


350	


400	


8	
 11	
 12	
 13	
 14	
 20	
 31	
 36	
 43	
 50	
 53	
 54	
 83	
 101	
 117	
 124	


C
he

m
ic

al
 o

xy
ge

n 
de

m
an

d 
(m

g/
L)
	


Days of OMBR operation	


influent	

aerobic bioreactor	

anoxic bioreactor	

draw solution	

RO permeate	




 65 

draw solution and even in the RO permeate. On average during phase II, the rejection of sCOD 

by the FO membrane was 70% and the average rejection by the RO membrane was 80%, for a 

combined rejection 97%. Similar to the trend observed for much of Phase I, there was an overall 

reduction in the concentration of sCOD measured in the bioreactors than measured in the influent 

sewage on any given sampling day. On average, 48% of the sCOD was apparently being metabo-

lized directly to carbon dioxide or inert suspend solids that were not measured in the sCOD anal-

ysis of only the dissolved portion of samples.  

In addition to the sCOD measurements made using the Hach reagents, samples were pre-

pared for total organic carbon (TOC) analysis. The samples were filtered and therefore the re-

sults of the analysis represented the dissolved fraction of TOC (DOC). DOC concentration of 

each sampled stream as a function of time duration of Phase II is shown in Figure 3.26. The in-

fluent DOC concentration ranged from 24 to nearly 40 mg/L during Phase II. The DOC concen-

tration in the bioreactors was lower than the influent on every day of sampling and analysis dur-

ing Phase II. The DOC concentration in the draw solution and RO permeate was generally much 

lower than that of the bioreactors, even as the concentration of DOC in the bioreactors steadily 

increased throughout Phase II. Based on the DOC values presented in Figure 3.26, the average 

rejection of carbon by the FO membranes was 79% and rejection by the RO membranes aver-

aged 59%, for a average system rejection of carbon of 96% throughout Phase II. 

Compared to the levels of DOC of 10 to 25 mg/L observed in the bioreactors during 

Phase I, a similar peak level of accumulation of DOC was observed during Phase II when the 

level reached nearly 30 mg/L by the end of Phase II. The FO membranes of prototype #2 per-

formed with constantly higher rejection than those of prototype #1. Even when DOC accumulat-

ed in the OMBR, the level of DOC in the draw solution and permeate remained relatively low 

throughout Phase II, indicating surface fouling was likely contributing to the overall rejection of 

carbon by the FO membranes during Phase II. To better distinguish between the types of organic 

carbon present in future studies, in addition to measuring sCOD and TOC, the concentrations of 

BOD, and the relative concentrations of proteins and carbohydrate based microbial byproducts in 

the activated sludge could also be measured. 
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Figure 3.26 Total dissolved organic carbon concentration in each of the sampled streams 
grouped by the day of sampling during Phase II. 
 

3.2.3 Membrane fouling during Phase II 

As discussed earlier, fouling had a greater impact on water flux during Phase II than dur-

ing Phase I. Because Phase II started with activated sludge having very low MLSS concentration, 

biomass accumulated in the bioreactors at a fast rate. The resultant byproducts of the microbial 

metabolism, death, and decay likely contributed to the type of fouling that occurred during Phase 

II. This was most evident after the initial accumulation of salinity in the bioreactors, between 

weeks 4 and 7, during which time the flux declined from 2.1 LMH to 1.1 LMH. The effect of 

fouling was also apparent after the first two cleaning cycles on days 54 and 84 of operation, 

when the flux was observed to gradually decline over the course of many days even while the 

osmotic pressure driving force for water flux remained relatively constant. Fouling in the form of 

surface accumulation prevents water diffusion by reducing the effective active surface area of the 

membrane and by increasing the effective thickness of the membrane and thereby decreasing the 

effect of the osmotic driving force. It is thought that this surface accumulation may be the result 

of a gradual process that is largely reversible. The extent of the accumulation of biofouling on 
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the FO membranes before the cleaning on day 54 is shown in Figure 3.27. It is likely that if the 

activated sludge was kept well mixed between the FO plates, then constant air scouring could 

effectively prevent any cake-layer fouling from developing, even after long-term operation with-

out cleaning or osmotic backwashing. 

 

 
Figure 3.27 A photograph of the membrane surface of one of the plates of prototype #2 that was 
taken after 54 days of continuous operation. The image was taken prior to any osmotic back-
washing. The thin film of slime was easily removed by spraying water from a hose on the FO 
membrane. 
 

However, the key to the success with the membrane shown in Figure 3.27 was that it was 

the outside plate. After the final day of operation, prototype #2 was disassembled so the inside 

surfaces of the plates could be inspected. The extent of attached fouling layers on the inside 

membrane surfaces was far greater than the relatively clean outside membrane surfaces. The ex-

tent of the fouling, and the contrast between relatively clean sections and relatively fouled sec-

tions of the plate surface, can be seen in the images in Figure 3.28. The effect of these fouling 

layers on water flux was apparent in the flux decline that was observed after each cleaning and 

by the difference in the pure water permeability of prototype #2 at the end of testing compared to 

the beginning. Even while the fouling negatively impacted the water flux performance of proto-

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 3.27. The accumula-
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tion of fouling between the plates can be attributed to insufficient mixing and air scouring of the 

activated 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 in-

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

 

   
Figure 3.28 Photographs of two of the membranes of prototype #2, taken after 126 days of nor-
mal OMBR operation. The surface in the photograph on the left shows an accumulated layer of 
fouling attached to most of the surface, with some of the surface, near the bottom of the plate, 
apparently 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. 

3.2.4 System removal of dissolved ions 

In addition to the analysis of carbon and nutrients dissolved in the samples using the 

Hach kits, cation and anion concentrations were quantified using IC and ICP analysis. The con-



 69 

centrations of seven major ions in each of the different sampled streams are summarized in Ta-

bles 3.5 through 3.8.  

 

Table 3.5 Concentrations of ions dissolved in the anoxic bioreactor. 

Anoxic tank 
Ion (mg/L) Day 8 Day 53 Day 83 Day 124 
Calcium 241.8 336.9 461.5 1,438 
Magnesium 64.4 109.9 251.4 536.0 
Potassium 51.1 136.3 198.0 588.1 
Sodium 373.6 3,747 3,406 3,512 
Chloride 726.4 5,722 5,547 5,100 
Nitrate 32.6 17.5 2.3 13.8 
Phosphate 16.0 134.7 143.6 176.8 
Sulfate 117.9 1,131 1,248 1,035 

 

Table 3.6 Concentrations of dissolved ions in the aerobic bioreactor. 

Aerobic tank 
 Ion (mg/L) Day 8 Day 53 Day 83 Day 124 
Calcium 206.2 297.2 387.2 1,680 
Magnesium 54.4 96.9 252.4 519.5 
Potassium 52.3 124.7 252.8 578.2 
Sodium 401.2 3,545 3,408 3,574 
Chloride 1,103 5,676 5,434 5,122 
Nitrate 34.8 2.2 1.3 4.4 
Phosphate 16.3 144.5 141.2 174.5 
Sulfate 637.6 1,628 2,781 2,531 

 

 The concentrations of calcium, magnesium, potassium, sodium, sulfate, and chloride in-

creased in both bioreactors for the duration of Phase II. The constant increase resulted from the 

combined effects of the accumulation of dissolved constituents from the influent sewage and the 

reverse salt flux of solutes from the draw solution into the bioreactor. A consistent increase in the 

concentration of phosphate in both bioreactors was also observed during Phase II. The concentra-

tion of nitrate in each bioreactor ranged from 1 to 35 mg/L, and in general appeared to exist in 

higher concentration in the anoxic bioreactor than the aerobic bioreactor, likely a result of the 

tendency of nitrate in the aerobic bioreactor to diffuse through the FO membranes into the draw 

solution. The sum of the sodium and chloride ions dissolved in each bioreactor ranged from 8-9 
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g/L after day 53, providing verification of the values obtained from daily measurements made 

with the conductivity probe. The difference in the extent of accumulation of sulfate in the anoxic 

and aerobic bioreactors is interesting. The concentration of sulfate in the anoxic bioreactor plat-

eaued after rising over 1 g/L, but the concentration in the aerobic bioreactor continued to rise to 

over 2.5 g/L. The difference could indicate that there was competition amongst the microbial 

community for both the electron donating sulfate and nitrate species, potentially even limiting 

the extent of denitrification and biological nitrogen removal. 

 

Table 3.7 Concentrations of dissolved ions in the draw solution. 

Draw solution 
Ion (mg/L) Day 8 Day 53 Day 83 Day 124 
Calcium 5.8 19.5 19.8 32.3 
Magnesium 14.5 8.3 15.7 11.0 
Potassium 29.0 26.0 31.6 21.9 
Sodium 11,987 11,881 11,980 11,947 
Chloride 19,176 19,817 19,234 19,083 
Nitrate 8.6 6.3 0.7 7.0 

 

Table 3.8 Concentrations of dissolved ions in the RO permeate. 

RO permeate 
Ion (mg/L) Day 8 Day 53 Day 83 Day 124 
Calcium 0.4 1.2 0.26 1.1 
Magnesium 0.1 0.1 0.1 0.2 
Potassium 0.7 5.0 0.8 2.7 
Sodium 365.0 447.1 21.2 423.5 
Chloride 527.7 609.7 43.2 611.4 
Nitrate 5.8 4.2 0.1 2.0 

 

Very good rejection of most of the constituents of the activated sludge by the FO mem-

branes was observed during Phase II. The concentration of divalent ions remained low through-

out Phase II, indicating they were not accumulating in the draw solution. The rejection of diva-

lent ions by the FO membranes remained above 99% throughout Phase II even as the concentra-

tions in the bioreactors increased. The increased concentration of divalent ions could become a 

concern for long-term operation due to the scaling propensity of calcium and magnesium salts.  
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Based on the elevated level of calcium in the bioreactors by Day 124 of Phase II, there 

may be some risk scaling on the membrane surface. The sum of the concentrations of sodium 

and chloride in the draw solution was on average 31 g/L based on the results of IC and ICP anal-

ysis, verifying that the draw solution was maintaining a consistent ratio of ions throughout opera-

tion. Nitrate was well removed during Phase II and remained in the range of 1 to 5 mg/L in the 

product water. In general, the only limitations on the final product water quality during Phase II 

were the concentrations of sodium and chloride. Being the primary components of the draw solu-

tion, sodium and chloride could show up in the RO permeate when the RO membranes were op-

erated at a sub-optimal water recovery, which reduces the membrane salt rejection. The effect of 

operating the RO system near the optimal pressure can be seen by looking at the lower values of 

sodium and chloride concentration on Day 83 in Table 3.8. RO membranes can typically be op-

erated with greater than 99.9% rejection of sodium chloride during optimal operation, which was 

the case during this study. Operation on Day 83 demonstrated that very high quality product wa-

ter could be generated by the dual barrier membrane system. 

 

3.2.5 High-quality product water generation 

During operation the RO recovery was generally low to account for the difference in size 

of the RO and FO membrane systems. As a result the concentration of salt in the RO product wa-

ter was generally higher than desirable. Likewise, other dissolved constituents such as nitrate 

would be more easily allowed to diffuse through the RO membranes when the system was oper-

ated at lower pressure. 

In an effort to demonstrate that very high quality water could be generated by the multi 

barrier system, the rate of water recovery in the RO system was increased on day 83 of Phase II. 

Some of the characteristics of the resulting high quality product water can be seen in Table 3.8, 

in the column for day 83. During normal operation, the RO system was operated at a rate of 8% 

water recovery. To increase the recovery into the range typical of normal RO operation, the rate 

of recovery was increased to 14% for operation on day 83. 

As a result of operation with increased water recovery, the rejection of the constituents of 

the draw solution, in particular the salt, improved. The rejection of nitrate improved from 85% to 

97%. The rejection of salt, based on the rate of removal of TDS, improved from 98% to over 

99.9%. The rejection of carbon, based on TOC measurements, improved from 90% to over 99%.   
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CHAPTER 4 

CONCLUSIONS 

 

This study focused on the assessment of the long-term operational viability of a hybrid 

configuration of OMBR, RO, and denitrification processes. During the study two novel proto-

type FO membrane plate and frame assemblies were evaluated during long-term operation of the 

hybrid system. The prototypes are being developed for commercial applications of the OMBR 

process including industrial water reclamation and recycling and sewer mining. For the first time, 

the OMBR study was conducted at the pilot-scale with raw wastewater and included an anoxic 

bioreactor. Biological nitrogen removal through denitrification is important to the viability of the 

OMBR process because nitrate is not highly retained by FO membranes and if not removed bio-

logically, will accumulate in the draw solution and be present in the RO permeate, making the 

product water less desirable for potable reuse. In addition to concerns about nitrate, the long-term 

operation of the submerged FO membranes may be limited by organic and biological membrane 

fouling. The results of this study included confirming both that fouling will play an important 

role in OMBR operation by limiting water flux and that with sufficient biological nitrogen re-

moval the system can produce very high-quality water, even after more than four months of con-

tinuous operation with limited membrane cleaning. 

 Based on observations of the system performance during a range of operating conditions 

during this study the rate of water flux through the FO membranes is the key design parameter of 

an OMBR system due to its influence on a number of dynamic processes. When the rate of water 

flux changed during testing, due to variations in the osmotic pressure driving force or as the re-

sult of membrane fouling, important system parameters such as the hydraulic retention time were 

also changing. The length of the hydraulic retention time influences the rate of accumulation of 

raw wastewater and the biological performance of the system, including denitrification. During 

Phase I of the study the water flux of prototype #1 declined by over 30%, and during Phase II the 

water flux of prototype #2 declined by over 80%, but membrane cleaning during Phase II 

demonstrated that most of the flux decline attributable to fouling could be temporarily reversed 

with cleaning. The gradual flux decline observed after each cleaning could likely have been alle-

viated with more frequent cleaning, to avoid variations in water flux and potentially prevent irre-
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versible fouling. Relatively low water flux was observed in this study compared to the fluxes that 

have been observed in other FO studies, and thus the rate of fouling could be even higher in fu-

ture OMBR systems tested with higher-permeability membranes. Higher water flux can increase 

the rate of membrane fouling, and thus the frequency of cleaning required to prevent irreversible 

fouling. In addition to experimenting with the cleaning strategy, plate-and-frame assemblies with 

wider plate spacing and better air scouring systems should be tested to confirm if the long-term 

accumulation of membrane fouling observed during Phase II could be avoided. Sufficient air 

scouring prevented significant fouling during Phase I, but fouling observed during Phase II re-

sulted from a build-up of activated sludge within the tight spaces of the FO plates that did not 

have adequate air scouring. Wider spacing or more efficient air-scouring within the spaces may 

be required to allow for better mixing of the activated sludge between the plates for future 

OMBR tests. Future development of the OMBR process should include investigations into bal-

ancing the effects of changes in the osmotic pressure driving force and membrane fouling to 

maximize the long-term operating water flux. 

The primary effect of water flux on the biological processes of the OMBR results from 

the relationship of the water flux to the HRT. A sufficient HRT is required to achieve biological 

removal, but a long HRT reduces the rate of water recovery and can even inhibit biological activ-

ity through starvation without the constant supply of raw sewage and nutrients. In this study, the 

HRT ranged from 2-7 days and as the HRT tended towards 7 days the system conditions became 

atypical of conventional MBR operation, with HRT of 0.5 to 2 days being normal for municipal 

wastewater treatment. 

Phosphate and carbon retention within the bioreactors was very efficient during the study, 

with the FO rejection of phosphate exceeding 99% throughout both phases of operation, and car-

bon removal above 90% for much of the study, with approximately 50% of the carbon removal 

occurring biologically and the remaining carbon being retained in the activated sludge by the FO 

membranes. 

When the conditions of the bioreactor allowed for both nitrification and denitrification, 

some biological nitrogen removal and low concentrations of nitrogen compounds in the final 

product water were observed. Denitrification could be enhanced with extra carbon in the form of 

sucrose being added to the system, as demonstrated during Phase I. However, when ammonia or 

nitrate were allowed to accumulate in the bioreactors, the compounds were observed in the draw 
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solution and final RO product water at concentrations up to 45 mg/L, demonstrating the sensi-

tivity of the system to the extent of biological nitrogen removal. Future studies could better dis-

tinguish between the effects of diffusion and of denitrification on nitrogen removal of the system, 

to make further optimization of the biological component possible. The accumulation of various 

electron donors besides nitrate, such as sulfate, also could potentially limit denitrification. 

The rate of rejection of constituents of the feed solution and draw solution by the mem-

branes was largely affected by their relative concentrations in each stream. In particular, the ac-

cumulation of dissolved constituents in the bioreactor caused increased concentrations in the 

draw solution. As a result, sufficient wasting of sludge from the bioreactor is necessary to control 

the concentration. The effect of wasting on the concentration of dissolved constituents was ex-

plored during Phase II of this study. The TDS concentration was approaching a stable value near 

9 g/L by the end of Phase II after nearly two periods of the SRT, but was still variable by about 

0.5 g/L. To reach steady-state concentrations of the dissolved constituents in the bioreactor 

would likely take operation of an OMBR for up to three periods of a set SRT. 

Hybrid OMBR-denitrification systems may be uniquely situated for water reclamation 

and reuse schemes, especially when multi-barrier treatment is attained through the use of a re-

verse osmosis process for the reconcentration and post treatment of the draw solution used in the 

process. In addition to further pilot-studies of the system, economic evaluation including life cy-

cle analysis could also help establish the long-term benefits of implementing a strategy of water 

reuse, particularly when high-quality water is desired, with a hybrid OMBR-denitrification sys-

tem. 
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