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Abstract

The utilization of osmosis for engineered applications sparked off various emerging technologies
relying on osmotically driven membrane processes (ODMPs). Represented by forward osmosis
(FO) and pressure retarded osmosis (PRO), ODMPs show great promise to leverage the global
water-energy nexus and have drawn considerable attention in recent years. However, their
performance in practical applications is significantly affected by membrane fouling. Membrane
fouling is a complex problem and is associated with the foulant deposition, concentration
polarization and reverse solute diffusion (RSD) in ODMPs. The current paper provides a
comprehensive review on membrane fouling in ODMPs with a focus on the elaboration of the
factors and mechanisms governing the fouling behavior. Among those fouling factors and
mechanisms, some are also applicable for pressure-driven membrane processes (e.g., reverse
osmosis (RO) and nanofiltration (NF)), such as the effects of hydrodynamic conditions,
feedwater composition, and membrane material and properties, and the cake-enhanced
concentration polarization (CE-CP) mechanism. Others are unique for ODMPs, such as the
effects of draw solution composition and membrane orientation, the internal concentration
polarization (ICP) self-compensation effect, and the RSD-enhanced fouling. A general osmotic-
resistance filtration model for ODMPs is presented in this paper to assist in the interpretation of
the intrinsic interrelationships among those fouling factors and mechanisms. The impact and
mechanisms of membrane fouling on contaminates removal are also reviewed briefly based on
the limited existing literature on this topic. Finally, the available membrane fouling control
strategies for ODMPs are summarized upon understanding the cause and effect of fouling. Based
on the current review, future research prospects are proposed for further studying the membrane

fouling in ODMPs.
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1. Introduction

Osmotically-driven membrane processes (ODMPs), represented by Forward Osmosis (FO) and
Pressure Retarded Osmosis (PRO), are emerging membrane technologies that show great
promise to address the global challenges in water and energy supply [1-5]. FO utilizes a high
osmotic pressure draw solution (DS) to “draw” the water from a low osmotic pressure feed
solution (FS) through a semi-permeable membrane. With a suitably selected DS for FO, the
product fresh water can be sustainably separated out from the diluted DS using an appropriate
separation approach [6]. PRO is a process similar to FO except that a hydraulic pressure lower
than the osmotic pressure difference across the membrane is applied in the DS side. This
hydraulic pressure “retards” the permeation of water from FS, converting the free energy of
mixing (i.e., the salinity-gradient energy or osmotic energy) into a useful work that can be further

harvested as electricity by depressurizing the permeate-enhanced DS through a hydroturbine [7].

Since 2005 when Elimelech and coworkers reported the use of FO technology for desalination
[6], the publications on ODMPs (especially FO) have been expanding at an exponential rate
(refer to Figure 1). The applications based on FO have been extended to various water industries
(i.e., water treatment, wastewater reclamation and brackish/seawater desalination) [1, 3, 5, 8, 9].
Without the requirement of DS separation, the stand-alone FO can be used to concentrate the
feed water (e.g., concentration of anaerobic digester centrate [10] and concentration of
wastewater for energy and nutrients recovery [11-13]) or dilute the draw solution (e.g.,
fertigation [14] and osmotic dilution of seawater for desalination [15, 16]). The major advantage
of the stand-alone FO process over the pressure-driven reverse osmosis (RO) and nanofiltration

(NF) processes lies in the very low energy consumption (mainly for pumping the FS and DS).



With the development of DS regenerating technologies and novel draw solutes synthesis, the DS
regeneration may become less energy-intensive and the cost for separating the product water
from the diluted DS may be substantially reduced [2, 17, 18]. PRO is primarily used for recover
the renewable salinity-gradient energy. Although proposed around 40 years ago [7], it did not
achieve such rapid advancement until recent decade especially after the operation of the first
prototype PRO osmotic power plant in Norway in 2008 [3, 5, 19, 20]. Recent analysis shows that
PRO may be superior to its competing technology reverse electrodialysis (RED) in terms of

energy efficiency and power density for extracting salinity-gradient energy [21].

Figure 1

Despite the great attractiveness of ODMPs, their performance can be significantly affected by
membrane fouling — which is caused by the deposition of suspended particles or colloids, organic
macromolecules, sparingly soluble inorganic compounds, microorganisms, or their mixtures on
(or even inside) the membrane [3, 5]. Membrane fouling not only reduces the permeate water
flux (and osmotic power output in the case of PRO), water recovery, and permeate quality, but
also causes increased operating cost and shortened membrane life. Among the vast number of
studies on ODMPs, a significant portion of them are related to membrane fouling (Figure 1).
These fouling papers are to evaluate the impact of fouling on the process performance [10, 22-
26], to explore the factors and mechanisms governing the fouling behavior [27-33], and/or to
develop approaches for mitigating fouling [34-38]. Particularly, understanding the causes of
fouling in ODMPs is of paramount importance for developing effective fouling-control strategies.

Most of the fouling studies in ODMPs reported similar fouling mechanisms to those in pressure-



driven RO/NF processes. These mechanisms are associated with the complex interplay of
solution chemistry, hydrodynamic conditions and membrane surface properties [27, 39]. On the
other hand, some other studies reported several fouling mechanisms that are unique in ODMPs,
such as the relationship between fouling and ICP self-compensation effect [29] and the enhanced
fouling due to reverse solute diffusion [40]. Due to the complex nature of fouling in ODMPs and
the lack of comprehensive reviews on this important topic, a timely review on this subject is
necessary and will be of help for well understanding the causes, effects, and control strategies of

membrane fouling in ODMPs.

This paper focuses on the comprehensive review of membrane fouling in ODMPs based on the
existing literature. The review starts with the revisit of the fundamentals of mass transport in
ODMPs. Then, an osmotic-resistance filtration model differentiating all the driving forces is
proposed for the general discussion of membrane fouling in ODMPs. Subsequently, the factors
and mechanisms governing the fouling in ODMPs are discussed and compared with those in
pressure-driven RO/NF processes. The impact of membrane fouling on contaminants removal
(particularly trace contaminants) in ODMPs and the rejection mechanisms are also reviewed.
Next, the approaches for mitigating membrane fouling are summarized. Finally, future research

needs on fouling and its control in ODMPs are recommended.

2. Fundamentals of mass transport in ODMPs
Before reviewing membrane fouling, it is essential to understand the mass (i.e., water and solute)
transport in ODMPs. In ODMPs, water in the FS of lower concentration (or higher water

chemical potential) transports through the membrane into the DS of higher concentration (or



lower water chemical potential). Meanwhile, draw solute in the DS diffuses into the FS in an
opposite direction to the water permeation. Solute diffusion in this fashion is referred to as
reverse solute diffusion (RSD) [29, 41-44], which is a unique phenomenon in the ODMPs. The
rates of water permeation and RSD are affected by internal concentration polarization (ICP)
within the membrane porous support layer and external concentration polarization (ECP) near
the membrane surface, as the ICP and ECP can lead to the reduction of their effective driving
force (i.e., the osmotic pressure difference or concentration difference across the membrane) [29,
45-49]. On the other hand, water permeation and RSD will influence the extent of ICP and ECP
[29, 42, 50]. This section will revisit the fundamentals of water and solute transport with a focus
on RSD, ICP, ECP, their relationships, and their influences on water flux behavior under non-
fouling conditions in ODMPs. The role of RSD, ICP and ECP on membrane fouling will be

further discussed in Section 3.

2.1. Water permeation and reverse solute diffusion

The membrane processes can be classified into reverse osmosis (RO), pressure retarded osmosis
(PRO), forward osmosis (FO) and pressure assisted osmosis (PAO), based on the water flux
direction as well as the relationship between the net applied hydraulic pressure (AP ) and

osmotic pressure gradient across the membrane (Az,, ). These four processes are schematically

illustrated in Figure 2a and their water flux can be generally described by the following equation
[46]:

J, = Az, —AP) 1)
where A is water permeability coefficient of the membrane; Az, is effective osmotic pressure

difference across the membrane; AP is the net applied hydraulic pressure.



Figure 2b shows J, as a function of AP for the four processes. Since this review focuses

primarily on FO and PRO, the sign convention is such that a positive J, indicates that the

permeation of water from the low concentration FS to the high concentration DS (i.e., the water

flux direction in FO and PRO). Accordingly, a positive AP indicates a higher hydraulic pressure

in DS than that in FS. In Figure 2b, the relationship between J, and AP for each process is

summarized below:

1)

2)

3)

4)

For RO, AP > Arx,, (i.e., a net hydraulic pressure applied in the high concentration solution
Is greater than Az, ). The driving force is the hydraulic pressure and water permeates from

the high concentration side to the low concentration side. The magnitude of water flux |JW|

increases with increasing AP .

For PRO, 0 < AP <Ax,, (i.e., a net hydraulic pressure is applied in the high concentration
DS side but its value is lower than Az, ). The driving force is the osmotic pressure

difference and water permeates from FS into DS. Water flux J, decreases with increasing

AP such as the pressure in DS acts to “retard” the water flux.

For FO, AP =0 (i.e., no hydraulic pressure is applied). The driving force is osmotic pressure
and the water permeates from FS into DS.

For PAO, AP <0 (i.e., a net hydraulic pressure is applied in the low concentration FS side).
The driving force is the osmotic pressure together with the hydraulic pressure. The

magnitude of water flux J,, increases with increasing the applied pressure in FS.



It is worthwhile to note that PAO has received some attention recently [51-53], as the
additionally applied pressure in FS is necessary to maintain the FS flow in a spiral-wound FO

module in practical operation and can potentially increase the water recovery of an FO system.
Figure 2

The reverse solute flux (J,) can be generally described below:
‘]s = BACeff (2)
where B is solute permeability coefficient of the membrane; AC, is effective solute

concentration difference across the membrane.

Besides Eq. (2), another useful quantification of revere solute diffusion (RSD) is the specific

reverse solute flux (J,/J,) that describes the amount of draw solute diffusing into FS per unit
volume of water permeating into DS [29, 42, 43, 54]. Combining Eq. (1) and (2) and relating
Arg to AC,, with van’t Hoff Equation, J,/J, in ODMPs can be generally described by the
following equation [42]:

J, B AAP
= 1+—) (3)
J, ART I

w

where £ is the van’t Hoff coefficient and is a constant if the concentration and osmotic pressure

of the solution follow a linear relationship, R, is the universal gas constant, and T is absolute

temperature. The positive J_/J,, indicates the direction of solute diffusion is opposite to that of

water permeation.
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Figure 2c shows the theoretical J,/J, as a function of AP in different regions. Obviously,

J./J, is a hyperbolic curve with two asymptotic lines of x=Az, and y=0 (i.e., X axis).

Specifically, the relationship between theoretical J /J, and AP in different regions is

summarized below:

1)

2)

3)

4)

In the RO region, the negative J /J, indicates that the solute diffusion has the same
direction with the water flux. The absolute J,/J,, value decreases with increasing AP and
approaches to zero when AP is infinitely great.

In the PRO region, the theoretical J /J, increases with increasing the applied hydraulic
pressure [42, 55] and becomes infinitely large when the AP approaches to Ax,, due to the
diminished water flux at osmotic equilibrium.

In the FO region where AP =0, J,/J,, is a constant value for a given membrane and is only

dependent on the membrane intrinsic separation properties and working temperature [29].

Theoretical J,/J, is independent of the operating conditions, such as DS and FS

concentration, membrane orientation and hydrodynamic conditions [44, 54, 56].

In the PAO region, the theoretical J,/J,, decreases with increasing the hydraulic pressure

applied in FS and approaches to zero when the AP becomes infinitely great in FS.

In reality, the experimentally measured J,/J, may not exactly follow the trend in Figure 2c,

because the membrane separation properties (A value and B value) may change with the

operating conditions and solution chemistry. For example, it has been reported that membrane

deformation at high pressure PRO and PAO operation can lead to the significant loss of

11



membrane rejection [42, 53, 55, 57]. The high concentration DS in contact with the membrane
active layer may also lead to the change of membrane separation properties [58]. RSD is a very
important phenomenon in ODMPs, as it can lead to the loss of draw solute, enhancement of
concentration polarization (Section 2.2 and Section 2.3), and the change of feedwater chemistry

that may significantly influence the membrane fouling behavior (Section 3.1.3 and Section 3.2.5).

Power density (W) can be used to characterize the energy consumption or energy production in
these processes, as expressed in Eq. (4). Figure 2d shows the relationship between W and AP .
In the RO and PAO regions, the negative W value indicates that energy is consumed in these
processes. In contrast, W value is positive in PRO region, which indicates that energy (i.e.,
salinity-gradient energy) can be extracted from this process. In FO region, energy is neither
consumed nor produced in ideal case (where the energy for recirculating FS and DS is not
considered).

W =J AP (4)

2.2. External and internal concentration polarization

Concentration polarization (CP) refers to the phenomenon that solute concentration near a
membrane surface differs from that in bulk solution. The occurrence of CP not only can reduce
the effective driving force across the membrane (which can in turn reduce the permeating water
flux), but also may be associated with membrane fouling [59, 60]. In ODMPs, two forms of CP
are applicable — external concentration polarization (ECP) and internal concentration polarization
(ICP) (Figure Al in Appendix A). ECP occurs near both sides of membrane surfaces. It can be

alleviated through optimization of the hydrodynamic conditions (such as increasing cross-flow

12



velocity). On the other hand, ICP occurs within the membrane porous support layer that acts as
an unstirred layer to hinder solute diffusion. Therefore, ICP plays a dominant role in the

performance of ODMPs.

ECP and ICP behave differently in different membrane orientations, as shown in Figure Al. Due

to ICP and ECP, the actual solute concentration at the support-active layer interface (C,) and on
the active layer surface (C, ) respectively is different from that in the bulk solution. Table 1
summarizes the mathematical equations and their physical interpretations to describe the C, and
C, due to dilutive CP and concentrative CP in different orientations. It should be noted that CP

in ODMPs are contributed by both solution convection and reverse solute diffusion [42, 50, 55,

61].

Table 1

Based on the equations in Tablel and Eq. (1) and (3), the water flux due to ECP and ICP in

ODMPs can be generally described by following equations [55].

B AAP
T4 +Z 1+T
J, = Koeran IN z (AL-FS orientation) (5)
B AAP ) J, AAP N
T +—|1+— [+ 1+—[exp
A ‘]W A w kecp,al
and
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- B(, AAP) J,(. AAP 3, )]
Ty +— | 1+— || 1+ —— [exp
A ‘Jw A ‘Jw kecp,al

J, =K In (AL-DS orientation) (6)

w overall

where K., IS the overall mass transfer coefficient. K .., iS dependent on the mass transfer

coefficient within the support layer k;_,, that near the surface of the active layer k., ., (i.e., K,

in AL-FS orientation or k . in AL-DS orientation), and that near the surface of support layer

decp

Kepsi (1841 Kgeep IN AL-FS orientation or k., in AL-DS orientation). K., can be determined

cecp
by Eq. (7) as follows:

101 1 1
= 7
k. k. K )

overall icp ecp,s

K

ecp,al

2.3. Osmotic-resistance filtration model for ODMPs

While Egs. (6) and (7) are extensively used to model water flux with emphasis on the effects of
ICP and ECP, an osmotic-resistance filtration model is proposed in this paper to describe the
water flux which explicitly differentiates all the driving forces and hydraulic resistances. A
similar model has been shown to be valuable for the better understanding of membrane fouling
in RO [62]. As schematically illustrated in Figure 3, the apparent concentration driving force for

ODMPs (proportional to osmotic driving force), AC, ., can be divided into four components —
(1) the effective concentration driving force (AC, ), (2) the loss of driving force due to ICP

(AC,,, of DS in AL-FS orientation or AC__ of FS in AL-DS orientation), (3) loss of driving

dicp cicp

force due to CECP (AC__ ), and (4) loss of driving force due to DECP (AC,_ ). The

cecp decp

mathematical equation for osmotic-resistance filtration model is expressed in Eq. (8) for AL-FS

14



orientation and Eq. (9) for AL-DS orientation respectively, which can be obtained by rearranging
Eq. (6) and Eq. (7) and relating Eq. (3) (detailed derivation is provided in Appendix A).

(ﬂ-ds s )_AP - Fcecp(”fs +:]]SﬂRgTj_ chp(ﬂ-ds +jsﬂRgTj
J — w w

w

MR,
(AL-FS orientation) (8)
and
J J
(ﬂ.ds Ty )_AP_Fccp T g +fﬂRgT _Fdecp T s +J75ﬂRgT
J, = w w
MR,
(AL-DS orientation) 9)

where u is the feedwater viscosity, and R, is the membrane hydraulic resistance. The

membrane water permeability (A) is related to x# and R, by Eq. (10)

A= (10)

1
MR,

F._ and F

cecp 4p are concentration polarization factors for CECP at the active layer side and

dilutive CP (DCP, i.e., both DICP and DECP) at the support layer side in AL-FS orientation,

respectively; F,, and F,, are concentration polarization factors for concentrative CP (CCP, i.e.,

decp

both CICP and CECP) at the support layer side and DECP at the active layer side in AL-DS
orientation, respectively. The mathematical expressions for these concentration factors are
described in Appendix A. It is worth noting that concentrative CP factors (both CICP and CECP)
are a function of exp(JW /k), while the dilutive CP factors (both DICP and DECP) are a function
of —exp(—J,, /k).

Figure 3
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The osmotic-resistance filtration model (refer to Figure 3 and Egs. (8) and (9)) provides strong

physical meanings to explain the ICP, ECP and water flux behavior in ODMPs:

(1) CECP, ICP and DECP cause significant loss of driving forces, where ICP typically plays a
dominant role [46, 47, 63]. Moreover, the losses of driving forces due to CECP, ICP and
DECP are specifically described in the osmotic-resistance filtration model.

(2) The loss of driving force due to concentrative CP (CCP, i.e., both CECP and CICP) in the FS

side, AC,,, is contributed by the accumulation of solute due to FS convection (C,) and

cep !
RSD (J,/J,,) at the boundary layer interface. The relative importance of FS convection and
RSD on CCP is dependent on the relative value of C,, and J,/J,, [61]. When C >>J./J,,

FS convection dominates the CCP and the influence of RSD is negligible; when

C, <<J,/J,, RSD dominates the CCP and the influence of FS convection is negligible;
when Cand J /J, are in the same level, both feed water convection and RSD play a

significant role.
(3) The loss of driving force due to dilutive CP (DCP, i.e., both DECP and DICP) in the DS side,

AC,.. , is contributed by the DS dilution due to convection and loss of draw solute due to

dep !

RSD. Severe RSD leads to a great AC,_ due to significant loss of draw solute.

dep

(4) Dilutive ICP (DICP) in AL-FS orientation is more severe than concentrative ICP (CICP) in
AL-DS orientation [29, 64], since DICP causes more loss of driving force.
(5) ECP could be neglected at the support layer side when its boundary layer thickness is much

smaller than the structural parameter of support layer (i.e., 5, << S) (also refer to Eq. (A5)

and Eg. (A10) in Appendix A).
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3. Membrane fouling in ODMPs

3.1. General aspects of membrane fouling in ODMPs

3.1.1. External fouling and internal fouling in ODMPs

In ODMPs, membrane fouling can take place at different locations [27, 30, 31, 33, 65-74]. As
illustrated in Figure 4a, membrane fouling in AL-FS orientation occurs by means of deposition
of foulant from FS onto the membrane active layer surface and the subsequent formation of
“cake layer”, which is similar to fouling in RO. Membrane fouling in this manner is referred to
as external fouling. In the AL-DS orientation, the occurrence of membrane fouling is more
complicated. Figure 4b illustrates several possible scenarios of fouling in this orientation. If the
foulant has relatively small size and can enter into the membrane porous support layer with the
feed water convection, it will either be adsorbed on the pore walls of the support layer or
eventually be retained by the dense active layer and deposit on the back side of the active layer
surface. Subsequently, the foulant that enters into the porous support layer can further attach on
the foulant that has been adsorbed on the pore walls or deposited on the back side of active layer
surface, which leads to the “pore clogging”. Membrane fouling in this manner is referred to as
internal fouling (scenario (1) in Figure 4b). Under severe fouling conditions, the foulant will
continue to deposit on the outer surface of the porous support layer in addition to internal pore
clogging. Membrane fouling in this manner is the combined internal and external fouling
(scenario (2) in Figure 4b). If the foulant has relatively large size and cannot enter into the
porous support layer, the foulant may just deposit on the outer surface of the support layer. In

this case, only external fouling occurs (scenario (3) in Figure 4b). If the feed water contains a

17



mixture of foulants with different sizes, both external fouling and internal fouling may occur

(scenarios (4) and (5) in Figure 4b).

Figure 4

Compared to internal fouling, external fouling occurs on the membrane surface and is more
removable by optimizing the hydrodynamic conditions of the feed water (e.g., increasing cross-
flow velocity [32, 36, 73, 75], using the feed spacer [36, 65, 68], introducing the pulsed flow [36],
employing the air scouring [37]). Therefore, most of the researchers recommend the AL-FS
orientation for FO application to prevent undesirable internal fouling [27, 29, 76], although the
ICP in AL-FS is more severe than that in AL-DS orientation [29, 64]. In addition, unlike the
external fouling in RO where the foulant layer on the membrane surface is compacted by
hydraulic pressure, external fouling in ODMPs is more reversible than that in RO due to the lack
of hydraulic compaction of the foulant layer [32, 75]. In contrast, internal fouling occurs within
the porous support layer that acts as an unstirred layer. It is more difficult to control internal
fouling by simple optimization of hydrodynamic conditions, and it is also less reversible than the
external fouling [35]. Internal fouling occurs mostly in PRO membranes that are usually operated
in AL-DS orientation considering the better membrane mechanical stability and higher power
density [42, 55]. Although osmotic backwash method is developed for the cleaning of the
foulants within the support layer [33, 35], the development of more effective strategies for

internal fouling control will still be an important research topic in the future.
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3.1.2. Osmotic-resistance filtration model for fouling in ODMPs and fouling mechanisms

Membrane fouling in ODMPs leads to a decrease of water flux due to the deposition of foulant
on the membrane surface or within the membrane support layer. Fouling leads to an increase of
overall membrane resistance for water transport (or reduce the overall membrane water
permeability) and may change the extent of concentration polarization as well. Based on the
osmotic-resistance filtration model (Section 2.3), the water flux for the fouled membrane can be

expressed by Eqg. (11) and Eqg. (12) for AL-FS and AL-DS orientations respectively.

‘]s ‘Js
(ﬂ.ds_7Z.fs)_AP_Fcecp,f(ﬂ.fs_'_‘J ! IBRgTj_chp,f(ﬂds-i_‘] ! ﬂRgT]
f

J w, f w,
! /u(Rm + Rf )
(AL-FS orientation) (11)
and
‘Js,f ‘]s,f
(ﬂ.ds _ﬂ.fs)_AP_Fccp,f T g +J7ﬂRgT _Fdecp,f T s +J7ﬂRgT
Jw’f _ w, f w, f
,u(Rm + Rf )
(AL-DS orientation) (12)

where J, ; is the water flux of the fouled membrane, R, is the additional hydraulic resistance
imposed by the foulant deposition (e.g., the formation of a cake layer), F,, ; and F,,  are the
CECP and DCP factors for the fouled membrane in AL-FS orientation respectively, F, ; and

F.. ; are the CCP and DECP factors for the fouled membrane in AL-DS orientation

decp,

respectively, and J,/J, ; is the specific reverse solute flux for the fouled membrane. The

overall water permeability of the fouled membrane ( A, ) can be determined by
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A = 14
R (14)

Figure 5

Egs. (11) and (12) provide significant physical meanings for the analysis of water flux behavior
in ODMPs. In general, the water flux can be affected by concentration polarization (CP), reverse
solute diffusion (RSD), and foulant deposition (i.e., membrane fouling). Severe CP results in two
adverse effects on water flux: (1) a substantial loss of osmotic driving force and thus the decrease
of water flux, and (2) the elevation of foulant concentration near the membrane surface, which
tends to accelerate the foulant deposition and thus the flux decline. The CP phenomenon can be
further affected by RSD. Membrane fouling due to foulant deposition may influence the water
flux in different ways, which is illustrated in Figure 5 and described below:

(1) Introducing additional hydraulic resistance. The formed foulant cake layer causes
additional hydraulic resistance for water permeation, which decreases the overall water
permeability of the fouled membrane. Consequently, the water flux is decreased even at the
same effective osmotic driving force. The modeling of the cake layer resistance and its
dependence on solution chemistry has been extensively discussed in pressure-driven
membrane processes (refer to the review papers [62, 77]), but only few studies reported this
point in ODMPs [29, 33, 78, 79].

(2) Inducing fouling-enhanced concentration polarization. The cake layer may hinder the
diffusion of the solute within this unstirred layer back to the bulk feed solution and thereby
further enhance the solute concentration near the membrane surface. This phenomenon is

known as cake-enhanced concentration polarization (CE-CP). CE-CP is due to the significant
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>F__ in AL-FS orientation

cecp, f cecp

increase of the concentrative CP factors after fouling, i.e., F,

and F, (>F,, in AL-DS orientation. As a result, the CE-CP leads to the further decrease of

cop, 1
the effective osmotic driving force and thus the water flux. The effect of CE-CP is
specifically discussed in Section 3.2.4.

(3) Changing membrane rejection property. The deposited foulant on the membrane may
change the membrane rejection property. For instance, the foulant may seal the membrane
pores/defects for solute diffusion [25, 26] and thus increase the membrane rejection and
reduce the reverse solute diffusion from DS into FS. This suggests that the specific reverse

solute flux in fouling condition (i.e., J,,/J, ;) may be reduced, ie., J  /J, < I /J,,

resulting in the reduced CP. Such a condition can potentially lead to the peculiar
phenomenon of increased water flux upon mild fouling. This point is discussed in Section

3.2.4 and Appendix B. Where RSD is worsened upon fouling (J,,/J, > J,/J,), it can

lead to more severe CP and thus greater water flux loss.
(4) ICP self-compensation effect. This effect is more pronounced in AL-FS orientation [29].
During membrane fouling, the reduced water flux is compensated by a reduced ICP level (i.e.,

Fap.t < Fap 1IN EQ. (11)). This effect is specifically discussed in Section 3.2.3.

decp

3.1.3. Role of reverse solute diffusion

Reverse solute diffusion (RSD) not only can increase CP, but also may lead to the change of
feedwater chemistry and composition, which may further influence the membrane fouling
behavior. When the draw solutes in DS diffuse into FS, these solutes could act as fouling
promoters (e.g., divalent cations) to exacerbate the organic/colloidal fouling [30, 40], or fouling

precursors (e.g., Ca** and SO4?) to accelerate the inorganic scaling [31, 80], or nutrient to favor
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the biofilm development. Role of RSD on fouling is illustrated in Figure 6. It will be further
discussed in more details in Section 3.2.2.3 and Section 3.2.5.

Figure 6.

3.1.4. Classification of membrane fouling and foulant interactions in colloidal system

Similar to membrane fouling in RO [62, 81, 82], fouling in ODMPs can be classified into four

major groups according to the characteristics of foulants:

e Colloidal fouling — deposition of colloidal particles on the membrane;

e Organic fouling — deposition and adsorption of macromolecular organic compounds on the
membrane;

e Inorganic scaling — precipitation or crystallization of sparingly dissolved inorganic
compounds on the membrane; and

e Biofouling — adhesion and accumulation of microorganisms, and development of biofilm on

the membrane.

The specific foulants in different groups are closely associated with the characteristics of feed
waters in ODMPs and can be identified using a series of tools. Table 2 summarizes the properties
of major foulants and the associated identification/characterization methods. Specifically,
particulates, colloids, and organic macromolecules (such as polysaccharides, humic substances
and proteins) are major foulant components in raw wastewater and treated wastewater effluent
[83-86]. They are also ubiquitous in natural waters (e.g., river water, seawater, and groundwater)
[27, 73, 82]. Zhou et al. [85] used the gas chromatography-mass spectrometry (GC-MS) to

identify the soluble microbial products (SMPs) that contained a large portion of polysaccharides,
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proteins and humic substances from the raw and effluent wastewater. Recently, liquid
chromatography—organic carbon detection—organic nitrogen detection (LC-OCD-OND) becomes
increasingly popular for the identification of these organic foulants [66, 73, 87]. The deposited
organic foulants on the membrane can be identified by Fourier Transform Infrared (FTIR)
spectroscopy, solid state 3C-nuclear magnetic resonance (NMR) spectroscopy and high
performance size exclusion chromatography (HP-SEC) [86]. Total organic carbon (TOC)
measurement and UV analysis were also performed to quantify the density of organic foulant
deposition on the membrane [66, 78, 82, 88, 89]. Transparent exopolymer particles (TEPs) are
another important organic foulant that typically exists in natural waters. Feedwater TEP can be
characterized by two methods: microscopic enumeration and colorimetric determination, both of
which rely on staining with alcian blue [72, 90-92]. Silica is a major inorganic foulant and
generally exists in dissolved state or as colloidal particles in seawater, brackish water and
wastewater [73, 93-95]. In addition, the sparingly dissolved salts (such as calcium carbonate,
calcium sulphate, and calcium phosphate) from seawater, brackish water and wastewater are
large components of inorganic foulants [28, 66, 96]. These inorganic foulants deposited on the
membrane are extensively characterized by the scanning electron microscopy—energy dispersive
X-ray apparatus (SEM-EDX) [66, 73] and X-ray Diffraction (XRD) [80, 97-99]. Bio-foulants
(microorganisms) are major components of active sludge in membrane bioreactors (MBR) [38,
66, 100-102]. They also exist largely in natural water and can cause severe biofouling in
seawater or brackish water desalination [38, 73, 103, 104]. The microbial communities of the
biofilm can be characterized by the analysis of DNA extracted from their live cells using the
microbiological methods such as polymerase chain reaction denaturing gradient gel

electrophoresis (PCR-DGGE) and fluorescence in situ hybridization (FISH) [85, 105].
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Biofouling can be monitored by a series of microscopic techniques, spectroscopic techniques and
other non-classified techniques. These monitoring techniques were comprehensively review

previously [106].

Table 2

In practical applications of ODMPs, the membrane is often fouled by a mixture of different types
of foulants from natural or industrial wastewaters and the membrane fouling involves the
combination of the above four categories [66, 73]. However, the mechanisms of mixed fouling
are difficult to understand due to the complexity of the mixed foulants. To investigate the
membrane fouling mechanisms, many existing fouling studies select synthetic water with a
single foulant type [27, 29, 30, 32, 39, 40, 107, 108]. At the meantime, there have been increased
number of studies on fouling of ODMPs with more complex feed waters, particularly in the
context of osmotic MBRs [66, 100, 102]. The study of single model foulant system is useful
because the properties of the selected model foulant can be better controlled/determined and the
foulant-foulant interaction and foulant-membrane interaction can be more easily understood. The
major physicochemical properties and identification methods of the selected model foulants are
summarized in Table 2. These properties (e.g., size, shape, charge and some specific functional
groups) are very important factors affecting the stability of the foulants in the feed water and
their tendency to foul the membrane [62]. Upon understanding the fouling mechanisms in single-
foulant system, future studies may focus on the investigation of fouling mechanisms in mixed-

foulant systems which are more representative of practical applications.
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3.2. Colloidal fouling and macromolecular organic fouling in ODMPs

Colloidal fouling and organic fouling share many similarities [62] and are thus discussed
together. Their behaviors in ODMPs are affected by similar factors and can be explained by
similar fouling mechanisms. Indeed, most of these factors and mechanisms are also applicable
for inorganic scaling and biofouling. Section 3.3 and section 3.4 will specifically discuss the

factors uniquely available for inorganic scaling and biofouling, respectively.

3.2.1. Colloidal interactions

Foulant deposition and accumulation are controlled by foulant-foulant and foulant-membrane
interactions [62, 109]. For colloidal particles or macromolecules, the foulant-foulant interaction
and foulant-membrane surface interaction in the aquatic environment can be explained by the
classical Derjaguin—Landau—Verwey—Overbeek (DLVO) theory (i.e., the net interaction is the
sum of van der Waals (VDW) and the electrostatic interaction force (also called electrical double
layer (EDL) force)) [62, 110, 111]. For microorganisms whose size are comparable to colloidal
particle’s size, the DLVO theory is also useful for the explanation of their adhesion and
attachment on membrane surface during biofouling [106, 112, 113]. The aggregation of foulants
and/or attachment of foulants onto membrane surface require overcoming the energy barrier
resulting from the superimposed VDW and EDL interactions [111, 114]. The interaction energy
is affected by those physicochemical properties of the foulants, which in turn are strongly
dependent on the solution chemistry (such as pH, ionic strength, and ions that can have specific
interactions with foulants). Further details of DLVO theory and their applicability in membrane

fouling can be found in Tang et al. [62].
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In addition to the classical DLVO theory, the non-DLVO interactions typically represented by
the Lewis acid-base (AB) interactions have also been employed to explain the colloidal particle
aggregation, as the classical DLVO theory cannot adequately explain and/or predict some
experimental observations [115, 116]. Arising from the electron-acceptor—electron-donor
interaction, the AB interfacial interaction can be either repulsive for hydrophilic colloids/surfaces
due to hydration force or attractive for hydrophobic ones [115]. By addition of AB, VDW and
EDL interactions, van Oss developed the extended DLVO (XDLVO) theory that is now
extensively used to interpret the foulant-foulant/foulant-membrane interactions during membrane

fouling [112, 114, 117, 118].

3.2.2. Factors affecting the fouling in ODMPs

Colloidal and organic fouling in ODMPs is a complex problem and is affected by a series of

physical and chemical factors. In general, these factors can be classified into five groups:

(1) Operating conditions, such as initial water flux, cross flow velocity, spacer, aeration, and
temperature;

(2) Feedwater characteristics, such as foulant type, foulant physicochemical properties (e.g.,
shape, size, charge, and functional group), foulant concentration, solution pH, ionic strength,
and ionic composition (e.g., divalent cation);

(3) Draw solution composition, such as draw solution concentration and draw solute type;

(4) Membrane properties, such as membrane separation and structural properties (i.e., A, B and S
values), and membrane surface properties (e.g., hydrophilicity/hydrophobicity, roughness,
charge density, surface functional groups); and

(5) Membrane orientation.
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It is worthwhile to note that the DS composition and membrane orientation are unique for
fouling in ODMPs, while the other three groups are also applicable in pressure-driven membrane
processes [62, 119]. The effect of these factors on fouling in ODMPs is reviewed in detail in this

section.

3.2.2.1. Effect of hydrodynamic conditions

Hydrodynamic conditions (such as water flux and cross-flow velocity) are very important factors
affecting membrane fouling in both osmotically-driven and pressure-driven membrane processes.
The effect of hydrodynamic conditions on membrane fouling in pressure-drive membrane
processes has been extensively studied before and reviewed by previous researchers [62, 119-
121]. Most of the conclusions in pressure-driven membrane processes are also applicable in
ODMPs. In general, more severe membrane fouling occurs at higher water flux and lower cross-

flow velocity.

Tang and co-workers investigated membrane fouling in ODMPs using a variety of organic
macromolecules (alginate, humic acid, and protein), inorganic colloids and scalant (e.g., silica
and gypsum) and microorganism (e.g., microalgae) as model foulants, and consistently observed
that membrane fouling became more severe at higher initial water flux levels [29-31, 39, 40, 65,
68, 78, 122]. Similar observations were also reported by the researchers from other groups [27,
122, 123]. They attributed the exacerbated fouling at higher water flux to: (1) larger volume of
water permeating through the membrane (and thus greater amount of foulant brought towards the
membrane surface due to the water convection), (2) more severe concentration polarization, and
(3) greater hydrodynamic drag force towards the membrane surface. Tang and co-workers [29,

30, 39, 40, 68] also observed that fouling did not occur when the flux was below a certain value.
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This flux-dependent membrane fouling phenomenon has been extensively observed in pressure-
driven membrane processes and can be explained by the classical “critical flux” theory [62, 120,
124]. Those observations further reveal that the critical flux concept is also applicable in ODMPs
[29, 30, 39, 40, 65, 125]. Interestingly, Zhang et al. observed that the flux at different initial
water flux levels declined to an identical pseudo-stable flux at the end of long-term gypsum
scaling experiments in PRO process [31]. They further indicated that the limiting flux behavior
observed by Tang et al. in pressure-driven membrane process [62, 126] may also exist in

ODMPs.

Cross-flow velocity over the membrane surface is another hydrodynamic factor affecting the
membrane fouling through the influence of concentration polarization and mass transfer near the
membrane surface. A number of studies observed that external fouling on the membrane surface
was mitigated at increased cross-flow velocities in ODMPs when the membrane active layer is
facing the feed water [28, 32, 36, 73, 127]. In the cross-flow membrane filtration system,
colloidal particles transport towards the membrane due to the permeate water flux (i.e., the
hydrodynamic drag perpendicular to the membrane surface) and meanwhile they are moved
away from the membrane surface by the cross flow (i.e., the shear rate tangential to the
membrane surface) and back transport towards the bulk solution. Therefore, the accumulation of
retained foulant particles near the membrane surface (i.e., concentration polarization of foulants)
is mitigated by the back transport of those particles to avoid severe membrane fouling [62]. At
increased cross-flow velocity, such mass transfer (i.e., back transport) can be further enhanced
which leads to reduced concentration polarization and membrane fouling. In addition to the

increase of cross-flow velocity, greater shear rate induced by the use of spacer, the employment
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of pulsed flow and the introduction of air scouring in the feed flow channel have also been
demonstrated to be effective against fouling in ODMPs [36, 37, 65, 68, 71, 72]. It is interesting
to note that the increase of shear rate can be effective to reduce fouling on the membrane surface
(external fouling) but may not be effective to reduce fouling within the support layer (internal
fouling). For example, Arkhangelsky et al. found that the increase of cross-flow velocity has
negligible effect on the flux behavior caused by inorganic scaling in AL-DS orientation where

the internal fouling dominates the fouling behavior [35].

Although the use of feed spacer seems to reduce CP and external fouling, Wang et al. [68] found
that particles had strong tendency to preferentially deposit near the “hydrodynamic dead zones”
between the spacer filaments and membrane surface. This phenomenon was further confirmed by
a recent direct fouling observation study using optical coherence tomography, which correlated
the preferential foulant deposition to the hydrodynamic shadow zones created due to the
presence of spacer [128]. These studies may suggest the critical research needs in improved

spacer design for both ODMPs and pressure-driven membrane processes.

Temperature is regarded as an important physical parameter affecting the performance of
ODMPs. Various researchers observed that the water flux is improved at increased temperatures
in ODMPs [42, 69, 125, 129-131]. They attributed this observation to the combined effects of (1)
reduced solution viscosity that reduces the membrane resistance and thus increases the water
permeability, (2) increased solute diffusivity that increases the mass transfer in the boundary
layer and thus reduces CP (especially ICP), and (3) increased osmotic pressure that increases the

effective driving force. Temperature can also influence the membrane fouling behavior in
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ODMPs. The effect of temperature on membrane fouling is virtually through the influence of
hydrodynamic conditions (e.g., initial water flux level and mass transfer of foulant) and
thermodynamic conditions (e.g., solution osmotic pressure, foulant solubility/stability, and
foulant-foulant/foulant-membrane interactions). Kim et al. observed that flux decline caused by
organic fouling was more severe at increased draw solution temperature primarily due to
increased permeation drag at increased initial flux level, while membrane was less fouled at
increased feed solution temperature due to the enhanced organic back diffusion from membrane
surface and increased organic solubility [125]. They further observed that fouling became more
severe when the initial flux was above certain critical flux at increased both feed and draw
temperature where organic convection by permeation drag dominated fouling mechanism.
Similarly, Zhao and Zou observed that the inorganic scaling became more severe at higher
working temperatures during brackish water desalination by FO [69]. They attributed this to the
increased permeation drag force at increased initial water flux and increased saturation index at

increased feedwater recovery (or concentration factor).

It should be noted that the majority of existing fouling studies in ODMPs were performed using a
small membrane coupon. In large-scale applications, fouling actually occurs in membrane
modules, which may significantly differ from that in membrane coupons [132, 133]. Indeed, the
spacer geometry and module configuration design can significantly influence the hydrodynamic
conditions along the flow channels in membrane modules [133-135]. In addition, flux
distribution and concentration factor vary at different locations in membrane modules [132-134,
136]. The concentration of feed solutes and draw solutes (through RSD) in feed water can lead to

elevated local concentrations at high recovery [137], which can induces higher osmotic pressure
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of the feed, higher ionic strength (reduced EDL interaction), greater divalent ion concentration
(promotion of organic fouling due to increased Ca?" and Mg?* concentration), and high
saturation index (increased risk of scaling). These factors can influence the fouling behavior in
membrane modules (or submerged membrane reactors) possibly in a highly non-linear manner.
Therefore, there is a strong need to systematically investigate the fouling in membrane modules

for optimizing the module designs for ODMPs.

3.2.2.2. Effect of feedwater composition

Feedwater composition is one of the most important factors affecting the membrane fouling. The
effect of feedwater composition on membrane fouling in ODMPs is similar to that in pressure-
driven membrane processes (a general review of the latter can be found in [62, 86, 119]), and has
been extensively studied recently [27, 39, 71, 74, 108, 123]. Generally, the extent and rate of
fouling can be strongly dependent on the type, properties, and concentration of foulants in the
feed water. The fouling behavior can also be strongly dependent on the feedwater chemistry (i.e.,
ionic strength, pH and divalent ion concentration), since the feedwater chemistry can
significantly influence the physicochemical properties (e.g., surface charge [82, 89, 110, 138-
140], shape and conformation [141-143]) of foulants and the foulant-foulant/foulant-membrane

interactions.

A number of studies on organic fouling in ODMPs selected macromolecules (such as alginate,
humic acid and proteins) as model foulant, as these macromolecules are ubiquitous in natural
waters and wastewater effluents that are commonly used as feed water for ODMPs [27, 29, 30,

32,40, 71, 72, 75, 78, 107, 122]. Consistent with the observations in pressure-driven membrane
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processes [62], organic fouling in ODMPs is generally more severe at increased divalent cation
concentration (Ca®" and Mg?*) and ionic strength [27, 40, 78, 107, 123]. Despite limited studies
on the pH effect on fouling in ODMPs [39, 78, 123], the typical trends observed in pressure-
driven membrane processes are generally applicable: fouling by negatively charged alginate or
humic acid is aggravated by decreasing the pH [82, 138, 144]; the most severe protein fouling
occurs at its isoelectric point (IEP) [89, 145, 146]. The effects of ionic strength and pH on
organic fouling can be well explained by the role of charge interaction in membrane fouling —
reduced electrostatic repulsion (or increased electrostatic attraction) will destabilize foulant and
will lead to more severe membrane fouling [82, 89, 110, 138, 139]. Increased ionic strength
weakens the interaction between charged particles/molecules due to the charge screening effects
(also known as EDL compression) [82, 138]. Although it is commonly known that increasing
ionic strength tends to promote more severe fouling for systems in which EDL repulsion prevails
[62], opposite trend (more stable foulants and reduced fouling at high ionic strength) has been

reported for systems dominated by EDL attraction [147].

The effect of divalent ion (e.g., Ca?* and Mg®") on organic fouling arises from their specific
interaction with functional groups in foulant molecules [27, 30, 40, 71, 75, 78, 107, 122]. Ca*
and Mg?" are known to have strong ability to form complex with the carboxylic groups of
organic macromolecules and to bridge adjacent molecules together [27, 82, 138]. The specific
interaction between the divalent ions and carboxylic groups can also reduce the charge density of
the foulants [110, 140]. The bridging effect together with the reduced charge density can lead to
the destabilization of organic foulants and thus promote their aggregation and deposition on the

membrane. The relative effect of divalent ions on fouling seems to be strongly correlated to their
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affinity the target organic molecules. Mi and Elimelech [27] observed that Ca* in the feed water
can enhance the organic fouling by alginate, bovine serum albumin (BSA), and Aldrich humic
acid (AHA) in FO processes. They further reported that the flux decline was the highest for
alginate, for which they attributed to its greatest carboxylic acidities and special structural
characteristics that promotes the formation of cross-linked network alginate gel through
intermolecular bridging. In contrast, She et al. [30] observed that the alginate fouling is weaker
than the humic acid fouling in the presence of Mg?*. This may be due to the weaker affinity

between Mg?* and alginate than that between Mg?* and humic acid [118, 148].

In addition to the foulant properties and solution chemistry, foulant concentration is another
factor affecting the rate and extent of fouling in ODMPs. Similar to that in pressure-driven
membrane processes [138, 145, 149], the increase of foulant concentration leads to the increase
of rate and extent of initial fouling in ODMPs [31, 107, 108]. However, the fluxes for different
foulant concentrations tend to approach an identical pseudo-stable flux at long-term fouling tests
in both pressure-driven membrane processes [126, 145, 149, 150] and ODMPs [31]. Interestingly,
by plotting the flux (J,) against the total amount of foulants convectively transporting to
membrane surface per unit area ( M, ), the flux decline curves for different foulant
concentrations exhibit nearly identical trend [108, 145, 149]. According to previous studies [82,
108, 145], M, can be determined by integrating the specific foulant convective mass transport
(Couant J ) OVer time t (Eq. (351)). In addition, She et al. [145] suggested that the rate of foulant

attachment onto a membrane (dm, /dt) not only depends on the rate of foulant convective mass

transport (dM , /dt ), but also depends on the attachment coefficient « (Eq. (3615)).
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In Eq. (145) and (156), dM, /dt may be interpreted as the frequency at which the foulant

molecules collide with the membrane [143]. Not all the molecules encounter the membrane can
attach to its surface. Here, « represents the probability of foulant attachment resulting from a
given collision event [145]. Tang et al. [62, 89, 126, 138, 145, 147, 151] further suggested that
a is a complex function of water flux, cross-flow velocity, solution chemistry, foulant properties
and membrane properties, but independent of foulant concentration. The increased foulant

concentration can increase the frequency of foulant collision with membrane (i.e., dM, /dt) and
thus increase the rate of foulant attachment on the membrane (i.e., dm, /dt) at the initial stage of

membrane fouling where increased rate of flux decline is observed. At long-term fouling test,
a gradually diminishes with the decline of water flux and a pseudo-stable condition may be
reached where the hydrodynamic drag force balances the barrier force (see Section 3.2.1) and

there will be no further net foulant attachment on membrane any more even though dM, /dt is

still positive.

Apart from the studies on single-foulant fouling, a handful of studies focused on the fouling by
mixed-foulants in ODMPs to simulate more practical situations. In the mixed-foulant system, the
inter-foulant-species interactions can further influence the fouling behavior. Liu and Mi [71]
investigated the combined organic fouling and gypsum scaling in FO and observed that the
coexistence of both alginate and gypsum foulants caused faster flux decline than the
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superimposed effect of each individual foulant. This synergistic effect was caused by the
accelerated gypsum crystal nucleation and growth in the presence of alginate. Gu et al. [78]
investigated the FO membrane fouling by oppositely charged alginate and lysozyme and also
observed the mixed fouling was more severe than the fouling by single foulant. Moreover, they
observed that the ratio of lysozyme and alginate in the cake layer composition maintained a
relatively stable value regardless of the mass ratio of lysozyme and alginate in bulk feed solution.
They attributed this to (1) the enhanced inter-foulant-species interactions due to the electrostatic
attractions between the oppositely charged foulants, and (2) the strong correlation between the
inter-foulant-species interactions and the charge properties of foulants. Arkhangelsky et al. [122]
investigated the FO fouling in ternary-foulant system by alginate, BSA and silica and observed
that the ternary fouling is more severe than single-foulant fouling due to the stronger binding of

alginate and BSA to silica in the presence of Ca®*.

3.2.2.3. Effect of draw solution composition
Draw solution (DS) is a unique feature in ODMPs and is the source of the osmotic driving force
for ODMPs. The DS composition, such as the type and concentration draw solute, not only

influences water flux and solute flux but also affects membrane fouling behavior in ODMPs.

Generally, the increase of DS concentration can lead to the increase of initial water flux, which
can potentially exacerbate membrane fouling. The fouling studies from different groups
consistently reported that more severe fouling occurred at higher DS concentrations [27, 29-31,
39, 40, 65, 68, 122]. They attributed this to the greater hydraulic drag force as a result of higher

flux that promotes the foulant deposition on the membrane. In this regard, the change of DS
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concentration essentially leads to the change of hydrodynamic conditions. Therefore, this DS
concentration-dependent fouling behavior can be well explained by the flux-dependent fouling
mechanism where the hydrodynamic condition (i.e., water flux) plays a dominant role (refer to

Section 3.2.2.1).

While the increase of DS concentration can increase the initial water flux level in ODMPs, it can
also elevate the rate of draw solute reverse-diffusion from DS into FS [29, 43, 44]. She et al.
further found that the more severe fouling at higher DS concentrations can be caused by the
elevated RSD in addition to the greater initial water flux level [30, 40]. RSD can lead to the
accumulation of draw solute in the FS, which can further change the feedwater chemistry and
thus the membrane fouling behavior. Higher DS concentration could lead to greater rate of RSD
and thus more significant change of feedwater chemistry, which may cause more severe fouling.
For example, She et al. observed greater ionic strength and specific ion (i.e., Ca?* or Mg?")
concentration in the feed solution at higher DS concentrations for the DS with Ca**/Mg?*, which
caused additional organic (alginate) fouling [30, 40]. Similar phenomenon was also observed by
other researchers when studying biofouling [65] and inorganic fouling [31]. Upon the occurrence
of a cake layer or support layer pore clogging, a greater RSD at high DS concentration also
means more severe fouling-enhanced CP (refer to Eq. (10) and Eq. (11)), a phenomenon that will

be further discussed in Section 3.2.4.

In addition to the DS concentration, the DS type can influence the membrane fouling as it can
eventually influence the change of feedwater chemistry [30, 31, 39, 40, 65]. The DS type can

determine the type of solute reverse-diffusion into FS and rate of its diffusion [40, 43, 152],
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which leads to the change of feedwater chemistry in different extent (refer to Figure 6). Tang and
co-workers observed more severe fouling for the DS with divalent cations (e.g., Ca** and/or
Mg?*) than the DS without those specific ions even at the same initial water flux level [30, 31, 39,
40, 65]. This is due to the strong interaction between the foulant in the FS and these specific ions
after they reversely diffuse from DS into FS (e.g., the Ca?* can complex with COO- to enhance
organic fouling or react with SO42 to form inorganic scale). Moreover, She et al. observed that
more severe organic (alginate) fouling for the Ca(NO3). DS than the CaCl, DS although these
two DSs have same specific ion (i.e., Ca®") [40]. They attributed this to the faster reverse
diffusion of Ca?* for the Ca(NO3s), DS than that for the CaCl, DS, which is caused by the
different diffusion rate of their counter-ions (i.e., NO3™ diffuses faster than CI). Presumably, the
choice of DS can also significantly affect the ionic strength in the feed water through RSD (e.g.,
microscale changes due to their CP in a foulant matrix and macroscale changes due to their
accumulation in the feed water at increased water recovery). Such effects can cause complex and
often highly nonlinear response, potentially leading to either increased or decreased fouling (e.g.,
depending on the dominant EDL interaction, see Section 3.2.2.2), changed solubility of inorganic
minerals (thus scaling), and even affect the biological growth (thus biofouling). In other cases,
DS may contain constituents that are precursors of foulants/scalents (e.g., Ca®* as a precursor of
gypsum scaling [31]) or that can be used as substrate (e.g., glucose based DS [153]) or nutrients
(e.g., ammonia carbonate based DS [6]) for enhanced biofouling. The RSD of such fouling
promoters can lead to severe water flux loss — a problem that does not occurred in pressure-
driven membrane processes and has not been adequately addressed in the current literature on
ODMPs fouling. The choice of DS and management of RSD deserve greater attention in the

ODMPs’ research community.
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The effect of DS composition (concentration and type) on membrane fouling in ODMPs is via
the combined effects of hydrodynamic conditions and feedwater chemistry. While the “critical
flux” theory has been extensively adopted to explain the flux-dependent fouling in pressure-
driven membrane processes [62, 120, 124], it is insufficient to explain the DS concentration-
dependent fouling in ODMPs without the consideration of the feed chemistry effect. She et al.
further extended the critical flux concept to a concept termed as “critical draw solution
concentration” to explain the fouling in OMDPs [30]. The critical draw solution concentration
refers to the threshold DS concentration below which fouling is not noticeable. Significant
fouling can occur above the critical DS concentration. The concept of critical DS concentration
involves the water flux and reverse solute diffusion in the explanation of membrane fouling in
ODMPs [30, 65]. The RSD-enhanced fouling is an important and unique fouling mechanism in

ODMPs and will be reviewed in more detail in Section 3.2.5.

3.2.2.4. Effect of membrane materials, structure and properties

Membrane fouling can be strongly influenced by the membrane materials and properties. The
FO/PRO membranes used in ODMPs are typically comprised of a nonporous active layer (that
rejects most of the ions and solutes) and a porous support layer (that allows the passage of most
ions and solutes) [154-162]. The intrinsic separation properties of the active layer and the
structural properties of the support layer govern the water and solute transports, which could
further influence the membrane fouling behavior. Membranes with superior separation properties
and structural properties (i.e., greater water permeability and selectivity, and smaller structural

parameter) could deliver greater water flux. Nevertheless, this may in turn increase the potential
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of membrane fouling due to the enhanced hydrodynamic drag force (refer to Section 3.2.2.1). On
the other hand, membranes with inferior separation properties (i.e., smaller water permeability
and selectivity) could result in more solute diffusing from DS into FS (and from FS into DS).
This may also raise the risk of fouling (refer to Sections 3.2.2.2 and 3.2.2.3). In addition, the
membrane structural properties may also significantly influence the internal fouling especially in
the PRO applications. Nevertheless, there is little systematic research that discussed the effect of
membrane separation and structural properties on the membrane fouling [29, 30, 163]. When
designing or selecting membranes for FO/PRO applications in the future, more attention could be
paid to the evaluation of membrane separation and structural properties on fouling not only the

consideration of flux performance in non-fouling conditions.

While the membrane separation properties can indirectly influence membrane fouling through
the influence of hydrodynamic conditions and solution chemistry during operation, the
membrane surface properties (such as roughness, surface charge, hydrophilicity/hydrophobicity,
and specific functional groups) can directly influence the foulant-membrane interaction and play
a paramount role in early stage of membrane fouling. The influence of these properties on
foulant-membrane interaction is mainly due to (1) non-homogeneity and membrane morphology,
(2) their effect on XDLVO interactions (VDW, EDL, and acid-base interactions, refer to Section
3.2.1), and (3) specific interactions between the ions in FS (or DS) and the functional groups of
the membrane [62]. Generally, membranes with smoother and more hydrophilic surfaces may be
less prone to fouling. Gu et al. compared the organic fouling of cellulose triacetate (CTA)
membrane and polyamide (PA) thin-film composite (TFC) membrane in ODMPs and observed

that the smoother CTA membrane exhibited less fouling tendency than the PA membrane at
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early stage of fouling, though the PA membrane had a smaller contact angle than the CTA
membrane [78]. In their study, it seems that the membrane surface roughness may have stronger
influence on fouling compared to the surface hydrophilicity. Elimelech and co-workers also
observed the important role of membrane surface roughness in membrane fouling in pressure-
driven RO/NF processes [75, 164, 165]. The more severe fouling of PA membranes in both RO
and FO is primarily attributed to the greater roughness of these membranes. The surface of PA
membranes exhibited large-scale ridge-and-valley rough structure that may provide a larger
surface area for particles-membrane interaction [75, 109, 165-167]. Moreover, the shear rate over
the valley of the PA rough structures is presumably lower than that over the smooth surface [164,
165]. This could lead to preferential deposition of particles in the “valley” regions of the rough
membranes at the initial stage of filtration, resulting in greater flux decline than the smooth
membranes [109]. Despite the much smoother surface, the cellulose derived membranes have
relatively a narrower range of pH tolerance, lower water permeability and salt rejection, and are
more biodegradable compared to the TFC PA membranes [75, 156, 157]. As a result, TFC
osmotic membranes based on PA materials are becoming increasingly popular in water and
energy applications [50, 61, 155-157, 168-171]. Tiraferri et al. observed that the hydrophilicity
for the PA-based membranes seems to play a significant role in reducing fouling in ODMPs
[172]. The importance of hydrophilicity on improving the fouling resistance was extensively
observed for pressure-driven membranes [151, 173-175]. Based on the XDLVO theory, these
authors attributed the greater anti-fouling tendency of the more hydrophilic membranes to the
larger repulsive acid-base interaction (or repulsive hydrophilic interaction) that prevents the
attachment of colloidal particles on the membrane surface. Mi and Elimelech further observed

that the rich carboxyl groups on the surface of PA membranes can increase the gypsum scaling
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[28]. They found that the carboxylic groups on the PA membrane surface can specifically bind
with Ca?* ions and form complexes resulting in the increased Ca?* concentration at the
membrane surface, which promotes gypsum nucleation and the subsequent growth of both
amorphous and crystalline gypsum on the membrane surface. Similarly, when studying the
alginate fouling in seawater RO desalination, Jin et al. observed that the divalent ions can bridge
the carboxylic groups on the PA membrane surface and that in alginate molecules, which further
enhance the alginate-membrane adhesion force [118]. They suggested that the idea membrane
should not only be smooth and hydrophilic but also lack of carboxylic groups (to prevent the
specific interaction with calcium) to reduce the risk of alginate fouling. Surface charge can
influence the electrostatic interaction between the membrane and colloids in feed solution. In
general, repulsive electrostatic interaction between the charged membrane surface and the
colloids in the feed solution minimizes the attachment of colloids on the membrane, thus
reducing fouling. Highly negatively charged membranes often exhibit strong anti-fouling
tendency [176], considering that most of the colloidal particles such as NOMs are negatively
charged in the natural water ([175] and also Table 2). Nevertheless, the existing of potential
charging ions (such as Ca?* by binding to some negatively charged functional groups) and/or any
positively charged colloids may lead to severe fouling of negatively charged membranes. For this
reason, commercial antifouling RO and NF membranes are typically designed to have a neutral
hydrophilic surface through surface modification [177, 178]. In addition, zwitterionic surface has
been reported to be effective in fouling reduction [179]. In summary, a membrane with strong
anti-fouling potential may have neutral, smooth and hydrophilic surface without carboxylic
functional groups. To enhance membrane anti-fouling properties, significant amount of efforts

have been spent on the modification of membrane surface to optimize the surface properties
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particularly in the field of pressure-driven membranes but could be useful in ODMPs [175].
These modification approaches include surface coating [180, 181], grafting [182, 183],

blending/embedding antimicrobial nanoparticles [184, 185], which is reviewed in Section 5.1.4.

It is worthwhile to point out that the membrane surface properties may only play a role in the
initial fouling stage. Once the deposited foulants covers the membrane surface, the membrane
surface properties are masked by the foulant properties [88]. The subsequent fouling is governed
by foulant-deposited-foulant interaction instead of the foulant-membrane interaction, and thus
the surface properties may have little influence on the long term fouling behavior (particularly
under severe fouling conditions) [110]. For example, Liu and Mi observed that the behavior of
initial gypsum scaling on the organic macromolecular conditioned FO membrane surface was
strongly dependent on the chemical properties of the organic macromolecules deposited on the
membrane rather than the surface properties of the virgin membrane [70]. Gu et al. [78] reported
membrane-dependent FO fouling behavior under mild fouling conditions while membrane-
independent fouling upon the occurrence of severe fouling (i.e., complete cake layer formation).
Tang et al. observed that the flux decline during long-term fouling tended to approach a pseudo-
stable value (i.e., limiting flux) that was independent of membrane surface properties during
RO/NF membrane fouling by humic acid [110, 126]. Similar limiting flux behavior may also

exist in ODMPs [31].

3.2.2.5. Effect of membrane orientation
Membrane orientation is another unique factor affecting the membrane fouling behavior in

ODMPs. Different groups of researchers consistently observed that membrane was less prone to
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fouling in AL-FS orientation compared to the AL-DS orientation [29, 65, 66, 68, 76, 107]. They
attributed this observation to the following reasons: (1) smoother active layer surface that can
reduce the possibility of foulant deposition in AL-FS orientation, (2) vanished crossflow within
the support layer that can accelerate the internal foulant deposition and/or internal concentration
polarization in AL-DS orientation, (3) the retention of foulants by the dense rejection layer and
their entrapment in the porous support, and (4) severe pore clogging of the support layer that
enhances the ICP in AL-DS orientation. These explanations indicate that the influence of
membrane orientation on fouling is indeed through the combined effects of surface properties,
hydrodynamic conditions and concentration polarization. Previous researchers also observed that
the external fouling in AL-FS orientation was more reversible by surface flushing [32, 72, 75,

186], while the internal fouling in AL-DS orientation exhibited less cleaning efficiency [35].

Despite the advantages of reduced fouling tendency and greater fouling reversibility in AL-FS
orientation, the osmotic membrane suffers much greater ICP effect and thus delivers lower initial
water flux than that in AL-DS orientation under otherwise identical conditions [29, 47, 64]. In
addition, when operated in PRO process, membranes may experience reduced mechanical
stability in AL-FS orientation [42]. This suggests that the advantages of AL-FS orientation in
terms of fouling and cleaning are diminished when the feed solution has low-fouling potential
and membrane mechanical stability is a high requirement. It should also be noted that, at
increased feed solution concentration, the difference of ICP effect for both orientations becomes
marginally small and the initial water fluxes in both orientations converge [42, 54, 56, 76, 187,
188]. Therefore, the selection of membrane orientation for FO/PRO applications should take into

comprehensive account the influence of membrane fouling, ICP and membrane stability rather
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than any single effect. Some recent works have further attempted to address these issues by using
membranes with a double-skin design, where a primary rejection skin is used for salt retention

and a second skin for internal fouling prevention [56, 189, 190].

3.2.3. ICP self-compensation effect

It has been well recognized that the water flux in ODMPs can be significantly affected by ICP
and membrane fouling. Recently, Tang and co-workers systematically investigated the coupled
effects of ICP and humic acid fouling on the flux behavior of FO membrane [29]. They observed
that the flux in the AL-FS orientation exhibited much more stable trend compared to that in AL-
DS orientation. The superior flux stability in AL-FS orientation was also observed by other
researchers [65, 66, 107]. The phenomenon is not solely due to the less fouling propensity in AL-
FS orientation (Section 3.2.2.5). Tang et al further attributed it to the stronger ICP self-
compensation effect — any attempt to reduce membrane flux was compensated by a reduction in

ICP [29].

To further explain the ICP self-compensation effect, the water flux of fouled membrane was
simulated and illustrated in Figure 7a [29]. During membrane fouling, flux decreases as a result
of increased hydraulic resistance of the fouled membrane (assuming that the membrane rejection
is not affected). Since the degree of ICP is an exponential function of water flux (refer to Section
2.2, Section 2.3 and Appendix A), a decrease in water flux also decreases the ICP, which in turn
leads to increased effective driving force (i.e., concentration difference across the membrane
in Eq. (11) and

active layer) under constant apparent driving force (also noting that F, ., ; <F,

Eqg. (8)). This compensates for the reduced membrane water permeability. The ICP self-
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compensation effect is much stronger in the AL-FS orientation, arising from the generally more
severe ICP in this orientation in the first place. Therefore, only slight membrane flux decline
may occur in the AL-FS orientation. While ICP self-compensation is also applicable in the AL-
DS orientation, the effect is much weaker. Compounded by other fouling mechanisms (internal
clogging and fouling-enhanced CP, see Section 3.2.4), the flux in AL-DS is far less stable

compared to AL-FS.

Figure 7

Apart from membrane fouling, any other attempts (e.g., the dilution of DS or the concentration
of FS) at reducing the water flux can trigger the ICP self-compensation effect to moderate the
flux decline. Tang et al. observed that the water flux in baseline test showed more excellent
stability in AL-FS orientation, although the DS was continuously diluted by the water
permeating from FS [29]. As illustrated in Figure 7b, at the same flux level, the AL-FS curve is
flatter since ICP is more severe in this orientation. Increasing DS concentration in this
orientation is compensated by the enhanced ICP. Consequently, the net effect on flux increase is
only marginal. In a similar fashion, dilution of DS in AL-FS tends to be compensated by a less
severe ICP. In contrast, the ICP self-compensation effect is much weaker in the AL-DS
orientation as a result of its milder ICP. Likewise, the self-compensation of ICP also takes
significant effect in AL-FS orientation at the increase of FS concentration. Groups of researchers
[54, 56, 76, 188] observed that the water flux decline with increasing FS concentration in AL-FS
orientation was much milder than that in AL-DS orientation. The water fluxes in both

orientations eventually converged toward an identical value at high FS concentrations although
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the water flux in AL-FS was much lower at low FS concentrations (Figure 7c). The relatively
greater flux stability in AL-FS against the concentration of FS can be well explained by the ICP
self-compensation effect — the attempt of increasing FS concentration to reduce the water flux is

compensated by the reduced dilutive ICP.

3.2.4. Fouling-enhanced concentration polarization

While the membrane fouling can compensate the ICP and moderate the rate of flux decline
through the ICP self-compensation effect, it can also enhance the concentration polarization and
accelerate the rate of flux decline due to the fouling-enhanced concentration polarization (CP).
Unlike the ICP self-compensation effect that is solely available in ODMPs, the fouling-enhanced
CP has been observed in both pressure-driven RO/NF processes [62, 191-193] and osmotically-

driven FO/PRO processes [25, 29, 32, 40, 95, 194, 195].

Membrane fouling is associated with the deposition of foulant and subsequent cake layer
formation. As illustrated in Figure 8, the foulant cake layer indeed acts as a secondary filtration
layer that can impose additional resistance to water transport. Moreover, this “unstirred” cake
layer can hinder the back diffusion of solute within it, which leads to an enhanced solute
concentration near the membrane surface — a phenomenon termed cake-enhanced concentration
polarization (CE-CP) [191]. The CE-CP together with the cake layer hydraulic resistance
contribute to the overall flux decline for the salt-rejecting membranes during fouling. In some
cases, CE-CP effect can dominate the overall water flux decline over the effect of cake resistance.
It was observed that the cake layer resistance for colloidal silica particles with relatively large

size did not contribute significantly to the overall FO flux decline, whereas the flux decline for
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this large particles was due to the predominant CE-CP effect [32, 95]. This observation was later
verified by the modeling of colloidal fouling [195] and is consistent with the observations in RO
fouling studies [192, 193]. In addition, the CE-CP may reduce the membrane rejection to the

solute in FS and thus reduce the permeate quality [25, 196-198].

Figure 8

Although the nature of CE-CP is similar in both pressure-driven RO/NF and osmotically-driven
FO/PRO processes (i.e., the CP is enhanced by fouling, which causes additional flux decline),
the factors that contribute to the enhanced CP are different. In RO/NF, the CP is contributed by
the feed water convection. In comparison, in ODMPs, the concentrative CP in the feed side is not
only contributed by feed water convection but also by the reverse solute diffusion (RSD) (refer
to the osmotic-resistance filtration model in Section 3.1.2). Hong and co-workers observed more
flux decline in FO fouling than that in RO fouling due to the significant contribution of RSD to
the CE-CP in FO process [32]. On the other hand, they found that the contribution of RSD to
CE-CP will not be significant if the membrane has very low solute permeability, in which case
the CE-CP is mainly contributed by the feed water convection in a fashion similar to RO [195]. It
is also interesting to note that while decreasing membrane rejection reduces more CE-CP in RO
(as less feed solutes are retained in the cake layer), an opposite trend could be observed in

ODMPs as a result of severe RSD for membranes with reduced rejection.

In the ODMPs, the membrane fouling and CP in feed solution side behaves differently in the two

opposite orientations (refer to Section 2.2, Section 3.1.1, Section 3.1.2, and Section 3.2.2.5).
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Thus, the membrane fouling-enhanced CP can be specifically expressed in different forms —
cake-enhanced external concentration polarization (CE-ECP) in AL-FS orientation (Figure 8a
and refs. [32, 95]) and pore clogging-enhanced internal concentration polarization (PCE-ICP) in
AL-DS orientation (Figure 8b and refs. [29, 40]). CE-ECP is virtually through the enhancement
of the solute mass transfer resistance within the external cake layer on the membrane active layer
in Eq. (11) and Eq. (8) in

surface (i.e., the 1/k, ; >1/k, that results in the F, ; >F

cecp, cecp cecp, cecp
Section 2.3 and section 3.1.2). In contrast, for PCE-ICP, the solute mass transfer resistance
within the membrane support layer is enhanced by the internal pore clogging (i.e., the

1/ Kgep s >1/ky, thatresultsinthe F > F,, in Eq. (12) and Eq. (9) in Section 2.3 and section

cicp
3.1.2). Noting that ICP dominates the water flux in ODMPs, the PCE-ICP presumably plays a
more significant role in the flux decline. It should also be noted that the much stronger ICP self-
compensation effect in AL-FS orientation may moderate the rate of flux decline even though the
CE-ECP is significant during membrane fouling (refer back to Figure 7c¢ and Section 3.2.3). On

the other side, PCE-ICP may cause much more severe flux decline. Nevertheless, systematic

studies are still needed to explore the CE-ECP and PCE-ICP effects on ODMPs fouling.

It is interesting to note that in some cases membrane fouling may lead to the reduced
concentration polarization and thus the increased water flux. Our results in Figure B1 (refer to
Appendix B) show the water flux behavior of a TFC membrane in baseline test and in humic
acid fouling test. Interestingly, the flux decline in baseline test was faster than that in humic acid
fouling test. This phenomenon was not by accident but could be attributed to the cake-reduced
concentration polarization (CR-CP). In mild fouling conditions, the deposition of humic acid on

the membrane surface at relatively low initial water flux only slightly increase the hydraulic
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resistance to water permeation. However, it could significantly enhance the rejection (e.g., by
sealing defects in the membrane rejection layer, leading to a decrease of the B value) [138, 199],

which further reduces the RSD (i.e., J,/J,; <J,/J,) and consequently RSD-related CP.

Similarly, Xie et al. also observed that the humic acid fouling reduced the NaCl permeability but
did not significantly reduce the water permeability [26]. Noting again that the CP in FO is
contributed by both feed water convection and RSD (refer to Section 2.2, Section 2.3 and Section

3.1.2), the CP on the membrane active surface is thus reduced due to the reduced RSD.

3.2.5. Reverse solute diffusion-enhanced membrane fouling

Reverse solute diffusion (RSD) not only contributes to the fouling-enhanced CP (Section 3.2.4),
but also leads to the enhanced membrane fouling [30, 31, 39, 40]. As illustrated in Figure 6 and