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Abstract
Pressure retarded osmosis (PRO) is a promising technology to harvest renewable osmotic
energy using a semipermeable membrane. However, a significant flux reduction has been
always observed that severely shrinks the harvestable power to a level only marginally higher
or even lower than the economically feasible value. This work focuses on the elucidation of
various underlying mechanisms responsible for the flux reduction. First, both inner-selective
and outer-selective thin film composite (TFC) hollow fiber membranes are employed to
examine how the fundamental internal factors (such as the surface salinity of the selective
layer at the feed side (CF,m) and its components) interact with one another under the fixed
bulk salinity gradient, resulting in various behaviours of external performance indexes such
as water flux, reverse salt flux, and power density. Then, the research is extended to
investigate the effects of the growing bulk feed salinity due to the accumulated reverse salt
flux along PRO modules. Finally, the insights obtained from the prior two stationary
conditions are combined with the advanced nucleation theory to elucidate the dynamic
scaling process by visualizing how the multiple fundamental factors (such as local
supersaturation, nucleation rate and nuclei size) evolve and interplay with one another in
various membrane regimes during the whole scaling process. To our best knowledge, it is the
first time that the advanced nucleation theory is applied to study the PRO scaling kinetics in
order to provide subtle and clear pictures of the events occurring inside the membrane. This
study may provide useful insights to design more suitable TFC hollow fiber membranes and
to operate them with enhanced water flux so that the PRO process may become more
promising in the near future.
Keywords:
Pressure retarded osmosis (PRO); Flux reduction behaviour; Outer-selective hollow fiber
membrane; Inner-selective hollow fiber membrane, Gypsum scaling
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1. Introduction
Osmotic energy has received growing attention worldwide as an alternative energy. Pressure
retarded osmosis (PRO) is a process able to harvest salinity gradient energy by employing a
semipermeable membrane between a low salinity feed solution (referred to as “the feed”
thereafter) and a high salinity draw solution [1-7]. Comparing to many fossil fuel based
energy sources, PRO is a green and sustainable technology friendly to environments because
no greenhouse gas and chemicals are released during the harvest of osmotic power.

In spite of the aforementioned advantages over other traditional energy sources, harvesting
osmotic energy from PRO processes is still in an infant stage because power density and
water flux are severely reduced by many limiting factors, such as internal concentration
polarization (ICP), external concentration polarization (ECP), reverse salt permeation, and
membrane fouling [7-15]. Even though many breakthroughs have been achieved in recent
years on PRO membranes with impressive mechanical strength and power density [7, 8, 14,
16-23], membrane performance deteriorates sharply in real applications [8, 15]. As a result,
the net energy drops to a level only marginally higher or even lower than the economically
feasible value. Therefore, it is of great importance to investigate the underlying mechanisms
responsible for the significant water flux reduction in order to overcome the limitations and
design innovative PRO membranes for real practices.

In general, ICP coupled with undesirable reverse salt flux accounts for the water flux decline
in PRO processes when the feed pair contains negligible fouling tendency [9, 14, 16, 24].
Prior works have indicated a direct link between intrinsic membrane properties such as water
3

permeability (A), reverse salt permeability (B), structural parameter (S) and operation
conditions (for example, operation pressure ∆P) and external performance indexes such as
water flux (Jw), reverse salt flux (Js), and power density. Yip et al used flat sheet membranes
and studied the combined effects of A and B with a relatively small structural parameter [16].
It was found that membranes with a high A value and a moderate B value are highly
favourable to achieve outstanding PRO performance, while membranes with a high A value
but a very low selectivity (i.e., high B value as well) would suffer from a severe reverse salt
leakage, leading to a significantly reduced water flux and projected peak power density at
high operation pressures. Zhang and Chung studied the instant and accumulative effects of
reverse salt permeation on water flux and power density using 1M NaCl and DI water as the
feed pair [14]. Three types of inner-selective thin-film composite (TFC) hollow fiber
membranes with different combinations of A, B and S values were used. It was found that a
low B value is crucial to suppress the severe flux decline in order to harvest a high power
density, while a high B value not only causes an instant drop of water flux but also leads to a
significant salt build-up in the feed, resulting in a further rapid flux decline along membrane
modules. Sivertsen et al developed a unique iso-watt diagram to link A, B, and S directly
with peak power density, enabling an efficient way to compare different membranes [24].
She et al employed HTI CTA flat sheet membranes and specific reverse solute flux (i.e., Js/Jw,
the ratio of reverse salt flux Js to volumetric water flux Jw) to investigate the effects of various
operation parameters in PRO [9]. They found that the significantly reduced water flux was
mainly caused by the enhanced ICP due to the severe reverse salt permeation. To date,
although most prior works have observed direct links among the intrinsic membrane
properties, operation conditions and external performance, the work to systematically
elaborate the complicated interactions among them is still absent. By choosing two TFC
hollow fiber membranes recently developed in our group, an inner-selective TFC membrane
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[8] and an outer-selective TFC membrane [25] (Fig. 1), this work aims to in-depth bridge the
intrinsic membrane properties, operation conditions and external performance by elucidating
the interactions among some internal factors and illustrating their effects on the external
performance. The internal factors include the surface salinity of the selective layer at the feed
side (CF,m) and its ICP contribution and Js contribution, while the external performance
comprises water flux (Jw), reverse salt flux (Js), and power density.

Besides ICP and reverse salt permeation, scaling is another limiting factor responsible for the
flux reduction when the feed pair contains scaling precursors [8, 11, 12, 15]. For example,

are commonly present in wastewater
scaling precursors such as Ca2+, SO
 and HPO

retentate from wastewater reclamation plants [8, 11, 15]. Zhang et al observed that gypsum

precursors such as Ca and SO
 can cause pore clogging inside the membrane porous

support due to the severe ICP of the precursors [11]. They pointed out that the initial rapid

flux reduction was due to the significant ICP at high water fluxes, while the subsequent
slower flux decline was attributed to the weakened ICP at lower fluxes. They also observed a
limiting flux phenomenon similar to the flux behaviors in RO and nanofiltration (NF)
processes [26, 27]. To date, although prior works have found that scaling may result in a
drastic flux reduction [8, 11, 12, 15], the relationship between pore clogging and flux
reduction phenomena still remains unclear. This work aims to elaborate this relationship by
employing the advanced nucleation theory, simulation, and experimental studies.

To investigate the underlying mechanisms responsible for the flux reduction, both the innerand outer-selective TFC hollow fiber membranes will be firstly employed to examine the
interactions among the internal factors and their effects on the external performance of PRO
5

processes. Then the outer-selective TFC hollow fiber membrane will be used in the gypsum
scaling study to elucidate the scaling kinetics, especially the relationship between the pore
blocking and the flux reduction behaviour. Finally, implications of this study will be
discussed to provide useful insights to design more suitable TFC hollow fiber membranes
with enhanced water flux so that PRO process may become more promising in the future.
[Fig. 1]

2. Experimental Section
2.1 Materials
Materials used for hollow fiber spinning such as Polyethersulfone (PES), N-methyl-2pyrrolidone (NMP) et al. were the same as some prior works [14, 20, 25]. Materials for the
formation of TFC selective layers such as 1,3,5- benzenetricarboxylic acid chloride (TMC),
M-phenylenediamine (MPD), hexane and sodium dodecyl sulfate (SDS) can be found in
some prior works [8, 25]. Sodium sulfate (Na2SO4, >99% from Sigma-Aldrich) and calcium
chloride (CaCl2, 98% from Sigma-Aldrich) were employed as precursors for the gypsum
scaling study. Sodium chloride (NaCl, ≥ 99.5% from Merk) was used as the solute for all
PRO experiments.

2.2 Fabrication of TFC membranes
The detailed description of PES hollow fiber fabrication has been reported elsewhere [14, 20,
25]. The thin polyamide layers of the inner- and outer-selective TFC hollow fiber membranes
were formed via interfacial polymerization [8, 25]. The PES hollow fiber substrate was firstly
wetted by a 2%wt MPD aqueous solution for 3-5 minutes. After removing the excess aqueous
6

solution, an organic hexane phase containing 0.15%wt TMC was introduced to contact with
the MPD wetted surface to initiate the cross-linking reaction. After the removal of the
residual TMC solution by air purging, the hollow fiber membrane modules were kept in
ambient conditions for 2.5 hours before soaking in DI water for experiment studies.

2.3 Characterizations of pure water permeability, salt permeability of TFC hollow fiber
membranes
The water permeability (A), salt rejection (Rs), and salt permeability (B) of TFC hollow fiber
membranes were determined by testing membranes under the RO mode. The pure water
permeability was determined as:
! = " ∆% & /(!' ∆))
∆$

(1)

where ΔV is the permeate volume collected over a period of time (∆t), Am is the effective
membrane area, and ΔP is the transmembrane pressure. The salt rejection (Rs) was tested

under a transmembrane pressure of 1 bar using a 1000ppm NaCl feed solution with salt
concentrations measured by a conductivity meter (Schott Instrument Gmbh, Germany). The
salt rejection Rs can be calculated as follows:
,- = .1 − 2 5 × 100%
23

4

(2)

in which 89 and 8: are the salt concentrations of the permeate and the feed, respectively. The
salt permeability (B) was calculated as follows [28, 29]:
;=

<>>-

. !. (@) − @A)

(3)

where ∆π is the osmotic pressure difference across the membrane and ΔP is the
transmembrane pressure.
7

2.4 Determination of TFC hollow fiber membrane performance via PRO tests
The set up for PRO tests has been described elsewhere [20]. The draw solution was
introduced to the selective layer side of the module using a high pressure pump (Hydro-cell®
from Wanner Engineering , Inc.) at a series of operation pressures, while the feed was
recirculated in the other side of the module using a variable-speed gear pump (Masterflex®
from Cole-Parmer, Vernon Hill, IL). All PRO tests were conducted in a counter-current flow
mode. A constant temperature of the draw solution was maintained at 25±1°C. The weight of
the recirculated feed was recorded by a digital data logging software (WinCT-weight).

2.5 Protocols of gypsum scaling tests
To date, most prior scaling studies of TFC hollow fiber membranes have focused on innerselective membranes [15]. Therefore, gypsum scaling tests in this work were performed using
modules made from the outer-selective hollow fiber membrane. For each scaling experiment,
the membrane module was first stabilized using 3M NaCl and DI water as the feed pair at
10bar for 30 min. 3M NaCl was chosen to speed up the scaling test; otherwise, it would take
a long time to carry out each test and the dilution effect of the draw solution could not be

neglected. Then 1M stock solutions containing scaling precursors (Ca and SO
 ) were

added into the circulated feed step by step. Firstly, the aqueous sodium sulfate stock solution
with a calculated volume was added into the feed (i.e., DI water) drop by drop with mixing.
After that the aqueous stock solution containing another precursor (i.e., CaCl ) was sprayed
as fine droplets into the feed with mixing to promote a homogeneous distribution of the
precursor in the feed. Then the feed solution was pumped to the lumen side of the membrane
modules to initiate scaling tests for another 2 hours. Compositions of various feed solutions
are listed in Table 1. In each test, large volumes of feed solution (>2L) and draw solution
8

(>2L) were used. As only up to 5g water diffused across TFC membranes during each testing
period, the salinity variations of the feed and draw solutions were negligible. Temperature of
the draw solution was maintained at 25±1°C. The mass of the circulated feed stream was
monitored by a digital data logging system.
[Table 1]

3. Theoretical simulation: mass transport across the membrane in PRO processes
[Fig. 2]
[Table 2]
A schematic diagram of the salt concentration profile across a TFC membrane under PRO is
illustrated in Fig. 2. It has been shown by some prior works that the model for a radial
geometry converges with the model developed for a flat geometry when the fiber radius
increases [24, 30]. Furthermore, the model for a flat geometry can be employed for hollow
fiber membranes if an equivalent thickness of the hollow fibers is used for the determination
of the structural parameter [30]. Based on the inner diameter (ID) and outside diameter (OD)
of the inner- and outer-selective hollow fiber membranes given in Table 2, for both
membranes, the support layer thickness is 2 to 3 times less than the membrane ID and OD,
respectively. Meanwhile, the selective layer is typically less than 300nm for TFC hollow fiber
membranes [22, 25]. Since both the selective layer and the supportive layer are much thinner
than the diameter of hollow fibers, one-dimensional coordinate is used in this work [8, 14].
Assuming ECP in the draw solution side is negligible due to efficient mixing, the effects of
ICP within the porous support and the reverse salt flux across the membrane are the main
causes resulting in a smaller effective osmotic driving force (Δπeff) than the bulk osmotic
driving force (Δπb) [28]. Water flux can be computed as follows [28, 29]:
9

DE = !FΔAG:: − Δ)I = !(AJ,' − AL,' − @))

(4)

in which πD,m and πF,m are the osmotic pressures of the draw and feed solutions facing the
selective layer surfaces, respectively. The salt flux across the selective layer (Js) can be
written as [28]

D- = ;F8J,' − 8L,' I

(5)

in which CD,m and CF,m are the salt concentrations of the draw and feed solutions at the
selective layer surfaces, respectively. Meanwhile, the salt flux across the porous support
comprises two components: a diffusive part due to the salt concentration gradient, and a
convective part due to the bulk flow induced by Jw [28, 31]
D- =

JQ T2(U)
R

TU

− DE 8(W)

(6)

where ε and τ are the porosity and tortuosity of the porous support, respectively. D is the salt
diffusivity. At steady state, the salt flux across the selective layer (Eq. 5) is equal to the salt
flux across the porous support (Eq. 6):
;F8J,' − 8L,' I =

JQ T2(U)
R

TU

− DE 8(W)

(7)

The boundary conditions for Eq. 7 are:
at x=0, C(x)=CF,b
at x=ts, C(x)=CF,m
where ts is the thickness of the porous support and CF,b is the salt concentration of the bulk
feed solution. Eq. 7 can be integrated to give:
8(W) = 8L,Y exp .DE Z ∙

W
DW
5 + ^_W` .DE Z ∙ 5 − 1b
\DE
\-

(8)

and [28]
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8L,' ;[_W`(DE Z) − 1] + DE F8L,Y /8J,' I_W`(DE Z)
=
;[_W`(DE Z) − 1] + DE
8J,'
Where K is defined as

R%h
JQ

(9)

, referring to the resistance to the salt transport in the porous

support. Combining Eq. 4 and Eq. 9, one can have:
AJ,' − AL _W`(DE Z)
− ∆)j
DE = ! i
;
1 + D [_W`(DE Z) − 1]
E

(10)

in which πF is the osmotic pressure of the bulk feed solution. Power density (PD) can be
obtained by:

)k =

mn ∆o
qr

(11)

in which water flux (Jw), operation pressure (ΔP) and power density (PD) are in the unit of

L/m h (LMH), bar, and W/m , respectively. When ∆P=0, Eq. 10 can be rearranged as
follows:

DE =

1
!AJ,' − DE + ;
wy .
5
Z
!AL + ;

(12)

Similarly, Eq. 13 can be rewritten as follows for the FO mode (i.e., the selective layer faces
the feed) at ∆P=0 [16, 22]:
DE =

1
!AJ + ;
wy {
|
Z
!AL,' + DE + ;

(13)

From the solute resistivity K, the structural parameter (S) can be determined:
~ = Zk

(14)

in which S is related to the tortuosity (τ), thickness (ts), and porosity (ε) of the porous support
by Eq. 15:
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~=

\

(15)

Then based on Eq. 8, the salt concentration of the feed at the selective layer surface (CF,m)
can be expressed as follows:

8L,' = 8L,Y exp .

equivalent
ICP factor

DE ~
DDE ~
5 + ^exp .
5 − 1b
k
DE
k

ICP factor

ICP contribution

(16)

Js contribution

Eq. 16 indicates that C, comprises two terms. The first term represents the contributions

from the internal factors (i.e., concentrative ICP and others) and is referred to as the ICP

contribution. The second term stands for the contributions from the reverse salt permeation
across the selective layer and is thereafter called as the Js contribution. Js/Jw is the specific
reverse salt flux. As Js/Jw has a concentration unit, it can be considered as an equivalent
concentration induced by the reverse salt permeation. The percentage of the Js contribution to
CF,m is defined as Js-contribution %:
Js-contribution % =




,

× 100%

(17)

Table 2 summarizes the inner diameter (ID), outside diameter (OD), water permeability (A),
reverse salt permeability (B) and structural parameter (S) of the inner- and outer-selective
membranes used in this study. It is worth noting that A and B values of the outer-selective
membrane are smaller compared to those of the inner-selective membrane. As reported in
prior works [7, 17, 21], a pre-stabilization step were often applied to the inner-selective
membranes to improve their performance. For example, before the PRO tests, a high pressure
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of 20 bar was applied to the lumen side of the inner-selective membrane for 30 min [8]. The
pre-stabilization not only improved the water permeability, but also reduced the structural
parameter due to the membrane expansion induced by the high pressure [7]. At the same
time, the salt permeability was also moderately increased [7]. The outer-selective membrane
did not have such per-stabilization step. In fact, since the operation pressure was applied from
outside the membrane, the selective layer of the outer-selective membrane was compressed
during PRO operations. Moreover, although selective layers of both membranes were formed
via interfacial polymerization, the detailed fabrication processes were different from each
other [8, 25]. For example, during the fabrication of the outer-selective membrane, the
employment of vacuum at 800 mbar could effectively remove the excess amine solution,
which is often considered as the key step to fabricate an almost defect-free selective layer
with a low salt permeability [25]. Therefore, the outer-selective membrane has smaller A and
B values.

4. Results and discussion
4.1 Comparison between inner- and outer-selective TFC hollow fiber membranes under
a fixed bulk salinity gradient
To study the relationship among the internal factors and their effects on the external
performance, a 0.81M NaCl aqueous solution was used as the draw solution, which has the
same osmolality as the first-stage RO brine of a local RO plant. A 0.011 M NaCl aqueous
solution was used as the feed, which has the same osmolality as the wastewater retentate
obtained from a local wastewater plant [8].
[Fig. 3]
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Fig.3 (1a) to Fig.3 (2f) show various internal factors (Js, Js contribution, CF,m, ICP
contribution, Dπeff, Js/Jw and others) and external performance indices (Jw and PD) as a
function of operation pressure (ΔP). As illustrated in Fig.3 (1a) and (2a), reverse salt fluxes
(Js) of both membranes increase with operation pressure (ΔP) under the fixed bulk salinity
gradient. However, the inner-selective membrane has Js values about ten times higher than
the outer-selective one due to its higher B value. Interestingly, for both membranes, the Js
contribution exhibits a convex trend and reaches a peak at a certain operation pressure less
than 15bar. To explain the trend, let’s use the outer-selective membrane as an example. As
defined in Eq. 16, the Js contribution is a product of the Js/Jw ratio and the equivalent ICP
factor. Since Js increases rapidly with ΔP in the range of 0 to 9 bar as shown in Fig.3 (1a),
while Jw decreases relatively slowly at the low ΔP range (Fig.3 (1e)), these result in a slow
reduction of the equivalent ICP factor. Therefore, the growth of Js /Jw overwhelms the
reduction of the equivalent ICP factor, leading to a peak in the Js contribution profile at 9 bar.
When ΔP is higher than 9 bar, the Js contribution starts to decay due to the dominant
reduction of the equivalent ICP factor.

Based on Eq. 4, water flux at a given ΔP is determined by the effective osmotic pressure

difference (ΔAG:: ) and water permeability (A). As ΔAG:: is proportional to the salinity
gradient across the selective layer (i.e., ΔC = C, - C,), it is important to investigate the
behaviours of C, and its component factors defined in Eq. 16. As plotted in Fig.3 (1b) and

(2b), the ICP contribution of both membranes monotonically decrease in the entire ΔP range,

while the Js contribution exhibits a convex trend. As the reduction of the ICP contribution is

dominant, C, exhibits a monotonic decline. Consequently, ΔAG:: increases with an increase

in ΔP (Fig.3 (1c) and (2c)), so does Js because of Eq. 5. Since the inner-selective membrane
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has a much higher B value than the outer-selective one, the former has a more significant Js
contribution than the latter, as illustrated in Fig.3 (1b) vs. (2b). As a consequence, the effects
of reverse salt permeation on PRO performance are more severe for the inner-selective
membrane. For example, the inner-selective membrane at 20 bar has a Js/Jw value about 5
times higher than the outer-selective membrane. The former also has a Js-contribution %
more than 3 times higher than the latter.

Comparing Fig.3 (1b) and (2b), one can find that, although the inner-selective membrane has
a much larger Js contribution, its CF,m is only slightly higher than that of the outer-selective
membrane. Consequently, as shown in Fig.3 (1c) vs. (2c), its ΔAG:: curve is only slightly
below the curve of the outer-selective membrane. This is due to the fact that the effect of its
large B is effectively offset by its small S value (i.e., small ICP factor and the equivalent ICP
factor). As Jw is determined by ΔAG:: and A, the inner-selective membrane still outperforms
the outer-selective membrane in terms of Jw and power density because the former has a
higher A value than the latter, as evidenced when comparing Fig.3 (1e) vs. (2e) and (1f) vs.
(2f).

4.2 Comparison between inner- and outer-selective TFC hollow fiber membranes under
a growing bulk salinity gradient
Prior investigations under the fixed bulk salinity gradient have established an effective
approach to analyse the relationships among various internal factors and their effects on the
external performance. In reality, due to the water permeation into the draw solution and
undesirable reverse flux to the feed, the bulk feed salinity (C, ) will increase along
membrane modules. Therefore, it is meaningful to examine how internal factors response to
15

this growing bulk salinity gradient. In the following discussion, the draw solution has a fixed
bulk salinity of 0.81 M NaCl and the operation pressure is set at 20 bar.
[Fig. 4]
The relationship between reverse salt flux (Js) and feed bulk salinity (C, ) is presented in Fig.

4 (a). As the interface salinity (C, ) increases with the feed salinity (C, ) (Fig. 4 (b)), the

reverse salt flux (Js) decreases with C, .The inner-selective membrane exhibits a much
higher Js than the outer-selective membrane due to its large B value. Interestingly, as shown

in Fig. 4 (c), despite of the reducing Js, the Js/Jw ratio keeps growing with C, for both

membranes. This trend can be explained by Eq. 18.
mh

mn

=

2

(>2 o)

=



(>


)


(18)

where ∆Cm is the salinity gradient across the selective layer of the membrane (i.e., ΔC' =

C, - C, ), i is the van’t Hoff coefficient, R is the universal gas constant, and T is the

absolute temperature. On one hand, as ΔCm decreases with increasing CF,b, Js/Jw increases
with CF,b because (iRTDCm-DP) in the denominator decreases faster than DCm in the
numerator. On the other hand, the growth rate of Js /Jw depends on the B/A ratio, which can
be considered as the reciprocal of the membrane selectivity. As the B/A ratio of the innerselective membrane is much larger than that of the outer-selective membrane (i.e., 0.086 bar
vs. 0.020 bar), the inner-selective membrane presents a more rapid growth of Js /Jw.

The trend of CF,m and its ICP contribution are illustrated in Fig.4 (b). Using the innerselective membrane as an example, one can find that both CF,m (represented by line section


) increases monotonically with CF,b.
AC ) and its ICP contribution (represented by BC
16

)
Meanwhile, the gap between the two curves (i.e., Js contribution, represented by AB

decreases with CF,b, which is consistent with the trend of Js-contribution % in Fig.4 (d).

Comparing to the inner-selective membrane, the curves of ICP contribution and CF,m of the
outer-selective membrane are close to each other because its Js contribution is effectively
suppressed by its low B value. As shown in Fig.4 (d), the contribution of its Js contribution to
CF,m (i.e., Js-contribution %) is less than 10% when CF,b is larger than 0.01M.

Fig.4 (e) and (f) show the effective driving force (ΔAG:: ) and water flux (Jw) as a function of

CF,b. For both membranes, ΔAG:: decreases rapidly with an increase in CF,b (Fig.4 (b)). As a
result, water flux declines rapidly with an increase in CF,b, especially in the low CF,b range up

to 0.01M. This implies that power density will drop drastically when employing low salinity
feeds such as RO treated MBR permeate as the feed in PRO [8, 15]. Since the feed has a
salinity of 0.011M in this study, the inner-selective membrane exhibits faster drops in both
water flux and power density compared to the outer-selective membrane. For example, when
CF,b increases from 0.011M to 0.03M, the power density of the inner-selective membrane
drops by 4.4W/



(represented by line 
CD) while that of the outer-selective membrane drops

). In summary, since CF,b is typically equal or larger
by only 2.2 W/m2 (represented by C′D′

than 0.01M in real applications, the effect of the ICP contribution on CF,m would become
dominant with growing CF,b, as illustrated in Fig.4 (b). This would result in fast declines in
both water flux and power density (Fig.4 (f)).

4.3 Gypsum scaling in the TFC hollow fiber membrane
When the feed pair contains scaling precursors, the performance of TFC hollow fiber
membranes will not only drop due to the growing salinity in the feed, but also deteriorate by
17

severe scaling within the membrane [11, 15]. In this work, the outer-selective TFC hollow
fiber membrane is used to investigate the underlying mechanism of the gypsum scaling. Fig.5
(a) plots the weight loss profiles of the feed as a function of time under different bulk
saturation indices (SI). The scaling process can be divided into two stages: (1) an initial rapid
decline stage with a slightly concave trend from their original starting points to points A, A’
and A”, and (2) then an approximately linear stage. Weight loss profiles can be further
translated into water flux curves as illustrated in Fig.5 (b) and (c). Four classical flux decline
models listed in Table 3 [32, 33] are employed to fit the water flux curves in order to examine
their patterns and divide them into more detailed stages. As shown in Fig.5 (b), the best
fitting is achieved by the modified pore blocking model. Therefore, as shown in Fig.5 (c), the
water flux curves can hypothetically be divided into three stages: (1) an initial exponentially
descending stage (for example, from the starting point up to point B) (2) a transition stage,
and (3) a final pseudo-stable stage (for example, the profile after point A).
[Table 3]
[Fig. 5]
To examine the relationship between pore blocking and subsequent flux reduction behaviour,
the distributions of scaling precursors within the porous support are estimated based on Eq. 8
and plotted in Fig.5 (d). The concentrations of scaling precursors grow relatively slowly at
positions near the porous support surface facing the bulk feed (i.e., the locations near x=0),
and progressively increase when approaching to the interface between the porous support and
the selective layer (i.e., the location near x=ts). The local saturation index (SI) displays a
similar trend accordingly. Based on the advanced nucleation theory [34-39], the relationship
among nucleation barrier (Δ£ ∗ ), nucleation rate (J) (i.e., the population of critical nuclei

18

generated per unit-volume and unit-time), and critical radius of nuclei (rc) can be described
as:
<r¥¦ ¨ ©¨

§4
Δ£ ∗ =q[ª«¬(<

)]®

D = ;′_W` ¯−°

´µ = ª«¬(<§4 )
©¦

∆² ∗
ª

(19)
³

(20)

(21)

where k is the Boltzmann constant, T is the absolute temperature, ´µ: is the surface free

energy between the nuclei and the mother phase, Ω is the volume of the growth unit and B’ is
a kinetic parameter which is constant for a given system. f (0< f <1) is a factor describing the

reduction of the nucleation barrier due to a foreign body. σ is the supersaturation which can
be well represented by SI [36, 37, 39]:
ln(1+ σ)=ln(IAP/Ksp)=ln(SI)

(22)

SI is the saturation index defined as IAP/Ksp, in which IAP is the product of the precursor ion
activities and Ksp is the solubility constant of gypsum. Clearly, a higher local SI value leads
to a higher local supersaturation and hence a lower nucleation barrier. This will promote a
larger nucleation rate of the critical nuclei with a smaller size. As the local SI value changes
with different locations inside the membrane, nucleation rate and nuclei size also change with
different locations accordingly. With these insights in mind, Fig. 6 schematically illustrates
the possible mechanisms of flux decline in the scaling process.
[Fig. 6]
Once scaling is initiated, scaling precursors such as Ca2+ and SO
 will soon build up inside
the membrane porous support due to the effect of concentrative ICP. As illustrated in the
inset (I) of Fig. 6, in the region just beneath the selective layer, a large population of small
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critical nuclei may be generated either on the selective layer through surface crystallization
(i.e., heterogeneous nucleation) or from the mother phase through homogeneous-like
nucleation [34, 35, 40, 41]. The nuclei in the mother phase may rapidly deposit underneath
the selective layer due to the local water flux toward the selective layer induced by the draw
solution. These deposited nuclei, together with the nuclei produced by surface crystallization,
occupy a certain portion of the selective layer surface, leading to instant losses of water
permeability (A) and water flux (Jw). Such surface coverage can be verified by DI water
backwash performed at 15 bar immediately after every scaling test. If water flux can be
quickly recovered after the backwash, surface crystallization and surface deposition are less
severe. On the contrary, if it takes a certain period of time to recover water flux, then the
surface crystallization is more severe and the nuclei deposition is more compact.
Experimental results indicate that an instant recovery of nearly 100% water flux can be
achieved after backwash when using a feed bulk SI of 1.01 for the scaling test. In contrast,
the recovery of the initial water flux is only 85% if a feed bulk SI of 2.06 is employed. It
takes 30 minutes to fully recover the water flux. Such different responses to the backwash
may be due to the following reasons. Since the actual space available for the initial fast
nucleation underneath the selective layer in the asymmetric membrane support is highly
constricted, a higher feed bulk SI value would lead to a larger local supersaturation near the
selective layer and result in nuclei with a smaller size. Therefore, a feed with a higher SI
value would facilitate the deposition and form a more compact crystalline layer.
Consequently, as shown in Fig.5 (c), one can observe a steeper initial flux reduction for the
case of SI=2.06 and less steep initial flux drops for SI=0.43 and SI=1.01.

After the rapid surface crystallization and nuclei deposition, quick stacking or bridging may
occur in the porous substrate a bit far away from the selective layer, as illustrated in the inset
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(II) of Fig. 6. Owing to the high supersaturation in the mother phase, nucleation is rather fast
in this regime and the nascent nuclei size is still small due to the low nucleation barrier at the
high local supersaturation. These small crystals may quickly block the flow channels in the
membrane porous support. Not only do they induce a quick growth of tortuosity (τ) but also a
fast decline of porosity (ε). Therefore, the structural parameter (S) increases rapidly and the
initial flux declines exponentially because of the drastically enhanced ICP. This flux
behaviour can be further supported by Fig. 7 (will be discussed in details later). After a
certain period of time tI, fast nucleation near the selective layer is almost complete, growth of
S is then dominated by the relatively slower nucleation with larger nuclei sizes occurring in
the region further away from the selective layer, as illustrated by the inset (III). Meanwhile,
the previously mentioned regions adjacent to the selective layer (corresponding to insets (I)
and (II)) enters the crystal growth stage. Comparing to nucleation, crystal growth is relatively
sluggish and provides less contributions to the growth of S. As illustrated in the inset (III),
because nucleation rate in the transition stage slows down, the water flux decline also slows
down. Finally, when nucleation comes to the end for all the regions inside the porous support,
crystal growth eventually takes over as the dominant role. A sluggish S growth coupling with
a very slow water flux decline leads to an apparently pseudo-stable stage, as illustrated by the
inset (IV) in Fig. 6.

Based on the above analysis, one may have a better understanding of Fig.5 (c). Among the
three curves, the feed with a SI value of 2.06 has the fastest growth in structural parameter
due to the largest local supersaturation inside the porous support. As a result, it has earlier
turning points between these three stages such as points B” and A” than the other two cases.
On the other hand, it also has the smallest gypsum nuclei size because it has the largest local
supersaturation within the membrane. The combination of these two factors would result in
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the fouled membrane with the densest gypsum scaling inside the porous support, the largest S
growth and the lowest water flux compared to the other two cases. However, if the scaling
process continues for a sufficiently long period of time, all three curves in Fig.5 (c) would
merge together as reported in some prior works [26, 42]. This phenomenon implies that the
initial exponentially declining stage and the following transition stage in Fig. 6 may be
termed as “foulant-membrane interaction”. Similar to those pressurized filtration processes
such as NF and RO [26, 42], scalants interact with the membrane in these stages resulting in a
significant change of membrane structural parameter through nucleation. The final pseudostable stage can be named as “foulant-foulant interaction” [26, 42] because gypsum crystal
growth is dominant in this stage. Nevertheless, kinetics of scaling in PRO is still much
different from those of pressurize-driven filtration processes in nature.
5. Implications and perspectives
5.1 TFC hollow fiber membranes
This study may provide useful insights to design suitable membranes for PRO applications.
Since inner- and outer-selective TFC hollow fiber membranes deform differently under highpressure PRO operations, different design strategies may be adopted for their membrane
fabrication. Although the outer-selective TFC hollow fiber membrane benefits from its low
salt permeability, it suffers from (1) low water flux due to its relatively low water
permeability and large structural parameter and (2) compaction effects from the hydraulic
pressure in the shell side. A significant improvement on its water permeability while
remaining its low salt permeability requires breakthroughs in current techniques of interfacial
polymerization and membrane materials. One should reduce its structural parameter by
learning some insights from the formation of inner-selective hollow fiber membranes and
enhance membrane robustness by adopting some concepts from nano-composite materials.
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Fig. 7 shows the water flux as a function of structural parameter for the outer-selective
membrane. Similar to the typical viscosity curves of polymer solutions as a function of shear
rate [43, 44], there exists a critical structural parameter (Sc). In the range of S<Sc, a reduction
of structural parameter can significantly enhance the water flux. As elucidated in Fig. 8, a
small structural parameter can remarkably enlarge the effective driving force (∆πeff) (Fig.8
(a)), enhance water flux (Fig.8 (b)), and improve power density (Fig.8 (c)).
[Fig. 7]
[Fig. 8]
As for the inner-selective membrane, it seems to be superior in terms of water flux and power
density under the constant bulk salinity gradient (Fig.8 (b) and (c)). Its performance is so
close to the virtual ‘perfect’ membrane, which combines strong points from both inner and
outer-selective membranes (i.e., A=3.5LMH/bar, B=0.028LMH, and S=450µm). However, as
pointed out in earlier discussions, the performance of the inner-selective membrane is
weakened because of the growing bulk salinity gradient. To maintain its performance, great
efforts must be given to lower its B value in order to mitigate the severe effect of reverse
flux. In summary, efforts to molecularly design the interfacial polymerization with a high A
and a lower B, micro-morphologically control the substrate’s inner skin suitable for a defectfree polyamide layer, and optimize the pre-stabilization step are needed [7, 18, 20].

5.2 TFC hollow fiber membranes used in real PRO applications
Besides river water, the retentate from municipal wastewater plants is another promising feed
water candidate for PRO processes, especially in the countries of scarcity in river water.
Wastewater retentate can be the rejected stream from a low pressure RO process where MBR
permeate is used as the feed. It may consist of inorganic compounds with a total dissolved
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solid (TDS) of about 1000mg/L and a total organic carbon (TOC) of 44ppm [8]. For such
kind of feed, scaling may play a dominant role in membrane fouling [8, 12, 15]. Fig. 9
demonstrates the water flux declining curves when a local wastewater retentate is employed
as the feed and a 0.81M NaCl solution is used as the draw solution. Similar to the curves
discussed in the gypsum scaling study, the best fitting is achieved by the modified pore
blocking model. The water flux drops drastically in the initial stage followed by a transition
stage and a final pseudo-stable stage. It is worth noting that, comparing to the curve operated
at 20 bar, the water flux decline in the initial stage at 10 bar is steeper due to the more severe
scaling at the higher water flux.
[Fig. 9]
For both inner- and outer-selective membranes, water flux decreases when the feed of DI
water is replaced by other low salinity feeds or wastewater retentate. As illustrated in Fig. 10,
the difference in water flux between these two membranes is getting smaller as a function of
feed salinity and almost diminishes due to severe scaling when a wastewater retentate is used
as the feed.
[Fig. 10]
To mitigate scaling, future research works may focus on (1) the removal of scaling precursors
in feed streams by developing cost-effective pre-treatments such as (1) low pressure NF and
RO [8], (2) exploring low cost anti-scalants [12, 15], and (3) developing anti-scaling TFC
hollow fiber membranes [45-48].

6. Conclusion
By using both inner- and outer-selective PRO membranes, we have studied the relationship
among the internal factors and their effects on the external performance of PRO processes.
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As elucidated in Fig. 11, both the water flux and the reverse salt flux are ultimately linked to
the same internal factor: the salinity gradient across the selective layer (∆Cm). With negligible
ECP, ∆Cm is determined by the surface salinity on the feed side (CF,m). CF,m comprises two
terms with two associated factors. One is the bulk concentration CF,b and the ICP factor,
while the other is the equivalent concentration Js/Jw and the equivalent ICP factor. Membrane
properties such as A, B, S and operation parameters such as ∆P and CF,b take effect at
different locations in the framework, resulting in various external performance behaviours.
When the feed pair contains negligible fouling tendency, external performance indices are
mainly determined by CF,m, (i.e., CF,b and Js/Jw amplified by their associated factors). When
the feed pair contains scaling precursors, external performance is severely affected by the
drastic changes in their associated factors through S. This study may provide a bottom-up
perspective facilitating a comprehensive understanding of the mechanisms behind various
external performance behaviours.
[Fig. 11]
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Nomenclature
DI water
ECP
ICP
MBR
MPD
NF
PES
PRO
RO
SDS
SI
TFC
TMC
TOC
A
Am
B
B’
CD,b
CD,m
Cf
CF,b
CF,m
∆Cm
Cp
D
f
∆G*
i
IAP
J
Jw
Js
Js/Jw
k
Ksp
PD
∆P
rc
rcf
R
Rs
S
Sc
tI
tII
tIII

deionized water
external concentration polarization̘
internal concentration polarization̘
membrane bioreactor
m-phenylenediamine
nanofiltration
polyethersulfone
pressure retarded osmosis
reverse osmosis
sodium dodecyl sulfate
saturation index
thin film composite
1,3,5- benzenetricarboxylic acid chloride
total organic carbon
water permeability (LMH/bar)
effective membrane area (m2)
reverse salt permeability (LMH)
kinetic parameter for a given nucleation system (-)
salinity of the bulk draw solution (M)
surface salinity of the selective layer at the draw solution side (M)
salt concentration of the feed (ppm)
salinity of the bulk feed solution (M)
surface salinity of the selective layer at the feed side (M)
salinity gradient across the selective layer of the membrane (M)
salt concentration of the permeate (ppm)
salt diffusivity in water (m2/s)
factor describing the reduction of nucleation barrier due to a foreign body (-)
nucleation barrier (J)
Van’t Hoff coefficient
the product of precursor ion activities (-)
nucleation rate (-)
water flux (LMH)
reverse salt flux (gMH)
specific reverse salt flux (M)
Boltzmanns constant (1.3806488x10-23 J.K-1)
solubility constant of gypsum (-)
power density (W/m2)
operation pressure (bar)
radius of critical nuclei (m)
surface free energy between the nuclei and the mother phase (N/m)
universal gas constant (0.083145 L.bar.mol-1.K-1)
salt rejection (%)
structural parameter (µm)
critical structural parameter (µm)
duration of initial exponentially descending stage of water flux curves (h)
duration of transition stage of water flux curves (h)
duration of final pseudo-stable stage of water flux curves (h)
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ts
∆t
T
TDS
∆V
x
∆π
∆πb
πD
∆πeff
πF
Ω
σ
ε
τ

thickness of the membrane porous support (µm)
the period of time used to collect permeate (h)
absolute temperature (K)
total dissolved solid (mg/L)
the permeate volume collected over a certain period of time (L)
certain position within the membrane porous support (µm)
osmotic pressure difference across the membrane (bar)
osmotic pressure difference between the bulk draw solution and the bulk feed
solution (bar)
osmotic pressure of the bulk draw solution (bar)
effective osmotic pressure difference across the selective layer of the
membrane (bar)
osmotic pressure of the bulk feed solution (bar)
the volume of the growth nucleation unit (m3)
supersaturation (-)
porosity of the porous support (-)
tortuosity of the porous support layer (-)
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Solution

Feed Bulk

ID

SI

NaCl
(mM)

CaCl2
(mM)

Na2SO4
(mM)

Osmotic Pressure
(bar)

29

1

0.43

105

10

20

7.44

2

1.01

67

15

40

7.41

3

2.06

16.5

24

65

7.44

Table 1. The solution compositions prepared for PRO gypsum scaling studies. Saturation Index (SI)
is defined as IAP/Ksp, in which IAP is the product of the precursor activities (Ca2+ and SO42-) and Ksp
is the solubility constant of gypsum. The feed bulk SI was calculated by Aqion 5.8.1 software using
the U.S.G.S. software PhreeqC as an internal numerical solver.

TFC

ID/OD

A

B

S

Membrane

(mm)

(LMH/bar)

(LMH)

(µm)

outer-selective

0.53/1.1

1.42

0.028

996

inner-selective

0.58/1.0

3.50

0.30

450

Table 2. The inner diameter (ID), outside diameter (OD), pure water permeability (A), salt
permeability (B), and structural parameter (S) of the outer-selective and inner-selective TFC
hollow fiber membranes used in this study.
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Classical Models

Model Equations

Parameters for Data Fitting

cake filtration

!

=

%/
" (1 + #$)

J0 (initial water flux), b

pore constriction

!

=


" (1 + #$)

J0 (initial water flux), b

traditional pore blocking

!

= &' *,

modified pore blocking

!

=

-

+ &' *,

a, b

J∞ (limiting water flux), a, b

Table 3. Four classical models used in data fitting for the PRO gypsum scaling study.

Highlights
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·

This work focuses on the elucidation of various underlying mechanisms responsible
for the flux reduction in PRO processes.

·

Both inner-selective and outer-selective thin film composite (TFC) hollow fiber
membranes are employed to examine how the fundamental internal factors interact
with one another, resulting in various behaviours of external performance indexes
such as water flux, reverse salt flux, and power density.

·

The insights obtained from the stationary conditions are combined with the advanced
nucleation theory to elucidate the dynamic scaling process by visualizing how the
multiple fundamental factors evolve and interplay with one another in various
membrane regimes during the whole scaling process.

·

This study may provide useful insights to design more suitable TFC hollow fiber
membranes and to operate them with enhanced water flux so that the PRO process
may become more promising in the near future.
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Fig. 1 A schematic illustration of the inner-and outer-selective TFC hollow fiber membranes.
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Fig. 2 A schematic diagram of salt concentration across a TFC PRO membrane at steady state. Osmotic pressures
corresponding to salt concentrations at different locations are illustrated in the brackets near the concentrations. In this
study, the salt concentration on the surface of the selective layer (CD,m) is nearly equal to the concentration of the draw
solution in the bulk (CD,b) due to the negligible external concentration polarization (ECP).
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Fig. 3 Various variables in the PRO model as a function of operation pressure (∆P) under the fixed
bulk salinity gradient (draw solution: 0.81 M NaCl vs. feed: 0.011 M NaCl). Series 1a to 1f and 2a to
2f correspond to the outer-selective membrane and the inner-selective membrane, respectively. Ideal:
simulation results without considering concentration polarization and reverse salt permeation; model:
simulation results with internal concentration polarization (ICP) and reverse salt permeation taken into
account; exp: experimental data.
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Fig. 4 Comparison of various variables of inner- and outer-selective TFC hollow fiber
membranes as a function of feed bulk salinity (CF,b). The draw solution has a fixed bulk
salinity of 0.81M NaCl and the operation pressure is set at 20 bar. Solid and dashed red lines
are the simulation results of the inner-selective membrane; solid and dashed blue lines are
the simulaton results of the outer-selective membrane. exp: experimental data.
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Fig. 5 Investigation of PRO gypsum scaling at a fixed operation pressure (∆P) of 10 bar. (a) weight loss of the feed as a
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Fig. 7 Water flux as a function of structural parameter for the outer-selective membrane at a fixed
operation pressure of 10 bar. Water permeability (A ) and salt permeability (B) remain unchanged. The
dotted line is the best power fitting.

Jw (LMH)

PD (W/m2)

c

Δπ eff (bar)

a

0

5

10

15

20

25

45
40
35
30
25
20
15
10
5
0

0

0

10

10

50

20
30
ΔP(bar)

outer-selective
membrane
S:996µmà450µm

40

50

virtual ‘perfect’ membrane
inner-selective membrane
virtual outer-selective (S=450µm)
outer-selective (S=996µm)

20 30 40
ΔP (bar)

virtual outer-selective
(S=450µm)
outer-selective (S=996µm)
virtual ‘perfect’ membrane
inner-selective membrane
ΔP

outer-selective membrane
S:996µmà450µm

0

10

20

30

40

50

60

b

Jw (LMH)
0

10

20
30
ΔP(bar)

outer-selective
membrane
S:996µmà450µm

40

50

virtual ‘perfect’ membrane
inner-selective membrane
virtual outer-selective(S=450µm)
outer-selective(S=996µm)

Fig. 8 Effective osmotic driving force (∆πeff), water flux (Jw) and power density (PD) in the PRO
model as a function of operation pressure (∆P) under the fixed bulk salinity gradient (draw solution:
0.81 M NaCl vs. feed: 0.011 M NaCl). The virtual ‘perfect’ membrane has combined strengths of
the inner- and outer-selective membranes (i.e., A=3.5LMH/bar, B=0.028LMH, S=450µm). The
virtual outer-selective membrane has a smaller structural parameter (i.e., S=450µm) while A and B
values remain unchanged.
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