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ABSTRACT 

Recently, a novel osmotic membrane bioreactor (OsMBR) was developed which utilized a 

forward osmosis (FO) membrane module to replace the microfiltration/ultrafiltration in the 

conventional MBR system. Such system exhibited very high rejection of various contaminants 

and mineral salts due to the nature of FO membrane. On the other hand, this high rejection also 

caused the accumulation of salts in the reactor which could have adverse impact on the biological 

activities as well as the membrane filtration performance. In this project, a FO model was 

developed based on internal concentration polarization (ICP) theory, and the experimental results 

from independent FO tests for both initial flux and continuous flux performance matched the 

model predictions very well, which verified the model developed and proved the dominant role of 

ICP in FO’s flux performance. Hence, the mass balance equation of an OsMBR system was 

coupled with the ICP model to simulation the effects of salt accumulation on the system 

performance in membrane filtration aspect. Systems operated under two possible sludge wastage 

strategies – impulse wasting and continuous wasting were simulated and the results were 

presented and analyzed. Under impulse sludge wasting condition, water flux kept decreasing 

before the wastage was carried out. The flux performance would be affected by different draw 

solution concentration, membrane orientation, reactor size and inflow water salt concentration. To 

maintain a minimum flux level, the impulse wasting needed to be carried out at a system 

dependent frequency. Oppositely, a stable flux occurred after a period of filtration under 

continuous sludge wasting condition, and the salt concentration in the reactor also reached 

maximum at the same time. The level of the stable flux was controlled by the sludge wastage 

flow rate and the time scale to reach the stable flux could be indicated by the solids retention time 

(SRT) of the system. Membrane orientation was also found to affect the degree of flux reduction 

and the stable flux. 
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CHARPTER 1 INTRODUCTION 

Membrane technology has been heavily employed in water related industries such as wastewater 

and sewage treatment, water purification and seawater desalination in last decades. Especially 

pressure-driven membrane processes, namely microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF) and reverse osmosis (RO), have been well studied and widely used in industry. 

These processes use external pressure as driving force for water to transport through the 

membrane while particles or solutes in the solution are rejected by the membrane. Significant 

hydraulic pressure is often required for such processes which normally means large amount of 

prime (electric) energy input, thus the operational cost will be high. Besides, limited feed water 

recovery and the expenses on treatment of produced concentrated brine further increase the cost 

for pressure-driven process like RO and lead to the research of viable alternative solution. 

Forward osmosis (FO), or also known as direct osmosis, has become increasingly popular and 

attracted much attention from both research groups and industry in recent years. The original idea 

is from the well known physical phenomenon describing the water movement across a thin film. 

Unlike those pressure-driven processes, rather than using external hydraulic pressure, the driving 

force for FO comes from the osmotic pressure due to the concentration gradient between the two 

solutions separated by the membrane (Fig.1.1). Clean water will transport from lower chemical 

concentration side of solution (usually refers as feed solution (FS)) to higher chemical 

concentration side (draw solution (DS)) spontaneously. This unique feature makes FO very 

attractive since little or no hydraulic pressure is needed, thus can greatly reduce the energy 

consumption comparing to RO process. Furthermore, with specially designed FO membrane, 

nearly complete process rejection of many contaminants can be achieved and previous research 

also indicates the potentially low fouling tendency of FO (Cath, Childress, & Elimelech, 2006). 

All of these make FO a promising alternative for pressure-driven processes in water treatment, 

and various researches have already been conducted for its potential applications in wastewater 

treatment (Cornelissen et al., 2008; Holloway, Childress, Dennett, & Cath, 2007), water 

purification (Salter, 2005), seawater desalination (McCutcheon, McGinnis, & Elimelech, 2006) 

and clean energy generation (Xu, Peng, Tang, Fu, & Nie, 2010). 
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Figure 1.1 Permeate water flows in FO and RO. In FO, the water flows from diluted FS to concentrated DS driving by 

osmotic pressure difference (∆π). In RO, water flows in the opposite direction with external pressure (∆P) as driving 

force. Original figure from (Cath et al., 2006). 

One type of important wastewater treatments using membrane is membrane bioreactor (MBR) 

which couples membrane filtration into traditional activated sludge process for wastewater 

treatment. In a submerged MBR, microporous (MF or UF) membranes are immersed in a 

bioreactor and water is filtered through the membranes with a external pressure as driving force; 

mixed liquor suspended solids are retained in the system and high levels of treatment (including 

nutrient removal) can be achieved (Judd, 2006). For potable reuse which requires even better 

effluent quality, advanced treatments such as NF/RO or oxidation may follow after MBR. MBR 

offers numerous advantages over conventional treatment such as excellent effluent quality, 

product water consistency, reduced footprint and reduced sludge production due to a high 

biomass concentration in the bioreactor (Stephenson, Judd, Jefferson, & Brindle, 2000). 

Very recently, a novel osmotic MBR (OsMBR) system using submerged FO membrane in the 

bioreactor to replace MF or UF has been developed and investigated (Achilli, Cath, Marchand, & 

Childress, 2009). Similar to conventional MBR system, wastewater is fed into the bioreactor 

while aeration is provided to supply oxygen for the microbes and reduce the membrane fouling 

(Fig.1.2). Provided concentration difference, water in the bioreactor will diffuses across the 

membrane into the more concentrated draw solution, while contaminants in the feed water will be 

rejected. The diluted draw solution is sent to process like RO or distillation to re-concentrate and 

high quality product water can be produced at the same time. In other words, for the whole 

treatment system, FO is not the ultimate process but rather a high-level pretreatment step before 

an ultimate re-concentration process. Comparing to the conventional MBR, the OsMBR offers 

much higher rejection (FO membrane versus MF/UF membrane) at a lower hydraulic pressure. 

FO processes are also likely to have less fouling problem than pressure-driven processes (Cath et 
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al., 2006), and therefore, require less frequent backwashing. Furthermore, the arrangement of FO 

followed by RO makes a dual barrier system. Because of the high quality effluent from FO, the 

following RO process will also have lower fouling propensity and higher quality final product 

water. 

 

Figure 1.2 Schematic diagram of OsMBR system. Original figure from (Achilli, 2009) 

However, the high salt rejection property of FO process also brings new problem. In conventional 

MBR system, although suspended solids and biomass are retained in the bioreactor, significant 

amount of dissolved salts will still pass through the membrane into the effluent since MF/UF has 

no or low rejection on dissolved salts. Thus, no salt accumulation happens in the bioreactor. On 

contrast, most of mineral salts will be rejected in OsMBR by FO membrane and accumulated in 

the bioreactor. In addition, back diffusion of the salts into the bioreactor from high concentration 

draw solution will further enhance the salt accumulation in the reactor. The elevated salt 

condition in feed water will not only reduce the osmotic driving force and affect the FO process 

performance but also have adverse impact on the physical and biological activities in the 

bioreactor (Lay, Liu, Fane, 2010). 

The objective of this project is to understand the mass balance of mineral salt in the bioreactor 

and the effect on the process performance as well as to understand the consequent constrains on 

reactor design and operation. A model based on the internal concentration polarization theory to 

simulate the FO process performance under no fouling condition will be presented and results 

from independent FO experiments will be used to verify the model. Thus, the verified model will 

be applied to simulate the performance of OsMBR under various operation conditions to better 

understand the effects on the OsMBR.  
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CHARPTER 2 THEORY AND MODELS 

2.1 Forward Osmosis 

Forward osmosis is one type of osmotic membrane processes. It relies on the osmotic pressure 

difference across the membrane to provide the driving force. Similar to RO membrane, the 

currently available FO membrane normally has an asymmetric structure, with a thin non-porous 

selective active layer (AL) supported by a thick porous support layer (SL) (Cath et al., 2006). 

Different from MF or UF process, the solution transport mechanism in both RO and FO is by 

diffusion rather than transportation through membrane pore. This is because the dense active 

layer of FO membrane is non-porous semi-permeable rather than microporous in MF and UF. 

Because of this nature of solution-diffusion, reverse salt flux will occur from high solute 

concentration draw solution to low solute concentration feed solution, which is the opposite 

direction of water flux (Fig.1.1). Based on classical solution-diffusion model, the governing 

equation for the water and solute transport in FO process can be generally express as:  

𝐽𝑣 = 𝐴(𝜋𝑑𝑟𝑎𝑤 − 𝜋𝑓𝑒𝑒𝑑 )................................................................................................................. (1) 

𝐽𝑠 = 𝐵 (𝐶𝑑𝑟𝑎𝑤 − 𝐶𝑓𝑒𝑒𝑑 ) ................................................................................................................ (2) 

where Jv and Js are the volumetric flux of water and solute flux across the membrane; A and B are 

the transport coefficients for water and solute; πdraw and πfeed are the osmotic pressures of draw 

solution and feed solution; Cdraw and Cfeed are the solution concentrations. 

In relatively low concentration solution, the osmotic pressure π can be determined using Van’t 

Hoff equation,  

𝜋 = 𝛽𝐶𝑅𝑇 .................................................................................................................................... (3) 

where β is the Van’t Hoff coefficient, C is the solution concentration in molarity, R is the 

universal gas constant and T is the absolute temperature. 

At high concentration, Van’t Hoff equation tends to underestimate the osmotic pressure. For a 

better estimation, sophisticated modeling software may be used. One of such kind of software is 

OLI Stream Analyzer, which has been used by several researchers for more accurate solution 

osmotic pressure estimation (Cath et al., 2006; Tan, Ng, 2008). A comparison between the results 

from OLI software and Van’t Hoff equation is presented in Fig.2.1. The figure shows that for 

NaCl, Van’t Hoff equation gives good estimation of the osmotic pressure up to 2M concentration. 
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In this study, Van’t Hoff equation will still be used for osmotic pressure estimation for NaCl 

solution. 

 

Figure 2.1 Osmotic pressures for different NaCl concentrations solution at 25oC. Data obtained from Van’t Hoff 

equation and OLI software. 

 

2.2 External and internal concentration polarization 

In Eq. (1), πdraw - πfeed presents the osmotic driving force for the water flux. According to this 

relation, the water flux should be directly proportional to the osmotic pressure difference between 

draw solution and feed solution. However, numerous results showed much lower water flux than 

expected (Lee, Baker, Lonsdale, 1981; McCutcheon, 2006). This lower-than-expected flux is 

often attributed to phenomenon called concentration polarization during FO process. The solutes 

are rejected and accumulated in feed or draw solution is diluted by the water diffused across. 

Either of these reduces the effective osmotic driving force thus leads to a lower water flux. 

Because of the asymmetric structure of FO membrane, this concentration polarization effect can 

be further classified into external concentration polarization (ECP) and internal concentration 

polarization (ICP). 

As the name implies, ECP refers to the concentration polarization occurs on the membrane 

surface of active layer while ICP occurs inside the porous support layer. In Fig.2.2, for both 

orientations the concentration on the membrane wall of active layer (Cf,w or Cd,w) will be different 

from the concentration in the bulk solution (Cf,b or Cd,b). This is due to the ECP and ICP effects 
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which reduce the concentration difference across the membrane. The effective osmotic pressure 

difference across the active layer (∆πeff) indicates the real driving force in FO. From the figure it 

can be seen that membrane orientation will also affect the process behavior in FO. 

 

Figure 2.2 Illustration of concentration polarization effect for asymmetric FO membrane. (a). when the porous SL 

facing FS, a concentrative ICP together with dilutive ECP are developed; (b). when the porous SL facing DS, a dilutive 

ICP with concentrative ECP are developed. Figure adopted from (Tan, Ng, 2008). 

In a FO process, ECP and ICP are mostly coupled with each other. When AL-facing-DS 

(Fig.2.2(a)), solutes on feed solution side will cumulate inside the support layer – this is called 

concentrative ICP; permeate water diffusing into draw solution side will reduce the concentration 

near the membrane surface of active layer – this is called dilutive ECP. Similarly, when the 

membrane in the opposite orientation (AL-facing-FS), dilutive ICP will couple with concentrative 

ECP (Fig.2.2(b)). Unlike the condition in pressure-driven process, since low hydraulic pressure is 

used in FO, and cross flow near the membrane surface will help to minimize the solutes build-up, 

ECP only plays a minor role in FO process (McCutcheon et al., 2006). On the other hand, ICP 

can’t be reduced by increasing cross flow because it takes place inside the porous support layer, 

thus it is regarded as the main factor to cause the lower-than-expected flux and it has the 

dominant effect on the flux behavior of FO. 

 

2.3 Model of internal concentration polarization 

When membrane fouling is not taken into consideration, ICP plays the dominant role to affect the 

flux behavior of FO process. Therefore, it will be very help to have a mathematical model which 
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can simulate this ICP effect. Since ICP takes place in the porous support layer, the whole ICP 

effect can be modeled by coupling the solution-diffusion theory for the active layer (Eq. (1) and 

(2)) with convection and diffusion transport of solutes in the support layer (Lee et al., 1981; Loeb, 

Titelman, Korngold, & Freiman, 1997). Noted that because of ICP and ECP, the effective draw 

solution and feed solution concentration that determine the flux should be the membrane wall 

concentration. A more accurate way to present Eq. (1) and (2) should be  

𝐽𝑣 = 𝐴(𝜋𝑑 ,𝑤 − 𝜋𝑓 ,𝑤 ) .................................................................................................................. (1B) 

𝐽𝑠 = 𝐵 (𝐶𝑑 ,𝑤 − 𝐶𝑓 ,𝑤 ) ................................................................................................................. (2B) 

A step-by-step derivation of such ICP model is presented below. 

In the support layer, the solute accumulation/dilution comes from two sources – the rejection of 

solute and the reverse salt flux. In the support layer at a distance of x away from the surface of 

active layer, the solute transport can be represented as 

𝐽𝑣𝐶 + 𝐽𝑠 = 𝐷𝜀
𝑑𝐶

𝑑𝑥
 .......................................................................................................................... (4) 

where C is the solution concentration in the support layer at that point, Dε is the effective 

diffusion coefficient with the porosity of the support layer to be ε. 

When the membrane orientation is AL-facing-DS (Fig.2.2(a)), Eq. (4) has the boundary 

conditions 

C=Cf,w at x=0 

C=Cf,b at x=τt  

here τ is the tortuosity of the support layer. By integration of Eq. (4) at above boundary 

conditions, it can be derived that 

𝐽𝑣

𝐾𝑚
= 𝑙𝑛[

𝐶𝑓 ,𝑤+𝐽𝑠/𝐽𝑣

𝐶𝑓 ,𝑏+𝐽𝑠/𝐽𝑣
] …………………………………………………………………………...... (5) 

where Km is the mass transfer coefficient, defined as the ratio of the solute diffusion coefficient D 

over the membrane structural parameter S 

𝐾𝑚 =
𝜀𝐷

𝜏𝑡
=

𝐷

𝑆
 …………………………………………………………………………................. (6) 
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𝑆 =
𝜏𝑡

𝜀
 …………………………………………………………………………........................... (7) 

Substitute Eq. (2B) into Eq. (5), the result will be 

𝐽𝑣

𝐾𝑚
= 𝑙𝑛[

𝐶𝑓 ,𝑤+𝐵 (𝐶𝑑 ,𝑤−𝐶𝑓 ,𝑤 )/𝐽𝑣

𝐶𝑓 ,𝑏+𝐵 (𝐶𝑑 ,𝑤−𝐶𝑓 ,𝑤 )/𝐽𝑣
] ...................................................................................................... (8) 

If assuming Van’t Hoff equation is valid here, the osmotic pressure should be directly 

proportional to the concentration of the solution. Thus, Eq. (8) becomes 

𝐽𝑣

𝐾𝑚
= 𝑙𝑛[

𝜋𝑓 ,𝑤+𝐵 (𝜋𝑑 ,𝑤−𝜋𝑓 ,𝑤 )/𝐽𝑣

𝜋𝑓 ,𝑏+𝐵 (𝜋𝑑 ,𝑤−𝜋𝑓 ,𝑤 )/𝐽𝑣
] …………………………………………………………………. (9) 

However, the concentration or osmotic pressure at the interface between active layer and support 

layer (Cf,w or πf,w in this case) is difficult to measure, a better way is to relate it to the bulk feed 

solution which is easier to measure. This can be done by rearranging Eq. (1B) and substitute into 

Eq. (9) 

𝐽𝑣 = 𝐾𝑚 𝑙𝑛(
𝐴𝜋𝑑 ,𝑤−𝐽𝑣+𝐵 

𝐴𝜋𝑓 ,𝑏+𝐵 
) ……………………………………………………………………… (10) 

Noted that this is under the condition that both ECP and ICP are included. As discussed in section 

2.2, ECP is not that important in FO for most of cases and it may be ignored. Hence, the osmotic 

pressure at the active layer surface on draw solution side can be approximated to be equal to the 

bulk draw solution concentration. The final ICP equation for the orientation AL-facing-DS will 

be 

𝐽𝑣 = 𝐾𝑚 𝑙𝑛(
𝐴𝜋𝑑𝑟𝑎𝑤 −𝐽𝑣+𝐵 

𝐴𝜋𝑓𝑒𝑒𝑑 +𝐵 
) …………………………………………………………………….. (11) 

Following a similar derivation, the ICP equation for the other orientation (AL-facing-FS) can be 

written as 

𝐽𝑣 = 𝐾𝑚 𝑙𝑛(
𝐴𝜋𝑑𝑟𝑎𝑤 +𝐵 

𝐴𝜋𝑓𝑒𝑒𝑑 +𝐽𝑣+𝐵 
) ……………………………………………………………………... (12) 

On the other hand, the salt flux Js can also be related to Jv through the Eq. (1), (2) and Van’t Hoff 

equation  

𝐽𝑠

𝐽𝑣
=

𝐵 (𝐶𝑑𝑟𝑎𝑤 −𝐶𝑓𝑒𝑒𝑑 )

𝐴(𝜋𝑑𝑟𝑎𝑤 −𝜋𝑓𝑒𝑒𝑑 )
=

𝐵

𝐴𝛽𝑅𝑇
 ………………………………………………………………….... (13) 
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2.4 Simulation of FO flux performance 

As shown in Eq. (11) and (12), the water flux in FO can be determined as a function of the 

concentrations of draw and feed solutions. Because Jv is on both sides of the equation, it can only 

be solved out by an iterative method. The transport coefficients for water and solute A and B may 

be determined by separate RO tests (Tang, She, Lay, Wang, & Fane, 2010). Based on Eq. (1), A 

value can be calculated as ratio of the water flux over the pressure applied in clean water RO 

mode. On the other hand, when low concentration salt solution is used in RO test, B value can be 

determined through the salt rejection R of the membrane according to the equation below 

𝑅 = 1 −
𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒

𝐶𝑓𝑒𝑒𝑑
= [1 +

𝐵

𝐴 ∆𝑃−∆𝜋 
]−1 ....................................................................................... (14) 

The only unknown term is the mass transfer coefficient of the solute Km, and it can be obtained 

by fitting the experiment flux data using Eq. (11) and (12). 

Currently, a lot of FO studies are using flat sheet FO membrane with a dual circulation loop for 

both feed solution and draw solution (McCutcheon et al., 2006; Mi, & Elimelech, 2008; Tang et 

al., 2010). The schematic diagram of such kind of system is shown in Fig3.3 which has been used 

in this project for FO tests. One of the major drawbacks of such kind of system is the close loops 

which will lead to the continuously dilution of draw solution and concentration of feed solution as 

the FO process runs. These two effects together reduce the osmotic driving force thus reduce the 

water flux as well as the salt flux. As a result, it makes the results of any further studies of FO 

(e.g. membrane fouling test) using this system more difficult to analyze since there is a portion of 

the flux decline due to these two effects rather than membrane fouling, and additional baseline 

tests (pure water tests) are normally required to separate the flux decline due to 

concentration-dilution effect. 

With the ICP equations derived, a model can be developed to simulate the flux behavior with 

time for FO membrane in such circulation system. Consider a FO process with the initial draw 

solution salt concentration Cd0 and initial feed solution concentration Cf0, and the initial volume 

for the two solutions are Vd0 and Vf0 respectively. The total membrane area used is Am. After time 

t, the amount of salt remained in draw solution tank can be expressed as 

𝐶𝑑𝑡𝑉𝑑𝑡 = 𝐶𝑑𝑡  𝑉𝑑0 +  𝐽𝑣𝐴𝑚𝑑𝑡
𝑡

0
 = 𝐶𝑑0𝑉𝑑0 −  𝐽𝑠𝐴𝑚𝑑𝑡

𝑡

0
 ........................................................ (15) 
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 𝐽𝑣𝐴𝑚𝑑𝑡
𝑡

0
 is the volume of the accumulative permeate water diffusing into draw solution and 

 𝐽𝑠𝐴𝑚𝑑𝑡
𝑡

0
 is the mass of the accumulative back diffused salt into the feed solution. Replacing Js 

according to Eq. (13), the draw solution concentration can be calculated 

𝐶𝑑𝑡 =
𝐶𝑑0𝑉𝑑0− 

𝐵𝐴𝑚
𝐴𝛽𝑅𝑇

×𝐽𝑣
𝑡

0
𝑑𝑡

𝑉
𝑑0+ 𝐽 𝑣𝐴𝑚 𝑑𝑡

𝑡
0

 ............................................................................................................ (16) 

Similarly, the salt in feed tank after time t will be 

𝐶𝑓𝑡 =
𝐶𝑓0𝑉𝑓0+ 

𝐵𝐴𝑚
𝐴𝛽𝑅𝑇

×𝐽𝑣
𝑡

0
𝑑𝑡

𝑉
𝑓0− 𝐽𝑣𝐴𝑚 𝑑𝑡

𝑡
0

 ............................................................................................................ (17) 

Eq. (16) and (17) can be coupled with ICP equations (Eq. (11) and (12)) to simulate the FO flux 

in the closed loop system for each orientation. 

 

2.5 Simulation of OsMBR 

Because of the use FO membrane in OsMBR, salt accumulation will occur in the bioreactor by 

both salt rejection and back diffusion from high concentration draw solution. The gradually 

increased salt concentration in the bioreactor will affect both biological activities and the 

membrane treatment performance, so it is a very important parameter for the operation of 

OsMBR. Since the underlying process is still FO membrane process, the change of salt 

concentration in OsMBR and its resulting flux can also be simulated by ICP equations. 

 

Figure 2.3 Schematic diagram of the mass transfer in an OsMBR system 
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Consider an OsMBR as shown in Fig.2.3, the bioreactor has a total volume of Vr and the mixed 

liquor salt concentration is Cml. The inflow wastewater contains total dissolved solids (TDS) of 

Cin and the flow rate is Qin. The FO membrane used has a total area of Am and the water flux and 

salt flux are Jv and Js respectively. Depending on the operation strategy, a sludge wasting may be 

used with the flow rate Qs. Thus, at steady state, the mass balance of the amount of salt and the 

total flow in the reactor can be write as 

𝑉𝑟
𝑑𝐶𝑚𝑙

𝑑𝑡
= 𝑄𝑖𝑛𝐶𝑖𝑛 + 𝐽𝑠𝐴𝑚 − 𝑄𝑠𝐶𝑚𝑙  ............................................................................................ (18) 

𝑄𝑖𝑛 = 𝐽𝑣𝐴𝑚 + 𝑄𝑠 .......................................................................................................................... (19) 

Combine above two equations and replace Js according to Eq. (13) 

𝑉𝑟
𝑑𝐶𝑚𝑙

𝑑𝑡
= (𝐽𝑣𝐴𝑚 + 𝑄𝑠)𝐶𝑖𝑛 +

𝐵

𝐴𝛽𝑅𝑇
𝐽𝑣𝐴𝑚 − 𝑄𝑠𝐶𝑚𝑙  ..................................................................... (20) 

Or 
𝑑𝜋𝑚𝑙

𝑑𝑡
=

𝐽𝑣𝐴𝑚

𝑉𝑟
 𝜋𝑖𝑛 +

𝐵

𝐴
 +

𝑄𝑠

𝑉𝑟
(𝜋𝑖𝑛 − 𝜋𝑚𝑙 ) ............................................................................. (21) 

Rather than continuous wasting, another possible sludge wasting strategy is “impulse wasting” 

which the sludge is only wasted at the end of a period of run is used. In this special case, Qs will 

be zero during the run before the wasting is carried out and a simplified version of Eq. (21) can be 

derived 

𝑑𝜋𝑚𝑙

𝑑𝑡
=

𝐽𝑣𝐴𝑚

𝑉𝑟
(𝜋𝑖𝑛 +

𝐵

𝐴
) ................................................................................................................ (22) 

After each run, sludge wasting is carried out and volume of the mixed liquor to be wasted is Vs. 

Assume the mixed liquor salt concentration at the end of the run is Cend, and the reactor is then 

filled up to the original volume Vr with clean water, and the new mixed liquor concentration Cnew 

will be 

𝐶𝑛𝑒𝑤 = 𝐶𝑒𝑛𝑑 (1 −
𝑉𝑠

𝑉𝑟
) .................................................................................................................. (23) 

In Eq. (21) and (22), Jv can be calculated using ICP equations for FO process. Hence, coupling 

these equations should be able to simulate the flux behavior as well as the solution condition 

change in OsMBR system. This integrated model mainly considers the salt accumulation effect in 

the bioreactor on the membrane performance, and doesn’t count for other factors such as 

membrane fouling by various kinds of substances in the feed water and biological activities in the 

bioreactor etc. Therefore, this model only provides a partial simulation of the whole OsMBR 
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system. But still, this model can be a very useful tool for better direct understand of OsMBR, 

especially for the unique condition of salt accumulation which doesn’t take place in the traditional 

MBR systems. For FO membrane fouling and biological activities in MBR, several studies and 

published paper are readily available and can be applied for OsMBR system (Mi, & Elimelech, 

2008; Lay et al., 2010). 
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CHARPTER 3 MATERIALS AND EXPERIMENTS 

3.1 Feed and draw solutions 

The biggest advantage of FO comparing to those pressure-driven membrane processes is using 

osmotic pressure rather than external pressure as driving force. The concentration difference 

between the concentrated draw solution and diluted feed solution provides the driving force, thus 

different combinations of these two solutions will directly affect the flux behavior. Fig.3.1 shows 

concentration-osmotic pressure relationships for different chemical solutions. 

 

Figure 3.1 Solution concentration–osmotic pressure relations for different potential draw solutions for FO. Original 

figure from (Cath et al., 2006). 

In this project, NaCl was used in both feed and draw solution as main background electrolyte for 

all cases. The total ionic strength in the feed solution tested was 10mM. Various concentrations of 

NaCl solution were used as draw solution. The permeate water flux was used as the representative 

parameter of membrane performance. In this project, all water used was MilliQ water from a 

Millipore water system (Billerica, MA) with a resistivity of 18.2 Mohm cm and all chemicals 

were analytical grade. 

 

3.2 Forward osmosis membrane 

Through the whole project, a commercially available FO membrane from Hydration 

Technologies, Inc. (Albany, OR) was used. It’s asymmetric structure with a dense smooth active 
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layer made by cellulose triacetate and a polymer porous support layer which provides the 

mechanical support. The membrane structure under scanning electron microscope (SEM) is 

shown in Fig.3.2. The first image shows the smooth surface of the membrane active layer, and the 

second image shows the cross-sectional structure with the very thin active layer on top. Reading 

from the image, the total thickness of the membrane is about 50μm. The water and solute 

transport coefficient A and B for the membrane were determined by RO experiments described 

earlier in Section 2.4 and A=2.12 x 10
-12

m/sPa, B=1.6 x 10
-7

m/s. The same kind of membrane 

was used by researchers in other FO studies and the membrane properties were discussed by 

McCutcheon et al. (2006) and Tang et al. (2010). The membrane was stored in MilliQ water in 

dark cold storage before usage.  

 

                     (a)                                              (b) 

Figure 3.2 (a) The smooth active layer and (b) cross-section of the FO membrane used in this project under SEM 

 

3.3 Forward osmosis experiments 

In this project, the FO membrane was inserted in a cross-flow membrane cell and two channels 

each connecting a closed loop for draw solution and feed solution were on both sides of 

membrane (Fig 3.3). Spacers were also inserted above and below the membrane to facilitate 

better flow distribution and provide better support. The surface area of the membrane piece in the 

cell was about 60cm
2
. The permeate flux was determined by inspecting the weight change of feed 

solution with a scale connected to a computer data logging system. The salt flux Js is calculated 

based on the conductivity measurements of the feed solution during the experiment runs which 

can be converted to concentration according to the pre-determined conductivity-concentration 
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relation equation for NaCl solutions (as shown in Fig.3.4 ). The calculation equation is shown 

below as Eq. (23).  

𝐽𝑠 =
𝐶𝑓𝑡𝑉𝑓𝑡−𝐶𝑓0𝑉𝑓0

𝐴𝑚 𝑡
 ...................................................................................................................... (24) 

All the results were converted to the flux unit which was L/m
2
hr in this report. As discussed in 

section 2.2, the effect of ECP on FO process can be minimized by using high cross-flow rate. 

Thus, for the purpose of better demonstration of ICP effects on FO flux behavior, the cross-flow 

rate was set to be 500ml/min through all the experiments to make sure a minimum ECP effect.  

 

Figure 3.3 Schematic diagram of the forward osmosis system used in this project. 

 

Figure 3.4 Conductivity-concentration relationships for NaCl solution. 

Theoretically, the permeate flux is mainly determined by the pressure difference across the 
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membrane and the resistance of the membrane. For pure water tests without fouling, the 

resistance of the membrane was almost constant so it didn’t affect much. As shown above in 

Fig.3.3, the test system used in this project was made in two closed loops. The permeate water 

continuously dilute the draw solution while the feed solution becomes more and more 

concentrated. This decrease in concentration gradient directly reduces the osmotic driving force. 

In the tests, the feed and draw solutions were both composed of NaCl. The ionic strength in feed 

solution was 10mM and draw solution concentrations tested were in the range from 0.5M to 5M. 

 

3.4 Modeling of OsMBR system performance 

Using the model developed in Section 2.5 together with ICP equations, an OsMBR system as 

shown in Fig. 2.3 can be simulated. In this study, the reactor volume and the characteristics of the 

FO membrane used for modeling the OsMBR were taken from an ongoing research project in 

Singapore Membrane Technology Center (SMTC). The reactor had a volume of 4L, and the FO 

membrane had a total area of 0.025m
2
. The water permeability A of the membrane was 4.583 x 

10
-12

 m/s.pa, the transport coefficient for NaCl was 6.944 x 10
-8

 m/s and the mass transfer 

coefficient Km was 1.868 x 10
-6

 m/s. The reference (standard) operation conditions of the OsMBR 

system used for simulation were:  

Orientation 
Draw 

solution 
Inflow concentration 

Initial concentration in 
reactor 

Filtration 
duration 

AL-DS 2M  10mM 0M 600 hr 

 

Unless otherwise stated, simulations performed in this report for OsMBR were all under these 

standard operation conditions. For the OsMBR system discussed in this report, because of the 

continuous inflow of salt containing wastewater and the continuous permeate flow across the 

membrane by FO process, the salt concentration will keep increasing in the system and the 

membrane water flux will keep decreasing until the concentration in the system becomes equal to 

the draw solution concentration. Here, the draw solution is assumed to be constant which can be 

easily achieved in real tests by dosing higher concentration solution or re-concentration process 

like RO or membrane distillation. Hence, in order to continuously run the system, sludge wasting 

must be carried out to reduce the salt concentration (Fig 2.3). There are two different types of 

sludge wasting strategies - “impulse” wasting which the wasting process is only took place after 

certain period of operation, and continuous wasting which the wasting process is carried out at the 
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same time as the filtration runs. In this study, both of the two cases are simulated and the different 

effects on the OsMBR process will be presented and discussed in Chapter 4. 
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CHARPTER 4 RESULTS AND DISCUSSIONS 

4.1 FO tests and simulation 

4.1.1 Initial flux 

The following figure shows the initial water flux against the draw solution concentration for both 

membrane orientations. The feed solution concentration was 10mM NaCl for all these 

experiments.  

Fig 4.1 shows the general trend that the water flux increases with draw solution concentration. 

According to Eq. (1), the flux should be directly proportional to the concentration difference 

between the draw solution and feed solution under ideal condition. However, as discussed in 

Section 2.2, the concentration polarization reduces the effective concentration difference across 

the membrane active layer which is the reason for the non-linear relationship between the flux 

and the apparent concentration shown in the figure. 

 

Figure 4.1 Initial flux of FO tests for both orientations at different DS concentration 

If only consider ICP effect in FO, the flux-concentration relationship can be simulated by using 

ICP equations as described in Section 2.3. In Fig 4.1, the two dot lines are the flux prediction 

using developed ICP model. The determined water transport coefficient A is 2.12 x 10
-12 

m/s.Pa 

and the solute transport coefficient B is 1.6 x 10
-7 

m/s for this HTI FO membrane. The mass 

transfer coefficient of the solute Km is 3 x 10
-6 

m/s for AL-facing-DS orientation and 5 x 10
-6

 m/s 

for the other orientation. From the definition (Eq. (6)), Km is proportional to the diffusion 
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coefficient D of the solute. The different Km value for different membrane orientation may due to 

the changing D at different solution concentration (at feed solution side and draw solution side) 

(Lobo, 1993). 

The good match between the simulation and experiment results proves the assumption made 

earlier that ICP plays the dominant role in FO process while ECP only plays a minor role, 

especially in high cross-flow condition which can minimize the solutes built-up and reduce the 

ECP effect. The continuously reducing slop of the flux trend line also indicates a more severe 

concentration polarization effect at higher concentration. This can be explained by the ICP model 

(Eq. (11) and (12)) which shows the exponential dependence of the degree of ICP on the flux, 

hence at higher concentration with higher flux, the effect of ICP on the flux rate is more severe 

(Tang et al., 2010). The different flux behavior for different membrane orientation also indicates 

that the AL-facing-FS orientation suffers a more severe ICP. This is due to the different ICP 

mechanism for the two orientations. As discussed in Section 2.2, AL-facing-FS orientation 

mainly suffers dilutive ICP in which is the result of the permeate water dilution of the draw 

solution inside the support layer. Comparing to the concentrative ICP in AL-facing-DS 

orientation, dilutive ICP has a greater effect on the reduction of the effective osmotic driving 

force because of the high concentration in draw solution while much lower concentration in the 

feed solution. 

 

4.1.2 FO flux performance 

Fig 4.2 below shows the FO water flux behavior with filtration time for different initial draw 

solution concentration. The initial feed solution concentrations for all cases were 10mM NaCl. 

The two figures in Fig 4.2 show the different flux behavior with time for both membrane 

orientations. As mentioned earlier, the setup used in the experiments used circulation loops for 

feed and draw solution. Thus, as the filtration process goes, the continuously dilution of draw 

solution and concentration of feed solution caused the flux decline with time, which is shown in 

the figures. In this kind of circulation FO system, the water flux is determined by ICP, draw 

solution dilution and feed solution concentration. By using ICP model and Eq. (16) and (17) 

derived in Section 2.4, the flux behavior in this FO system can easily simulated. The modeling 

results are shown in Fig 4.2 as dot lines for various draw solution concentrations. From the 

figures, the integrated model fits the experiment results quite well for almost all the cases 
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presented, which again verifies the dominant effect of ICP for FO filtration as well as the specific 

models (Eq. (16) and (17)) for the circulation FO system.  

 

(a) 

 

(b) 

Figure 4.2 FO water flux behavior with filtration time for membrane orientation (a) AL-facing-DS; (b) AL-facing-FS. 

Meanwhile, Fig 4.2 also shows higher initial flux gave a larger flux decreasing rate. Again, the 

reason behind is the dilution and concentration effect of draw solution and feed solution. The 

concentration effect on feed solution can be verified by the experimental results of continuous 

feed solution concentration shown in Fig 4.3 below (for AL-facing-DS orientation). Starting with 

the same initial concentration (10mM), the feed solution concentration had faster increase for 

higher draw solution condition. This was because higher flux in more concentrated draw solution 
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case produced more permeate water for a unit time, which resulted a larger degree of feed 

solution dilution. Besides, higher water flux also indicated the faster reverse salt flux into the feed 

solution according to the relation shown Eq. (13). Hence, both of these together led to the greater 

feed concentration increase. This effect was also accurately simulated by the model. For Eq. (17), 

higher Jv makes both  
𝐵𝐴𝑚

𝐴𝛽𝑅𝑇
× 𝐽𝑣

𝑡

0
𝑑𝑡 and  𝐽𝑣𝐴𝑚𝑑𝑡

𝑡

0
 larger which leads to a larger numerator 

and smaller denominator, therefore a smaller feed solution concentration Cft. Applying a similar 

analysis on Eq. (16), the dilution effect on the draw solution can be explained. As a result, the 

more severe dilution and concentration effects on higher initial flux case (draw solution 

concentration) lead to the larger flux decreasing rate observed. This also explained why fluxes in 

AL-facing-FS orientation seem flatter than the other orientation, as seen in Fig 4.2 (b). Because 

even for the same draw solution concentration, AL-facing-FS orientation produced lower flux and 

had a lighter dilution effect on the draw solution.  

 

Figure 4.3 The continuously increase in feed solution concentration during filtration process. The membrane was in 

AL-facing-DS orientation. 

However, initial flux is not the only factor affects the flux decline behavior. As shown in Fig 4.4, 

even at the same initial flux, the flux decline will be different for different orientation. In this case, 

AL-facing-DS orientation with a lower draw solution concentration has a greater decreasing rate 

than the other orientation with a higher draw solution concentration. Similar result had been 

reported by She (2008). This difference can be contributed to the salt flux back transport and the 

different ICP mechanism for the two membrane orientation. For Al-facing-DS orientation, due to 

the salt flux from draw solution to feed solution, the total amount of salt in the feed solution 
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increases as the filtration runs. This increase in salt enhances the concentrative ICP in the porous 

support layer which further reduces the effective driving force for FO and lead to the flux decline. 

On the other hand, for AL-facing-FS orientation, the increase of amount of salt in feed solution 

doesn’t affect the effective driving force much because ECP only plays a minor role in FO and 

can be minimized at high cross-flow rate. For the dilutive ICP in the orientation, because the salt 

flux actually reduces the amount of salt in the draw solution, the dilution effect inside the support 

layer will be less severe. Consequently, AL-facing-FS orientation has a milder flux decline 

comparing to the other orientation. 

 

Figure 4.4 Effect of membrane orientation on the flux behavior under similar initial flux condition 

 

4.2 Modelling of OsMBR system with impulse wasting 

The FO test results shown in last section and the good match between the experiment data and the 

model prediction for both initial flux and continuous flux behavior proved the dominant effect of 

ICP on FO process performance and verified the ICP models. The followings are the simulation 

results for OsMBR system obtained based on the integrated model discussed in Section 2.5, and 

these results are used to evaluate the influence of some main process parameters on the 

performance of an OsMBR system. The discussion is divided into two sections based on two 

different scenarios – operation without sludge wasting (impulse wasting) and with continuous 

sludge wasting.  
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4.2.1 Effect of draw solution concentration 

For the operation of OsMBR system, one possible scenario is to waste the sludge at the end of 

certain period of run. The water flux for different draw solution concentration before wasting 

being carried out is simulated and the results are presented in Fig 4.5. Noted that because the 

membrane properties (A value, B value and Km value) used for the simulation are different from 

the HTI membrane used in previous FO tests, so the initial flux values are not comparable with 

the data shown in Section 4.1. But similar to the FO tests, higher draw solution concentration 

gave higher initial water flux and the flux declined continuously with filtration time. To 

understand the degree of flux decline more directly, the percentage of the flux reduction 

comparing to the initial flux is presented in Fig 4.6. Comparing Fig 4.5 and 4.6, it could be seen 

that higher draw solution concentration actually led to a smaller degree of flux loss. The dot lines 

in Fig 4.5 are the average flux value for 600 hours filtration. Higher draw solution still had a 

higher average flux, and the average flux values were 15.7 L/m
2
.hr, 12.2 L/m

2
.hr and 9 L/m

2
.hr 

respectively. 

 

Figure 4.5 Water flux behavior for different DS concentration in OsMBR 
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Figure 4.6 Percentage of flux reduction during OsMBR process for different DS concentration 

Unlike what happened in the closed loop FO system, the draw solution in this OsMBR system 

was kept constant so no dilution took place in the draw solution side. The declining flux was 

solely due to the concentration effect on the feed solution. In this case, until the wasting was 

carried out, no outflow other than permeate water across the membrane existed in the system. 

Thus, the salt brought into the system by the inflow wastewater as well as the reverse salt flux 

from the draw solution accumulated and the FO process flux kept decreasing even after 600 hours 

filtration. The corresponding mixed liquor salt concentrations Cml were shown in Fig 4.7. The 

continuously increasing concentration matched with the declining flux shown earlier. The reason 

for the higher concentration increasing rate in high draw solution concentration case shown was 

the greater salt mass adding rate into the reactor, and it was contributed by both greater reverse 

salt flux and inflow rate. As shown in Eq. (13), the reverse salt flux is proportional to the water 

flux. Consequently, high draw solution concentration case which had a higher water flux also led 

to a higher salt flux. Besides, as discussed in Section 2.5, the mixed liquor in the reactor had a 

constant volume and it’s balanced by the inflow and the permeate water (Eq. (19), Qs = 0 in this 

case). So higher water flux would cause the inflow rate to be higher, and the corresponding salt 

mass inflow rate was higher. However, despite the higher feed concentration in the reactor, the 

higher draw solution concentration case actually had a smaller flux loss in terms of percentage 

(Fig 4.6). This unexpected result also contradicted with the observation of FO tests in which 

higher draw solution concentration obviously led to higher flux loss (Fig 4.2(a)). The only 

reasonable explanation here was the absence of draw solution dilution in the simulated OsMBR 

system. With only the feed solution concentration effect, higher draw solution concentration case 
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would still have advantage in terms of water flux performance even the feed side concentration 

was higher. 

 

Figure 4.7 Mixed liquor salt concentration change in the reactor during OsMBR 

From the results and discussions presented in this section, there is a tradeoff if the high draw 

solution concentration is used for OsMBR. Although high draw solution concentration can 

provide higher flux and lower flux loss through the run, a higher mixed liquor salt concentration 

will also be accompanied. The high salt concentration may have adverse impact on the microbes 

in the reactor (Lay et al., 2010). Besides, the particulates brought in by the inflow water will 

have a higher concentration due to the greater amount of inflow water coming in. This high 

particulate concentration together with higher water flux makes membrane fouling problem more 

likely to occur (Cornelissen et al., 2008). 

 

4.2.2 Effect of sludge wasting and initial mixed liquor salt concentration 

Although not shown in the Fig 4.5, it could be easily deduced that the flux would eventually 

reach zero and became negative (reverse flux direction from draw solution to feed solution) if no 

sludge wasting was carried out because the inflow would keep adding salt into the reactor which 

made the mixed liquor salt concentration increase to the draw solution level and even higher. 

Hence, sludge wasting must be carried out after certain period of filtration to maintain the system. 

As can be seen in Eq. (23), the volume of the mixed liquor to be wasted will decide the new 

concentration in the reactor. The larger the wastage volume, the lower the new concentration will 
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be, and a higher level of the flux can be recovered. To demonstrate this effect, 50% wastage at the 

end of 300 hours run was used in the modeling for standard operation condition (see Section 3.4). 

After the wasting, clean water was assumed to add into the reactor till the original reactor volume, 

and the process continued. The effects of this impulse wasting on the consequent water flux and 

mixed liquor salt concentration were presented in Fig 4.8. 

 

(a) 

 

(b) 

Figure 4.8 50% volume wastage at 300 hr during OsMBR process (a) water flux behavior; (b) concentration change. 

In Fig 4.8(a), the first 300 hours filtration performance was just identical to the one shown in Fig 

4.5 (2M case). At the end of 300 hours right after the sludge wasting, a flux “jump” occurred 

which indicated a flux recovery from 10.7 L/m
2
.hr to 15.1 L/m

2
.hr. And consistent with Eq. (23) 
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prediction, 50% reduction of the mixed liquor salt concentration from 378 mM to 189 mM was 

achieved as a result of the wasting (Fig 4.8(b)). However, the flux decline trend after the wasting 

was still very similar to the trend before the wasting. If the new flux line was “cut” and “paste” it 

back to the part of the curve before the wasting with a similar beginning flux value (as shown in 

the red crosses in Fig 4.8(a)), they almost overlapped. This result indicates that the impulse 

wasting partially recovers the flux by reducing the mixed liquor salt concentration. But under the 

same operation conditions other than the initial salt concentration in the reactor, the flux decline 

trend will not be affected. Therefore, it can easily deduced that after certain time of filtration after 

the wastage, the flux will decrease back to the same level again, and this circle will repeat if same 

sludge wasting is carried out.  

From this conclusion, a characteristic sludge wasting time ts may be defined. This ts is the time 

between two sludge wastages, or in other words, the necessary sludge wastage frequency if a 

minimum flux level is to be maintained, and it is about 185 hours in this case (Fig 4.8(a)). The 

duration of ts is associated with the level of the flux to be maintained. If a higher flux needed to 

be maintained, a higher frequency of the wastage (shorter ts) will be needed. Besides, the volume 

of the wastage and the timing of first sludge wasting will also affect this ts, and these can be 

easily verified in the model by presenting similar graphs like Fig 4.8(a). 

Alternatively, the following filtration process after the wasting can also be considered as a new 

run with initial mixed liquor salt concentration in the reactor to be 189 mM rather than 0 mM for 

standard operation condition. This case was separately presented in Fig 4.9 as a comparison of 

standard operation condition case, and they were put into the same time scale (both start from 0 

hour). As can be seen in the figure, starting with salt contained mixed liquor would reduce the 

initial water flux and had a slower flux reduction. The reason was simple, just like starting with 

lower draw solution concentration, both of these two reduced the concentration difference 

between the feed (mixed liquor) and draw solution thus reduced the available osmotic driving 

force. Consequently, the lower initial flux led a milder flux decline curve because of slower 

concentration effect on the mixed liquor side (detail discussion in Section 4.2.1). 
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Figure 4.9 Effect of initial mixed liquor salt concentration on the OsMBR performance 

 

4.2.3 Effect of membrane orientation 

Similar to previous FO tests, membrane orientation will also have an effect on the OsMBR flux 

behavior. As shown in Fig 4.10 below, under the standard operation conditions (except different 

membrane orientation), AL-facing-DS orientation had a higher initial flux and a much faster 

decline comparing with AL-facing-FS orientation. For the higher initial flux, the underlying 

reason was the same as the case discussed in FO tests – the different ICP mechanisms (see 

Section 4.1.1). On the other hand, although in FO tests flux under AL-facing-DS orientation also 

decreased faster than the other orientation, the real reasons were a bit different for OsMBR case. 

Here, the higher reverse salt flux and faster inflow (discussed in Section 4.2.1) as well as the 

enhancement of high salt concentration to the concentrative ICP effect (discussed in Section 4.1.2) 

together made the flux drop faster in AL-facing-DS orientation. The draw solution dilution effect, 

which played an important role in FO tests, didn’t affect the OsMBR system in this case because 

it’s held constant. 
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Figure 4.10 Flux performance for different membrane orientation. 

 

4.2.4 Effect of reactor size 

In a MBR system, the reactor size is one of the important factors because it may affect the 

hydraulic retention time (HRT) and solids retention time (SRT) and influence the treatment (Judd, 

2006). In OsMBR system, in addition to those effects, the reactor size will also change the 

membrane flux performance. In Fig 4.11 below, the flux performance in a system with a 20L 

reactor was simulated to compare with the flux under standard operation condition (4L reactor). 

From the figure, flux under 20L condition had an obviously slower flux decline even with the 

same initial flux condition. The volume of the reactor won’t affect the initial flux because it won’t 

change the feed and draw solution concentration. However, with the same salt mass adding rate 

from the salt flux and inflow into the reactor, the larger volume made it have a weaker effect on 

the solution concentration. This can also be verified by checking Eq. (22), which showed the 

mixed liquor osmotic pressure (concentration) change was inversely proportional to the reactor 

volume Vr. Because of the slow flux decline, the sludge wasting frequency mentioned in section 

4.2.2 could be lower in large reactor volume system, thus the SRT could be longer which ensured 

the biological processes have sufficient time to react. 
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Figure 4.11 Membrane flux performance for different reactor size 

 

4.2.5 Effect of inflow wastewater concentration 

As discussed in earlier sections, the flux decline in this simulated OsMBR system was only due to 

the concentration effect on the feed solution side (mixed liquor). The incoming salt was from two 

sources, the reverse salt back transport and the inflow wastewater. The salt flux depended on the 

membrane properties and little could be done to control it in operation point of view. Hence, the 

concentration of the inflow wastewater may greatly affect the membrane treatment in OsMBR. 

Here, three different inflow concentrations were simulated and the resulting flux behaviors were 

shown below in Fig 4.12. 

The 10mM concentration case was just under the standard operation condition as shown in 

previous sections. The pure water or zero concentration case was an ideal condition, and it might 

seldom occur in real life operation. But this condition represented an important scenario – the flux 

behavior in this case was only influenced by the reverse salt transport. Hence, it could be used as 

a baseline when comparing with other cases to differentiate the degree of influence to the flux 

from the inflow wastewater. As shown in the figure, inflow with no salt concentration case had 

the slowest flux decline comparing with other two cases because of its slowest salt accumulation 

in the reactor. However, if no sludge wastage was carried out for a long time, the flux decline was 

still very severe. In this case, more than 50% flux reduction occurred at the end of 600 hours run. 

On the other hand, inflow with 100mM salt concentration suffered the most severe flux decline. 

With the same 600 hours run, the flux loss of 100mM case was more than 95% and the flux 
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almost reached zero. Such serious result gave us the warning that for high salt concentration 

wastewater, actions like using larger volume of reactor or frequent sludge wastage must carried 

out to prevent the breakdown of the system. 

 

Figure 4.12 Effect of inflow water concentration on the OsMBR performance 

 

4.3 Modeling of OsMBR system with continuous wasting 

Besides the impulse sludge wasting discussed in last section, there is another common sludge 

wasting strategy – continuous sludge wasting. In this study, a constant flow rate wasting from the 

reactor was used (Fig 2.3), and the simulated results were presented and discussed below. 

4.3.1 Effect of wastage flow rate 

As shown in Fig 4.13, two different sludge wastage flow rates were simulated. Different from the 

cases discussed in Section 4.2, a stable flux occurred in this continuous sludge wasting condition. 

However, with the same initial flux and similar initial flux decline trend, the case with larger 

wastage flow rate (0.36 L/hr) reached a higher stable flux in a shorter time.  
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Figure 4.13 Different flux performances for different sludge wasting flow rates in continuous sludge wasting condition. 

This stable flux indicated that the mixed liquor salt concentration in the reactor reached a 

maximum level after certain time of filtration. Obviously, this huge change was due to the 

introduction of the continuous wastage into the system. As shown in the system mass balance in 

Eq. (18), three components (QinCin, QsCml and JsAm) contributed in the change of mixed liquor salt 

concentration. The maximum mixed liquor salt concentration would occur when the amount of 

salt adding into the system (QinCin + JsAm) was balanced by the salt discharge in the wastage 

(QsCml). At the stable condition, Eq. (21) can be rearranged as 

𝑄𝑠

𝐴𝑚 (𝜋𝑖𝑛 +
𝐵

𝐴
)

=
𝐽𝑣

𝜋𝑚𝑙 −𝜋𝑖𝑛
 .................................................................................................................... (25) 

In this equation, because πml was a function of Jv, Qs and Jv were not in a linear relation. Rather, 

the wastage flow rate Qs was directly proportional to the term 
𝐽𝑣

𝜋𝑚𝑙 −𝜋𝑖𝑛
, and it could be easily 

verified in the model. Noted that the lower sludge wastage flow rate used in the simulation was 

0.036 L/hr which was 10 times smaller than the other case. Calculated in the model, its respective 

𝐽𝑣

𝜋𝑚𝑙 −𝜋𝑖𝑛
 term for stable condition was 6.214 x 10

-12
 while the term for the larger flux case was 

6.214 x 10
-11

 which was just 10 times larger. In addition, the time for the lower wastage flux case 

to reach stable flux was much longer than the higher flux case. In the simulated condition, it took 

about 700 hours to reach the stable flux while the higher flux case only took about 80 hours. The 

lower stable flux in slower wastage flux case indicated a higher maximum reactor salt 

concentration because the flux level was actually determined by the draw and feed solution 

concentration difference (Fig 4.14). By checking the data calculated in the model, the two 
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maximum concentrations were 33.41mM and 157.65mM respectively. However, comparing to 

the other case, this about 5 times larger concentration for the slower wastage case took more than 

5 times longer time to reach. This could be explained by the decline salt accumulation rate in the 

reactor because and continuously decreasing reverse salt flux and inflow wastewater.  

To quantify the magnitude of the time to reach the stable flux, one possible indicator was SRT of 

the system. According to the definition, SRT was the average time the solids stayed in the system, 

and it could be calculated as the amount of salt in the system (VrCml) over the salt mass discharge 

rate in the sludge wastage (QsCml), which was just Vr/Qs. Hence, the SRT values for the two cases 

would be different by 10 times and this matched with results fairly well (700 hours versus 80 

hours). However, SRT may only work as indicator of the magnitude of the time but it doesn’t 

equal to the time. 

 

Figure 4.14 The accumulative salt concentration profile in the reactor for different sludge wastage flow rates 

 

4.3.2 Effect of membrane orientation 

Under the continuous sludge wasting condition, the water flux profile for AL-facing-FS 

membrane orientation was shown below in Fig 4.15. The sludge wastage flow rate used was 0.36 

L/hr. Besides the expected lower initial flux comparing with the AL-facing-DS case presented in 

Fig 4.13, a stable flux was also achieved after a period of run. Noted that the minimum value for 

the vertical axis was not set to be zero in the figure for the purpose of better illustration of the flux 

decline trend since the decline range was very narrow (within 1 L/m
2
.hr) comparing to the other 
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orientation case (more than 10 L/m
2
.hr). To directly compare the different degrees of flux 

reduction for both membrane orientations, the normalized fluxes using ratio between the initial 

fluxes were plotted in Fig 4.16. 

 

Figure 4.15 The water flux performance for AL-facing-FS orientation under continuous wastage condition. The 

wastage flux used was 0.36 L/hr. 

 

Figure 4.16 Normalized flux (Jv/Jv-initial) profile for both membrane orientations 

As shown in the figure, AL-facing-FS case had only a very little flux reduction before reaching 

the stable flux. An easier way to explain this phenomenon was by manipulating the mass balance 

equation. Considering the stable condition, Eq. (18) can be rearranged as  

𝐶𝑚𝑙 =
𝑄𝑖𝑛 𝐶𝑖𝑛 +𝐽𝑠𝐴𝑚

𝑄𝑠
 ....................................................................................................................... (26) 
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Replace Qin with Qs and JvAm according to Eq. (19) and replace Js with Jv according to Eq. (13) 

𝐶𝑚𝑙 = 𝐶𝑖𝑛 + (𝐶𝑖𝑛 +
𝐵

𝐴𝛽𝑅𝑇
)
𝐽𝑣𝐴𝑚

𝑄𝑠
 ................................................................................................. (27) 

Hence, according to Eq. (27), the maximum salt concentration Cml in AL-facing-FS case would 

be smaller due to the lower stable flux under the same sludge wastage flow rate Qs. The low 

maximum salt concentration in the reactor only caused a minor change in the concentration 

difference between the draw and feed solution, and a small decline in the flux level. 

From the simulation data, the time for the flux to reach the stable value was about 80 hours for 

this orientation. This was almost identical to the AL-facing-DS case. Despite the huge differences 

in terms of the initial flux, stable flux and salt concentration, the SRT values were the same for 

both orientation conditions since same reactor volume and sludge wastage flow rate were used. 

Therefore, this result again verified the method of using SRT as the approximate indicator of the 

time needed.  
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CHARPTER 5 CONCLUSIONS 

In this report, simulation results for an OsMBR system using verified ICP model were presented 

and discussed under two different sludge wasting conditions.  

For impulse sludge wasting case, due to the accumulating salt concentration in the feed solution, 

the flux was continuously decreasing before the sludge wastage carried out. More concentrated 

draw solution gave a higher water flux and smaller flux loss, but also resulted more severe salt 

accumulation in the system because faster incoming salt mass flux from reverse salt transport and 

inflow wastewater. High salt concentration in the inflow wastewater also resulted faster salt 

accumulation in the reactor and led to faster and more severe flux decline. On the other hand, 

same OsMBR system operated in larger size of reactor had a slower flux decline because of the 

inversely proportional relation between mixed liquor concentration change and the reactor 

volume. The impulse wasting would partially recover the flux by reducing the mixed liquor salt 

concentration but couldn’t change the flux decline trend. Hence, to maintain a minimum flux 

level, the sludge wastage was necessary to be carried out after a characteristic sludge wasting 

time ts, and the length of ts depended on the level of the flux to be maintained, the volume of the 

wastage and the timing of first sludge wasting. 

Under continuous sludge wasting condition, a maximum salt concentration in the reactor and a 

stable flux were achieved after certain period of filtration. This stable condition was due to the 

incoming salt from the reverse salt flux and inflow wastewater was balanced by the salt discharge 

in the continuous sludge wastage. The direct relation between the sludge wastage flow rate and a 

characteristic term 
𝐽𝑣

𝜋𝑚𝑙 −𝜋𝑖𝑛
 of the system was found and it indicated the non-linear dependence 

of stable flux on the wastage flow rate. The time scale to reach stable flux condition could be 

characterized by the solids retention time but it was only an indicator of the magnitude rather than 

the exact length of time. In addition, comparing to AL-facing-DS orientation, operation in 

AL-facing-FS membrane orientation had much less flux reduction before reaching the stable flux 

because the lower maximum salt concentration in the reactor only caused a minor change in the 

concentration difference between the draw and feed solution. 
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