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Abstract

Pressure retarded osmosis (PRO) has gained attention due to its use as a salinity gradient energy-generating
membrane process. This process can convert difference in salinity between two streams into energy as it allows
water transport through a semi-permeable membrane against the application of hydraulic pressure. This review
provides a comprehensive look at the history and latest developments in preparation of membranes and modules
for the PRO process, as well as the various applications of PRO. This review also explored the influence of feed
characteristics and pretreatment strategies on water permeation and power generation during PRO operation.
The current status and technological advancements of PRO as a process were reviewed, revealing how PRO can
be operated as a stand-alone process or in integration with other hybrid processes. Despite the recent
advancements in material and process development for PRO, membrane performance, wide-scale
implementation, and commercialization efforts still leave much to be desired. Recognizing the current challenges
facing the PRO technology, the advancements in PRO membrane and module development, and the various
applications of the process, this review also draws out the future direction of PRO research and generation of

osmotic salinity gradient energy as a viable energy source.

Highlights
1. Various membrane and module development methods were comprehensively reviewed.
2. Dual-stage PRO process is promising for power generation over individual PRO process.
3. Novel configurations and niche applications of PRO can further be exploited.

4. Challenges and future recommendations for improving PRO process are discussed.

Keywords:

Pressure retarded osmosis; Engineered osmosis; Salinity gradient energy; Membrane; Osmotic energy



List of abbreviations

Abbreviation Meaning

RED Reverse electrodialysis

CapMix Capacitive mixing

BattMix Battery mixing

PRO Pressure retarded osmosis

FS Feed solution

DS Draw solution

W Power density

RSF Reverse solute flux

CP Concentration polarization

1CpP Internal concentration polarization
ECP External concentration polarization
RO Reverse osmosis

CA Cellulose acetate

CTA Cellulose triacetate

HTI Hydration Technologies Inc.

TFC Thin film composite

NIPS Nonsolvent-induced phase separation
PA Polyamide

MPD m-Phenylenediamine

TMC Trimesoyl chloride

PSt Polysulfone

PET Polyethylene terephthalate

PEi Polyetherimide

PVP Polyvinylpyrrolidone

PAN Polyacrylonitrile

CNT Carbon nanotube

PES Polyethersulfone

GO Graphene oxide

HNT Halloysite nanotube

COF Covalent organic framework

TFN Thin film nanocomposite

SNW-1 Melamine-based Schiff base network
PE Polyethylene

PVA Polyvinyl alcohol




GA Glutaraldehyde

TIPS Thermal induced phase separation
PDA Polydopamine

TBP Tributylphosphate

BTDA-TDI-MDI

Copolymer of 3,3,4,4-benzophenone tetra-carboxylic dianhydride and 80%

methylphenylenediamine and 20% methylene diamine

PBI Polybenzimidazole

POSS Polyhedral oligomeric silsesquioxane

DI water Deionized water

HPG Hyperbranched polyglycerol

APTMS 3-Aminopropyltrimethoxysilane

MPC Zwitterionic 2-methacryloyloxyethylphosphorylcholine
AEMA 2-Aminoethyl methacrylate hydrochloride
PAH Poly(allylamine hydrochloride)

LBL Layer by layer

GA Glutaraldehyde

CQDs Carbon quantum dots

T-NIPS Thermally-assisted nonsolvent-induced phase separation
PP-HSO:; Sulfonate-functionalized porous polymer
TEOS Tetraethyl orthosilicate

PEI Polyethyleneimine

IPC Isophthaloyl chloride

SWRO Seawater reverse osmosis

MD Membrane distillation

VMD Vacuum membrane distillation

NF Nanofiltration

MBR Membrane bioreactor

LIS Liquid-phase ion-stripping

OHE Closed-loop osmotic heat engine
NHHCO3 Ammonia-carbon dioxide

MED Multi-effect distillation

NOM Natural organic matter

TOC Total organic carbon

UF Ultrafiltration

LP-RO Low-pressure reverse osmosis

EDTA Ethylenediaminetetraacetic acid

AL-FS Active layer facing the feed solution
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AL-DS

Active layer facing the draw solution

CDCF Dual-stage PRO process with continuous draw and feed

DDCF Dual-stage PRO process with divided draw and continuous feed
CDDF Dual-stage PRO process with continuous draw and divided feed
DDDF Dual-stage PRO process with divided draw and feed




List of symbols

Symbol Meaning

AGix Gibbs free energy of mixing

Gs Gibbs free energy of brackish water

Gr Gibbs free energy of fresh water

Gy Gibbs free energy of salt water

AH i Enthalpy of mixing

AS e Total molar entropy

T Absolute temperature

R Gas constant

as Activity coefficient of the product solution
s Number of moles of the product solution
785 Osmotic pressure of the salty solution

|74 Molar volume of the final solution

v Moles of ions in a mixture

7 Moles of ions in a feed

np Moles of ions in a draw solution

Xi Mole fraction of ions

Yim Activity coefficients of ions in the mixture
YiF Activity coefficients of ions in the feed
Yip Activity coefficients of ions in the draw solution
Y Activity of solute

v Dissociation constant

¢ Molar concentration

P Volumetric mixing ratio

B Mass fraction of water

Mo Molal concentrations

b Mass based mixing ratio

v Dissociation constant

C Molar concentration of the NaCl solution
y Activity coefficient of ions

o) Volumetric mixing ratio of the NaCl solution
174 Power density

AP Hydraulic pressure gradient

W o Maximum power density

D, Diffusion coefficient of water
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Cy Concentration of water

X The axis perpendicular to the membrane surface

Au Chemical potential difference between the feed and draw solution
Auy Transmembrane pressure difference at a constant temperature
aw Chemical activity

Vi, Partial molar volume of water

T Water flux

A Water permeability coefficient

C(x) Solute concentration at area x

Dq, Diffusion coefficient at the sublayer

D Ditfusion coefficient

& Porosity

T Tortuosity

ACs Solute concentration gradient

Cs Solute concentration

Dy Diftusivity of draw solute across the membrane

Om Membrane thickness

B Solute permeability coefficient

R Salt rejection

Re Reynolds number

Se Schmidt number

L Channel length

I Solute flux

G Solute concentration at the active layer interface

B Van’t Hoff factor

x Distance from the interface between the support and the active layers
Cicp Solute concentration at this x area

Crm Feed solution concentration

tg Thickness of the support layer

I3 Mass transfer resistance to salt within the support layer of the membrane
133 Mass transfer coefficient

kD Mass transfer coefficient on the draw side

ki Mass transfer coefficient on the feed side

Db Osmotic pressure of the draw solution

TEb Osmotic pressure of feed solution

Crp Salt concentration of the bulk feed solution

Cow Salt concentration of the bulk draw solution at the membrane surface
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K Solute resistivity of the porous membrane support
Cbp Draw solution concentration
op Thickness of the draw boundary layer




1. Introduction

The wortld is currently experiencing rapid population growth, industrialization, and economic development,
which lead to a higher demand for accessible energy [1, 2]. The global energy use is highly dependent on
fossil fuels, which are not only renewable, but also a primary cause of greenhouse gas emissions and global
warming. Among the fossil fuels from which our energy is typically sourced are petroleum, coal, and natural
gas [3], and the amount of fossil fuel reserves is exponentially declining [4]. Moreover, the worldwide
surface temperature has in fact faced an increase in the last century. This has led to an increase in coastal
erosion, tlooding frequency, vegetation and livestock mortality, food shortage, illness prevalence, and
destruction of several terrestrial and marine ecosystems [5]. Currently, several technologies have been
continuously in study to provide sustainable and efficient solutions for the energy crisis. Technologies for
more efficient production, processing, and distribution of energy are currently in various stages of
development and implementation. Furthermore, a shift in the population’s lifestyle has started to be
noticeable, as societies, people, and enterprises have become more mindful of how energy use plays a vital

role in the total energy requirement and crisis.

Due to the world demand for environmentally sustainable renewable energy, interest in cost-efficient, clean,
and sufficient alternative sources has increased. Currently, these non-conventional renewable energy
sources include solar, tide, wave, geothermal, wind, and biomass [6-9]. While research on these alternative
sources and technologies has been consistently done, widespread use of these renewable energy sources is
impeded by uneven availability of the resources and high cost of installation and maintenance [10]. Should
the use of renewable energy sources be widely developed and implemented, this will lead to benefits which

include, but are not limited to, environmental and economic sustainability and environmental safety [11].

Another renewable and sustainable energy source is salt gradient power [12]. The mixture of two streams,
freshwater and saltwater, produces this energy. The free energy is released as driven by the chemical

potential difference between the two water streams [13]. According to previous studies, the potential power
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which can be harnessed worldwide from the mixing of river water and saltwater will exceed 2 TW [14, 15].
Filtration and membrane technology have played a huge part in provision of fresh and clean water supply
from a number of sources, such as surface runoff, aquifers, freshwater, brackish water, saltwater, and even
wastewater and industrial effluents [16, 17]. Membrane-based technologies do not only have the ability to
treat water and recover valuable materials, but also manage treatment with less number of unit operations
and high viability for a larger scale application [18]. Membranes for such processes are characterized on the
basis of the mechanical and chemical properties, as well as permeability and selectivity [19]. In recent,
studies on membrane-based technologies are continuously evolving, with researchers coming up with better
approaches on the processes and better membranes for more efficient separation and suitability in various
applications. It is highly predicted that membrane technology can sustainably manage the earth’s water
resources, especially in areas of high aridity [20]. It is then remarkable to be able to find a membrane-based
technology which can augment the world’s requirements for both fresh water and energy altogether. A
number of membrane-based technologies have surfaced to harness salinity gradient power, such as reverse
electrodialysis (RED), capacitive mixing (CapMix), battery mixing (BattMix), and pressure retarded osmosis

(PRO) [21, 22.

PRO is a process currently being developed to provide solutions for worldwide problems in finding
alternative renewable energy sources [21, 23]. While also capable of desalination and wastewater treatment,
PRO mainly generates osmotic power, or the energy generated by the mixture of salt concentration
difference between two streams, commonly freshwater and saltwater [24]. Moreover, desalination of
concentrated brine can also be performed using PRO. PRO utilizes a semi-permeable membrane which is
positioned between these two streams, allowing fresh water to flow from the less concentrated stream
towards the direction of the more concentrated one, in order to achieve concentration gradient equilibrium
between the two streams. Electricity is then produced using hydro turbines, like how hydropower energy is

produced. The similarity between osmotic energy and hydropower ends there, since a hydropower plant
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utilizes river water and dam, whereas PRO utilizes, as earlier mentioned, osmotic pressure gradient between
two streams of different salinities. In PRO, the hydro turbine depressurizes the permeate to obtain power.
This energy-generating aspect of PRO is highly promising in harnessing renewable energy to significantly

lessen our dependency on fossil fuels and the high carbon footprint associated with it.

Nevertheless, membrane fouling/scaling is a crucial problem when using wastewater feed or seawater.
Fouling of membranes can be divided into organic, inorganic and biofouling which influence the efficiency
of the desalination technology [25]. The use of wastewater concentrate containing various foulants and
scalants causes fouling problem. The fouling becomes severe when the wastewater is against the porous
membrane sublayer rather than the active layer of the thin film composite (TFC) PRO membrane [206]. It
was realized that when using wastewater concentrate feed in the PRO process, calcium phosphate salt
becomes the predominant fouling. To mitigate fouling/scaling tendency of the PRO membrane, a suitable
pre-treatment method is necessary. Researchers have developed different mitigation strategies for PRO
membrane to reduce fouling problem [27-29]. These strategies can minimize the operating cost relating to

membrane cleaning and ensure long term performance of the PRO membrane.

This review aims to introduce the various phenomena associated with pressure retarded osmosis process,
as well as the recent development in membranes and modules’ engineering specifically for the PRO process.
In this review, different advanced hybrid PRO processes, advanced configurations, and niche applications
for the PRO system were also discussed. Several review articles on PRO have been published recently;
however, this review aims to provide a comprehensive look at all the PRO membrane and development, as
well as put the spotlight on the wide range of applications for PRO, whether as a stand-alone process or a
process integrated in a hybrid system. In fact, this review article is the first one to report the niche
applications of PRO, which include, but not limited to, pool PRO, fertilizer-driven PRO, PRO for oil

recovery, and geothermal PRO. Furthermore, this review exhausts all membrane development efforts for

11



PRO, and, in the authors’ best knowledge, this review is also the first to report on the development of free-

standing PRO membranes.

2. Theoretical background

2.1 Salinity gradient energy

A stream with lower solute concentration, known as the feed solution (FS), is separated from the draw
solution (DS), another stream with higher solute concentration, by a semi-permeable membrane, which is
only permeable for the solvent and impermeable for the solute. Due to the difference in the solute
concentration of the two streams, both the FS and DS have different chemical potentials, p.. The osmotic
pressure Az between the IS and DS is due to the concentration difference between these two streams, and
the solvent (water, in this case) flows from the low-concentrated ES to the high-concentrated DS until
equilibrium is reached. The transport of water through the semi-permeable membrane is known to be
osmosis [30-32]. During the osmotic phenomenon, the DS is effectively diluted by the IS and the feed is
concentrated simultaneously, until the chemical potential of the two streams across the membrane
approaches equilibrium state. The osmotic pressure (7) of a solution can be obtained from the amount of

the solute particles (n, mol), the solvent volume (Vy, L), and temperature (T, K), as shown in:

—n'RT 1
Tl,'—Vl )

m

where R is the ideal gas constant (8.314 x 102 bar L K-! mol'!) and i is the dimensionless Van’t Hoff factor
[33]. The osmotic pressure difference causes the free energy released during the spontaneous mixing of the
FS and the DS [34, 35]. This free energy can be theoretically calculated from the basic thermodynamics
[31], wherein the Gibbs free energy of mixing (AG,.) freshwater and salt water is given by:
AGpix = Gg — (Gp + Gs) @

where, Gg, Gr, and Gy are the Gibbs free energies (J mol') of brackish water resulting from the mixing of
freshwater and salt water, freshwater, and salt water, respectively. The amount of Gibbs free energy which
can be harnessed is basically a factor of the salinity difference between the two solutions mixed. As

mentioned earlier, the reversible spontaneous mixing of freshwater and saltwater results in the production
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of work. The spontaneity of mixing is given by the Gibbs free energy, 4G, which is a function of the
enthalpy of mixing (AH,) and entropy of mixing (A5 ,x):

AGpix = AHpjx — TASpix 3

For an ideal solution, AHpix = 0, thus 4G, can simply be derived from temperature and A5, which is
the total molar entropy of the freshwater, saltwater, and the resultant brackish water streams during the
mixing process. The calculated Gibbs free energy of mixing is known to be the theoretical maximum energy
which can be produced during the mixing process [36]. When the water flux transports from the saline feed
stream to the concentrated draw stream at almost constant pressure, the PRO process converts the osmotic
pressure into hydraulic pressure. This results in an increase of the permeate volume generating a high
amount of Gibbs free energy of mixing (AG,.) [37]. The general equation of AG,. of the two different
salinity solutions in an ideal process can be expressed as [34]:
—d(AGpix) = —RT In(asdns) = 77:55[7sdns 4)

in which, T and R denote the absolute temperature and the gas constant. a, #;, 7z, and VS are the activity
coefficient of the product solution, the number of moles of the product solution, the osmotic pressure of

the salty solution, and the molar volume of the final solution.

It is assumed that the extractable energy from PRO is equal to molar Gibbs free energy of mixing. The

formula of the extractable energy can be written as:

_Azf;nix = 2iXim l”(yi.MXi.M) - :_; XiXir ln(Vi,FXi,F)

©)
- :—; YiXipin(yipXip)

Herein, 7y, nr and #p describe the moles of ions in a mixture, FS, and DS, respectively. Xz M, F and D are

the mole fraction of ions in the mixture, FS and DS while y; u, Vi, and y;p are the activity coefficients

of ions. When saline solutions with different mixing ratio are used in the PRO process, this equation can
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be modified as follows:

_AGmix, s -
TVA ~ CTM In (YS,M Cs,M) - CS,A In (VS,A Cs,A) - % CS,B In (VS,B Cs,B) (6)

In this equation, the activity of solute (¥s)is equalto 1. v is the dissociation constant which is equivalent
to 2 for NaCl solution. cand ¢ describe the molar concentration and the volumetric mixing ratio. “M”, “A”,

“S” and “B” are the mixture fluid, the fresh water feed, the DS, and the mass fraction of water, respectively.

It should be noted that this equation is not valid for highly concentrated salt solutions. Thus, it can be

rephrased to calculate the mixing energy for highly concentrated salt solutions as follows:

“AGmixm, _ Moy y v.mog i
RT = p ln(yw,MXw,M) + @ Cs,A ln(ys,MXs,M) -

moy 4 ln(Vw,AXw,A) — V.MOg 4 ln(Vs,AXs,A) - W ln(Vw,BXw,B) - @)

v-mOS,B.(l—(p )
om - ln(ys,BXs,B)

where M, and ¢,, referred to the molal concentrations and the mass-based mixing ratio. s, 4 and ¢ denote
the salt, the dissociation constant, and the molar concentration of the NaCl solution, respectively. The
activity coefficient of ions, and the volumetric mixing ratio of the NaCl solution are represented as ¥ and
&, respectively. By using this equation, it is possible to calculate the amount of energy extracted from mixing
two different saline solutions in an isothermal and isobaric process. This equation indicates that increasing
the concentration of the DS results in higher energy generation. The increase in volume of the pressurized
DS effectively increases the pressure. The resultant diluted DS during the PRO process is then directed
toward two different streams: (1) the hydro-turbine, for energy production, and (2) the pressure exchanger,

for energy recovery [38, 39].

2.2. Water permeability

According to solution-diffusion model, the water permeate through the membrane can be determined using
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the following formula [34]:

dc,,

Jw = —Dy, W

C)
where D, and C, are the diffusion coefficient of water and the concentration. X is the axis perpendicular

to the membrane surface. When including the chemical potential difference (Au) between the feed and

draw streams, the gas constant (K), and the absolute temperature (1), Eq. (8) becomes:

W RT dx RT Ax

where Ap,, represents the transmembrane pressure difference at a constant temperature. The
transmembrane difference can be computed considering the chemical activity (&,) and the partial molar
volume of water (). The equation can be expressed as:

Aw,, = RT In Aa,, + V,,AP (10)

The water activity of water can also be used to measure the osmotic pressure as follows:

RT
Am = ——=Ina, (11)

w

This model can be rearranged when replacing RT In Aa, with V,Am as follows:

Ay, = =V, A+ V,,AP = V,, (AP — Am) (12)

When putting together Eq. 10 and 12, the water flux equation can be calculated using Eq.(14):

Dy CyVy _ — _
In general, there is a strong correlation among water flux (J,), the osmotic pressure difference (A7), and the

Dy CywVw

RTAx

applied pressure difference (AP). Besides, the expression equals to the water permeability

coefficient (A) [40]. Therefore, the water flux within a semi-permeable membrane when assuming an ideal

mixing of salt solutions can be written as [41, 42]:

Jw = A (mp —mg) (14

J»and A are the water flux and the water permeability coefficient through the membrane, respectively. np
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and mr denote the bulk osmotic pressures of the draw and feed streams, respectively. In contrast, this
equation is not reliable to predict the mass transfer on both the feed and draw streams and within the
support layer of the selected membrane [41]. It is because the reverse solute flux and concentration
polarizations affect the transport of water flux through the membrane and the efficiency of power

production. Pure water permeability constant .4 can be calculated as:

AV

A= ——— 15
A AtAP (15

where AV, A, and At are permeate volume, effective membrane area, and sampling time, respectively [43].

2.3. Power density

In PRO, power generated per unit membrane area (W m-2) is known as the power density, I, given by this
equation:

W = J,AP = A(Amr — AP)AP (106)
where, W is the product of the water flux and the hydraulic pressure applied across the membrane [44].
With respect to AP, the maximum power density can be obtained when AP is equal to half of the osmotic
pressure difference across the membrane, as shown in Figure 1. The equation for the maximum power

density can be expressed as:

Whax = A—— 17

The W, during a PRO operation is directly proportional to the pure water permeability, .4, and the square

of the osmotic pressure difference across the membrane, thus the maximum power generation can be

. . Am . .
obtained when PRO is operated at a pressure close to —5> a8 shown in Figure 1.
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Jw in direction of less
concentrated solution

> PRO

Jw in direction of more
concentrated solution s
l‘

Figure 1. The ideal water flux (J,) and power density (V) during PRO operation as a function of applied
hydraulic pressure (AP). The conditions surrounding FO, PRO, and RO operation are also shown. [45].

However, it should be noted that the maximum power density in real PRO system is quantified according
to the water flux, reverse solute flux, concentration polarizations, the operating parameters and the selected
membrane [41]. The performance of the PRO membranes can be accurately evaluated in terms of the

water flux and reverse solute flux.

2.4. Solute permeability

Due to the non-ideality of the semi-permeable membrane, it is possible that solute can permeate from the
DS toward the FS, in a phenomenon known as reverse salt flux (RSF). The RSF leads to a decrease in the
effective osmotic pressure difference across the membrane. This salinity displacement, or the flow of the

DS within the support layer, results from of the convection and diffusion transfer of the solute in the
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support layer [34]. The reverse solute flux can be determined using Fick’s law as follows:

d
Js = Ds.l% — JwC(x) (18)

where C(x) describes the solute concentration at area x while Dg; refers to the diffusion coefficient at the
sublayer. The later can be measured considering the diffusion coefficient (D), the porosity (¢) and the

tortuosity (7) of the support layer. The equation can be derived as:

eD
Dy =— (19)

By combining the solute concentration gradient (ACy) within the membrane, the RSF is given by:

dcCs _ ACs
S 5. = Ds_
dx Sm

Js=-D (20)

in which Cg, Dg,and &,, are the concentration, diffusivity of draw solute across the membrane, and the
membrane thickness, respectively. The workable RSF equation is written as:

Js = BACy, 1)
where B is defined as the solute permeability coefficient, which can be determined from membrane salt

rejection (R), according to the following equations [43]:

= (1 - %) 22)
f
— Jw
B = W(1 R)e_k_L 23)

whete Cy, Cp; and 4r. are the DS solute concentration, FS solute concentration, and mass transfer coefficient,

respectively [40]. &1 can be determined from the Sherwood number (§4), solute diffusion coefficient (Dy),
and the cross-flow cell hydraulic diameter (), which are based on the hydrodynamic conditions during an

engineered osmosis process, and these parameters can be calculated from the following equations:

= 2L (24)
L d,
d 0.33
Sh=1.85 (Re - Sc Th) if Re < 2000 (25)
Sh = 0.04- Re®7> - Sc%33 if Re > 2000 (26)

where Re, ¢, and L are Reynolds number, Schmidt number, and channel length, respectively [47].
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Upon determination of B, the value of RSF, J,, can be determined by this equation [48]:
Js =B (Cq = C}) 27)

where [, and C; are the solute flux and the solute concentration at the active layer interface, respectively.

In addition, the specific salt flux is another technical obstacle affecting the water permeation across the
membrane. It is defined as the ratio of the salt flux to the water flux J./], [37]. It can be controlled by the
hydraulic pressure gradient (AP) on the membrane, the water permeation (Jy,), the water permeability
coefficient (A), and the solute permeability coefficient (B). The equation of the specific salt flux including

the van’t Hoff factor () is provided by:

Js B AAP
—_—=— (1 + —) (28)

Jw ABRT Jw

It is worth noting that the RSF expression can be combined with concentration polarization expressions to

derive the final model of the water flux.

2.5. Concentration polarization

During PRO operation, an amount of salt is able to permeate through the semi-permeable membrane,
significantly affecting the concentration gradient across the membrane. This then leads to the extraction of
lower power density compared to the theoretical power density. The change in concentration gradient across
the membrane causes reduction of water flux across the membrane; however, another phenomenon

responsible for water flux decline during osmotic operation is concentration polarization.

Concentration polarization (CP) is a naturally occurring phenomenon due to the accumulation of solute
particles near the membrane interface or within the support layer. CP especially occurs during processes
utilizing asymmetric composite membranes, where a thin dense polyamide selective layer is on top of a
porous membrane support. CP is classified into external and internal concentration polarization. Solute

particles tend to accumulate on the dense layer side (external CP, or ECP), or internally, on the interface
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between the membrane support and selective layer (internal CP, or ICP). Due to the occurrence of CP, the
actual osmotic pressure difference across the membrane is less than the osmotic pressure difference of the
bulk fresh and draw streams, and the consequence of which is water flux decrease [49]. It is true that CP is
not only influenced by the membrane design and transport properties, it is also influenced by the system
specifications and design, hydrodynamics, and operating parameters. Figure 2 shows the concentration

profile in a PRO membrane during PRO orientation due to CP.

External concentration Internal concentration
polarization (ECP) polarization (ICP)
Cop Cp,m
T —

Draw \ Feed
Solution \ Solution

CFb

b

Water flux

Reverse salt flux

Figure 2. The concentration profile of the membrane during PRO operation as influenced by ECP and ICP.
Cbp, Cbom, Crp, and Cgm are the concentration of the bulk draw solution, concentration of the draw solution
at the membrane active layer interface, concentration of the feed solution at the support and active layer

interface, and concentration of the bulk feed solution, respectively.

One main factor affecting the occurrence of CP in osmotic processes is the membrane orientation. Asymmettic
membranes typically have a porous support and a solute-rejecting active layer. For osmosis-driven processes, the
active layer can have either one of the following orientations: (1) active layer facing the FS (AL-ES), or (2) active
layer facing the DS (AL-DS). In the case of PRO, operation is conventionally performed with AL-DS membrane

orientation, meanwhile other osmotic-driven processes, such as forward osmosis (FO) and pressure assisted
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osmosis (PAO) are typically operated at AL-FS membrane orientation.

2.5.1. Internal concentration polarization

Generally, ICP is caused by the inability of the solute particles to pass through the membrane active layer;
therefore, ICP is heavily influenced by solute molecular size and diffusivity. ICP specifically occurs within
the porous membrane support layer as the solutes of the DS accumulates at the interface of the support
and the active layers, due to the inability of the solute particles to penetrate and pass through the dense
active layer [50]. An immobile area is formed inside the membrane support, decreasing the osmotic driving

force [51, 52].

By considering the effect of ICP, the RSF (Eq. (27)) including the boundary conditions can be rephrased

as [34]:
Ciep = (Com +7°) exp0k0) ~ 3= @)
where Clx=0)=Crm
{C(x =ts) = Ciep &0

in which, x is the distance from the interface between the support and the active layers. Cie, and Cpap
are the solute concentration at this area, and the FS concentration. t; referred to the thickness of the
support layer. The equation of the effective osmotic pressure gradient across the selective layer can be

expressed as:

Amterp = Mo — maexp(Jwk) (31)
where £ describes the mass transfer resistance to salt within the support layer of the membrane, and
exp(Jik) represents the internal concentration polarization expression. By combining the ICP expression
and the mass transfer coefficients on the draw side (£p) and on the feed side (4r) into the water flux Eq.(15),

this equation can be rewritten as:
Jw=A [nD,b exp (—_kjw> — g p €XP (f{l)] (32)
D F
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where zp, and 7y, are the osmotic pressure of the DS and FS.

This equation can be modified when applying the hydraulic pressure on the feed side. This is due to low

osmotic pressure gradient and sever ICP effects. Thus, Eq.(15) can be rewritten as:

Jw=A4A (AP + Ttpp eXp (—%W)) 33)
where 7p ), and & denote the bulk osmotic pressure of the DS and the mass transfer coefficient in the

boundary layer across the active layer.

The effect of ICP on the PRO performance is given by this equation [44]:

1 —_ CF’b e]WK

Dm

1+ B emr—1y
Jw

Ju = A|Tom ~ AP (34

where Cr; and Cp,, are the salt concentrations of the bulk FS and DS at the membrane surface, respectively.
This model suggests that ICP generally occurs due to the presence of the membrane substrate layer. K is
the solute resistivity of the porous membrane support for the diffusion of solute particles, and can be

determined using the following equation [53]:
35)

where 7, 7, D,, ¢ and § are the membrane support porosity, membrane support thickness, membrane
support tortuosity, diffusion coefficient of the solute in the DS, membrane support porosity, and structural
parameter, respectively. § is an important transport parameter in osmotic processes, as it provides a singular
parameter describing the membrane porosity, thickness, and tortuosity, which could all influence the
membrane permeability. By incorporating the solute resistivity (K), the concentration of the FS (Cg ), the

concentration of the DS (Cp p), and ICP expression, the water flux equation can be rewritten as [34]:

Cc
1-— CL’bexp(]WK)
D,b —AP (36)

]w =A Tpp

1 +]£ [exp(J,,K) — 1]

It can therefore be said that these properties of the porous membrane support layer affect the occurrence
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of ICP during PRO operation, and, consequently, affect the water flux.

2.5.2 External concentration polarization

ECP inhibits water flow due to the change in osmotic pressure at the membrane active layer surface. ECP

can cither be concentrative or dilutive, depending on the position of the active layer surface. If the active

layer faces the feed side, the solute is concentrated at the membrane surface, resulting in concentrative ECP.

On the other hand, dilutive ECP occurs when the solute is diluted around the membrane active layer facing

the DS side.

The dilutive ECP expression can be expressed based on the boundary conditions. The boundary conditions

involve the solute concentration at the interface of the selective layer (Cp,,), the draw concentration (Cpy),

the distance between the interface of the selective and support layers (x) and the thickness of the draw

boundary layer (dp). It can be derived as follows [34]:

Cpm = (CD,b + ]—;) exp <_{(_";> _]]_;

Clx=0)= Cpm
C(x=6p) = CD,b

where

The concentrative ECP can be determined using Eq. (37):

Cim= (G e (-52) 2

where

(37)

(38)

By considering the membrane intrinsic transport characteristics, the water flux equation can be modified

as:
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By incorporating the ICP, dilutive ECP, and the reverse solute diffusion, the water flux equation can be

rewritten as:
conen ()= ()

1 fexp (55) — enp (2]

Cpm = Cicp = (40)

When incorporating Van’t Hoff expression, Eq. (8) and (40), the final water flux equation becomes:

o, €xp (— ) = 1 exp (KO
Jw=A L — AP 1)

1 +]£W{exp(]WK) —exp (—{(—"Z)}

Similarly, the final RSF can be rephrased as:

Cop exp (~42) = Crpexp(uk)

Js=4
1 +]£W{exp(]WK) exp( ]W)}

42)

Eventually, the water flux and reverse solute flux across the PRO membrane can be influenced significantly
by the mass transfer characteristics of the membrane. The physicochemical properties of the selected
membrane are other crucial elements that deteriorate both the water flux and the RSE. Not only they could
acerbate the reverse solute flux and the ICP, they may also critically lower the osmotic driving force for
power extraction [54]. Consequently, the development of high-performance PRO membranes with
excellent water permeation and minimum reverse solute flux has increasingly attained attention in PRO

research.

3. Fouling, scaling, and mitigation

One of the limitations of PRO is the occurrence of membrane fouling, which can be influenced by the
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membrane orientation and application of hydraulic pressure during PRO operation. Typical feed streams
for PRO contain huge amounts of colloidal particles, organic, inorganic, and biological matter that could
induce fouling and affect membrane performance, ze., flux and power density reduction. Upon occurrence
of fouling, there is a decrease in the membrane performance, which, in turn, limits the power generation
and increases power consumption. Fouling can be caused by a number of fouling substances, or foulants,
which can be classified into any of the following: inorganic, organic, colloidal, and biological. In PRO
process, fouling mainly occurs in any one of these fouling mechanisms: (1) pore plugging, (2) pore
narrowing, and (3) film or cake formation. Pore plugging occurs when larger foulant particles plug the
membrane pores. In the case of smaller or finer foulant particles, these can absorbed into the membrane
porous structure and accumulate inside the pores, effectively narrowing the pore size. Finally, film or cake
formation occurs when the foulants are not absorbed into the pore, but accumulate on the membrane

surface instead, effectively blocking the pore.

3.1. Fouling studies for PRO

Among the earliest PRO fouling studies was conducted by Yip et al., who investigated the influence of
natural organic matter NOM) [55] on membrane performance. It was found out that NOM, which is highly
present in river water, could cause severe water flux decline to over 46%, following the adsorption of the
foulants at the interface between the active layer and membrane substrate, resulting in higher transport
resistance [55]. Thelin et al. also studied the effect of NOM, wherein the effect of NOM concentration
and ionic strength in the feed stream was investigated [56]. The researchers found that the PRO membrane
fouling propensity was independent of the NOM concentration, and instead was influenced by the

increased ionic strength brought about by RSF and ICP.

Fouling due to organic substances, specifically, alginate, was found to be a major issue during PRO operation
[57]. It was also found out in this study that alginate fouling was more severe when the DS contained large

amounts of divalent cations, like Ca?* and Mg?*. Interactions of inorganic species with organic foulants
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enhanced organic fouling, especially at higher DS concentrations. Similarly, gypsum, or calcium sulfate
dihydrate, was another foulant investigated and found to affect PRO operation performance [58]. Gypsum,
formed from the interaction of calcium and sulfate present both in the feed and draw streams, was found

to clog the pores of the membrane substrate and cause severe ICP.

Colloidal fouling, specifically, silica, was studied by Kim et al. [59]. The researchers found that colloidal
fouling due to silica occurs through a cake layer buildup at the surface of the membrane. Furthermore, salt
diffusion increased fouling occurrence due to the interaction of the salt with the cake layer, effectively

reducing the osmotic driving force.

Mixed gypsum scaling and sodium alginate fouling was examined in a study, which concluded that in
combined fouling studies, the membranes are initially conditioned or fouled more easily by a single foulant
[60]. After the conditioning, the membrane surface chemistry changes, which accelerates the fouling
occurrence of the other foulants. The presence of both gypsum and alginate during PRO operation allows
the initial occurrence of alginate fouling, due to the lower gypsum scaling propensity due to reverse
diffusion of Nat; thus, alginate fouling conditions the membrane first, followed by the formation of

gypsum scaling.

Combined fouling was investigated using real wastewater concentrate FS; using which, the main types of
fouling include organic (humics and alginate) and inorganic (calcium phosphate and gypsum) fouling [61].
Similar to the study which used model foulants, the scaling caused by inorganic foulants contributed mainly
to the decline in membrane performance. RO retentate was also used as feed stream in an earlier study, and
it was found that calcium phosphate scaling and silica fouling were the biggest fouling problems, affecting

the innermost layer and the outmost surface of hollow fiber membranes, respectively [62].
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Biofouling propensity was investigated in another study, and it was found that biological population in the
wastewater, when used as feed, could cause severe fouling both on the membrane substrate and feed spacer,

and eventually cause severe flux decline [63].

3.2. Pre-treatment processes and fouling mitigation

Kim and Elimelech [38] were among the first ones to propose PRO configurations which include
pretreatment of the feed stream to prevent the occurrence of membrane fouling, especially when municipal

wastewater effluent would be used as feed instead of river water.

Abbasi-Garravand et al. proposed the use of a multimedia sand filter and ultrafiltration (UF) as
pretreatment to eliminate total organic carbon (TOC), turbidity, and hardness of the FS prior to PRO
operation [64]. Using the multimedia sand filter, 68.6% turbidity and 1.5% TOC were removed, while 100%

turbidity and 41% TOC were removed using UE.

UFE, nanofiltration (NF), and low-pressure reverse osmosis (LP-RO) were conducted in another study as
pretreatment procedures of wastewater retentate, prior to use as feed stream in another study [65]. Among
the three processes, while LP-RO was found to be able to most effectively mitigate fouling, NF was found
to be the most effective in rejection of species such as calcium and phosphate ions which could form
hydroxyapatite, a well-known scalant during PRO. Low-pressure NF was also performed by Chen et al., and
they found that low-pressure NF could remove multivalent ions and NOM, which are both persistent

foulants during PRO; however, silica fouling was not effectively prevented using this process [606].

Coagulation was performed as a pretreatment in a recent study [67]. Two coagulants, acidic AlCl; and
alkaline NaAlO; were used to coagulate with phosphate to eliminate this particular species from the
concentrated wastewater and prevent the formation of Cas3(PO4)2. While both coagulants were effective in

PO+, AICl; was less effective in removal of silica, which leads to lower water flux recovery after hydraulic
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backwashing.

Fouling caused by the use of real concentrated wastewater as FS for PRO was mitigated in a study which
employed different pretreatments to remove foulants from the feed [62]. Both pH adjustment by adding
HClI and removal of anti-scalant via chelation with ethylenediaminetetraacetic acid (EDTA) were successtul
in mitigating fouling, even after backwashing. Another study demonstrated similar findings when anti-

scalant pretreatment and pH adjustment were found to be both effective for fouling control [68].

Kim et al. [69] investigated the possibility of PRO operation with the membrane active layer facing the feed
stream (AL-FS), instead of the conventional membrane AL-DS membrane orientation, or the active layer
facing the draw stream. They were able to demonstrate lower RSF during AL-FS operation, reduced
pretreatment cost, and better fouling control due to the high shear flux caused by the water permeation
from the FS toward the DS. While promising, this research was not followed up due to intrinsically lower

membrane performance at AL-FS mode and issues with membrane deformation due to hydraulic pressure.

For continuous PRO operation, physical backwashing proves to be highly effective in removing fouling
species from the porous support layer, leading to high recovery of membrane performance [55]. In another
study, air bubbling was also found to be even more effective in removal of foulants on the membrane
surface [62]. Various membrane cleaning agents were employed and compared for membrane cleaning and
performance recovery ability. Among DI water, alkaline solution, acidic solution, and chelating solution,
the chelating agent EDTA was found to be the most effective in recovering the performance of the

membrane used for PRO with wastewater effluent as feed [70].

Chemical-in-place was introduced as a cleaning strategy for a laboratory-scale SWRO-PRO pilot study [71].

This chemical-free cleaning strategy uses continuous circulation of tap water directed to both the outer
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surface and inner surface of hollow fiber membranes. This particular strategy resulted to excellent water
permeability recovery, without affecting its operational duration, especially during intermittent chemical-in-

place cleaning.

Larger scale demonstrations using larger membrane modules may perform chemical-involving maintenance
cleaning for the membranes by flushing the fouled membranes with low-concentration acidic or alkaline
solution, with tap water circulated concurrently. This treatment, however, is longer than chemical-in-place,

due to several cycles of recirculation and soaking [71].

3.3. Anti-fouling PRO membranes

Several PRO membrane development studies were conducted focusing on mitigation of the fouling

propensity during PRO operation.

Alginate fouling, influenced by Na2*, was reduced by using annealed PBI/POSS/PAN hollow fiber
membranes [72]. The membrane selectivity was enhanced, since reverse diffusion of NaCl results in
increased alginate fouling, Since then, anti-fouling membrane development studies have mainly focused on
chemical modification or incorporation of nano-sized materials with intrinsic hydrophilicity and
functionality, whose interaction with foulants could control fouling. Chemical modifications of membranes
used various agents, among which are polyvinyl alcohol and polydopamine [73], polyelectrolytes [74],
zwitterions [75-77], aminosilane [78], hyperbranched polyglycerol [79, 80], and hyperbranched poly(ionic
liquid) [81]. Among the nano-sized materials in literature are carbon quantum dots [82], carbon nanotubes
[83], titanium dioxide [84], graphene oxide, and halloysite nanotubes [85]. Silver nanoparticles, known for
their biocidal properties, have been also incorporated in membranes specifically designed for biofouling
mitigation [86]. There are a number of studies which used different membrane preparation technique, such
as double polyamide active layers for both ICP and fouling mitigation [87]. More information on PRO

membrane development will be discussed in the succeeding chapter.
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4. Membrane development for pressure retarded osmosis

An immensely vital aspect of the PRO process is the use and development of suitable and highly efficient
membranes, such that it was deemed practically and economically not feasible to proceed with PRO
commercialization and further development without suitable membranes [88]. Due to the similarities of
PRO with reverse osmosis (RO) (ie., application of hydraulic pressure and membrane orientation),
asymmetric RO membranes were used during the initial studies on PRO [33, 89-91]. Immensely low
performance was obtained from the eatliest studies due to the thick supports of those membranes, which

caused ICP to occur and led to low water flux and power density.

Initially, cellulose-based membranes were used for the initial PRO studies, due to its commercial availability,
as well as hydrophilicity and satisfactory tensile strength. A flat-sheet cellulose acetate membrane was
prepared and was developed specifically for desalination [53, 92]. These integrated skinned cellulose-based
membranes were either cellulose acetate (CA) or cellulose triacetate (CTA). Hydration Technologies Inc.
(HTT) developed a cellulose-based membrane for FO and PRO applications, which was utilized in the earlier
PRO simulations [38, 45]. The HTI membrane became the standard commercially available membrane,
until targeted osmotic energy requirements during large-scale PRO implementation could not be achieved

by the HTT membrane, and therefore requiring the use of a different type of membranes [31, 93].

Several studies on membrane development have been performed, and a significant number has been used
for industrial applications. Since then, advanced materials and sophisticated methods have paved the way
to continuous improvement of membrane properties and performance. A vast improvement in the
membranes’ chemical and thermal stability, as well as transport properties, can be observed on the
membranes currently in development, compared to the very first membrane for an osmotic process. Based
on the various mathematical simulation of PRO, PRO membrane design has specifically focused on the

following membrane characteristics: (1) hydrophilicity, for enhanced water flux and fouling mitigation; (2)
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selectivity of the thin, dense active layer for satisfactory solute rejection; and (3) high tensile strength to
withstand the application of hydraulic pressure. Development of suitable PRO membranes made it possible
to achieve higher power density values, which further shows the feasibility of PRO for wider-scale

applications.

4.1. Flat sheet TFC PRO membranes

Thin film composite (TFC) membranes, known to be asymmetric, are consisted of two layers: (1) a
microporous membrane substrate, and (2) a dense, selective thin film, typically polyamide formed in situ
on the membrane substrate surface via interfacial polymerization (IP) [94]. The membrane supports are
conventionally prepared either via nonsolvent-induced phase separation (NIPS) or electrospinning of
polymeric substances. During NIPS, the polymer solution was made in contact with a nonsolvent
(conventionally, water), resulting to coagulation and phase separation of the polymer. The most common
PA active layer for PRO TFC membranes is formed from the following monomers: 7-phenylenediamine
(MPD) and trimesoyl chloride (TMC) [95, 96]. Figure 3 shows the typical morphology of a flat sheet TFC
PRO membrane, whose substrate is prepared via NIPS. Flat sheet membranes gained popularity due to
ecase in preparation of the membranes, as well as the application for plate-and-frame and spiral wound

modules.
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Figure 3. The scanning electron microscope images, showing the morphology of the (a) membrane
substrate top surface, (b) membrane cross section, (c) membrane substrate bottom surface, and (d)

membrane polyamide active layer surface of a flat sheet TFC PRO membrane.

The first TFC membrane used for PRO application was PA on a polysulfone (PSf) substrate, backed with
a polyethylene terephthalate (PET) nonwoven fabric [35]. This membrane has exhibited the suitable
mortphology for PRO TFC membranes and has become the guideline for succeeding TFC PRO membrane
development studies. Polyetherimide (PEi), another commonly-used polymer, was used as the polymeric

material in a study which yielded 12.8 W m-2 at 17.2 bar using 10 mM NaCl and 1 M NaCl as feed and draw,
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respectively [97]. However, deformation of TFC membranes is a huge issue which needs to be addressed
during membrane development, such that use of commercial high-mechanical strength polymeric materials
and reinforcement of the support layer were performed by a number of PRO TFC membrane researchers.
In order to develop a more robust and more mechanically strong membrane, a different class of polymer
known as polyimide (PI), more commonly known with trade name Matrimid® 5218, was used for PRO
membrane development [98, 99], wherein a porous substrate with sponge-like structure was prepared, and
the PA layer was modified with certain agents. Another commercially-available polymer is polyamide-imide
(PAI), whose trade name is Torlon®, which was used in PRO membrane studies [100]. Similarly,
reinforcement of the PRO TFC supports have been performed in various PRO membrane development
studies. She et al. [101] tested different types of fabric as fabric reinforcement materials for PRO TFC
membranes, and found that tricot fabric has the best potential for PRO membrane preparation, due to its
resistance to tensile stretching, as compared to woven and non-woven fabric, and this TFC membrane
exhibited a power density of 7.1 W m-2 at 18.4 bar. This has led to further studies which examined the role

of reinforcing materials on PRO TFC membrane performance [102, 103].

To improve the mechanical strength, pore structure, hydrophilicity, and functionality of the TFC PRO
membranes, chemical modification is essential [104]. A TFC PRO membrane with polyacrylonitrile (PAN)
substrate was developed after chemical treatment of the PAN substrate with ethanol [105]. Chemical
treatment of the TFC membranes improved the water flux and mechanical stability of the membrane, while
it is able to swell the polymeric chains, which results in the formation of a thinner and smoother PA layer

with a larger free volume, which led to higher water flux.

In recent, membrane researchers have exploited the properties of functional nano-sized materials to
develop nanocomposite membranes with enhanced porosity, hydrophilicity, anti-fouling property, and

energy-harnessing capability.
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Son et al. incorporated functionalized carbon nanotube (CNT) in the polyethersulfone (PES) support [106].
The CNT effectively increased the membrane porosity, pore size, and hydrophilicity of the TFC membrane.
A dual-layered TFC PRO membrane, whose membrane substrate was incorporated with graphene oxide
(GO) and halloysite nanotube (HNT) was prepared using a dual-blade casting technique to enhance water
flux and antifouling property. The membranes exhibited better fouling mitigation and the membrane with
the optimal GO and HNT loading exhibited a power density of 12.1 W m2 at 21 bar using 1.0 M NaCl as
draw [85]. A new class of nanomaterials known as covalent organic framework (COF) was also incorporated

in the polyamide layer of a PRO thin film nanocomposite (TFN) membrane.

Gonzales et al. [107] synthesized a melamine-based Schiff base network (SNW-1), which was afterwards
incorporated in the polyamide layer. After investigating the mode of incorporation and the optimal loading,
they reported their best SNW-1-incorporated TFN membrane to have a power density of 12.1 W m2 at 21

bar with DI water as feed and 1 M NaCl as draw.

A recently reported membrane with unprecedented thinness and high water permeability was reported [108].
A fabric support-free PRO TFC membrane was developed using porous polyethylene (PE) separators
typically used for lithium-ion battery applications coated with polyvinyl alcohol (PVA) and cross-linked with
glutaraldehyde (GA), prior to toluene-assisted IP. The hydrophilized PE battery separators exhibited
structural parameter values of around 235 pm. The pure water permeability of the membrane was found
to be 8.8 L m2 h! bar!, which corresponded to the highest reported power density for TFC membranes in

literature of 35.7 W m-2 at 20 bat.

Table 1 lists the flat sheet-based PRO membranes in literature.
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Table 1. Flat-sheet PRO TFC membranes in literature.

Membrane Feed Draw solution  Pressure Power density Note Reference

substrate solution (bar) (W m-2)

PSfon PET DI water 0.5 M NaCl 12 10.0 PA modified with NaOCIl, NaHSO3, heat [35]

PI DI water 1.0 M NaCl 15 12.0 PA modified with NaOCl, NaHSO3, MecOH [98]

PI DI water 1.0 M NaCl 22 18.1 TFC membrane modified with DMF [99]

PAN on PET DI water 3.5% (w/w) 10 2.6 PAN modified NaOH, HCl; PA modified with NaOCI, [105]
Na(Cl NaHSO3, EtOH

PAI on PET DI water 3.5% (w/w) 13 7.1 PAI was coated with PDA; PA modified with NaOCl, [100]
Na(Cl NaHSO3, EtOH

PEi 10 mM NaCl 1.0 M NaCl 17.2 12.8 [97]

PSf on tricot PET 10 mM NaCl 1.0 M NaCl 18.4 7.1 [101]

PES/CNT DI water 0.5 M NaCl 6 1.6 PA modified with NaOCI, NaHSO3, heat [1006]

PSt DI water 1.0 M NaCl 22 12.9 [109]

PES on PET DI water 1.0 M NaCl 25 12.1 [102]

PSf/GO and DI water 1.0 M NaCl 21 12.1 [85]

PSf/HNT (dual layer)

on PET

PK on PET DI water 0.6 M NaCl 28 6.1 [103]

PAI DI water 1.0 M NaCl 21 12.1 PA incorporated with SNW-1 [107]

PVA-coated PE DI water 1.0 M NaCl 20 35.7 PA formed by toluene-assisted 1P [108§]
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Another type of flat sheet membranes can be prepared from electrospun polymeric supports.
Electrospinning is the application of the polymer solution driven by electrostatic force, forming nano-sized
polymer fibers, which are collected on a rotating collector whose electric potential is significantly lower [43].
The nanofiber mat produced after the electrospinning exhibits high porosity and tortuosity [110].
Electrospun nanofiber mats can be used as either the membrane support layer of a TFC membrane or a
replacement for the non-woven polyester fabric base. This section focuses on the TFC PRO membrane

development studies which used electrospun nanofiber mats for either purpose.

PAN-Si0O2 nanofibers were electrospun on a nonwoven PET fabric, prior to active layer formation via IP
in the first nanofiber-supported PRO membrane development study [111]. SiO> was synthesized in the
PAN solution before electrospinning via the reaction of tetraethyl orthosilicate (TEOS) and acetic acid.
Another set of nanofiber-supported PRO TFC membranes was prepared using PAN on nonwoven PET
fabric. Two different kinds of membranes was formed during IP: (1) the typical TFC membrane with PA
from the reaction of MPD and TMC; and (2) TFC membrane with PA formed from polyethyleneimine
(PEI) and isophthaloyl chloride (IPC) [112]. A tiered nanocomposite membrane support made of
polyetherimide (PEi) was reinforced with functionalized carbon nanotubes (CNTs) to deliver a TFC

membrane with an outstanding power density of 17.3 W m2 at a pressure of 16.9 bar [113].

Alimitation of nanofiber-supported membranes is the poor mechanical strength of the nanofiber substrate,
that is why usually a nonwoven backing support is required. Another method in literature which can
significantly enhance the robustness and strength of nanofiber-supported membranes is thermal
rearrangement of the polymeric material. In three studies, hydroxy polyimide (HPI) nanofibers were
electrospun and then placed in a furnace to allow thermal rearrangement to polybenzoxazole-co-imide to
occur [114-110]. In one of these studies [116], the nanofibers were also crosslinked to further improve the

mechanical strength of the membranes.
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Studies involving electrospun nanofiber support for PRO membrane development show the material’s
applicability; however, its limitation in terms of mechanical strength still exists [117]. During application of
high hydraulic pressure during PRO, nanofibet-based membranes are expected to sustain damage. To
continue the development of nanofiber-based PRO TFC membranes, it is important to control the

structure and use other materials to reinforce the mechanical strength and stability of the membranes.

Table 2 lists the electrospun nanofiber-based PRO membranes in literature.
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Table 2. Nanofiber-based PRO TFC membranes in literature.

Material Feed solution Draw solution Pressure (bar) Power density Note Reference
(W m-2)
PAN/SiO2; PET 0.9 mM NaCl 1.06 M NaCl 15.2 10.3 Substrate coated [111]
(synthetic river water)  (synthetic ~ seawater with  PVA; PA
brine) modified with
NaClO, NaOH
PAN in DMF; PET DI water 0.6 M NaCl 10 8.0 PA formed from [112]
MPD and TMC
8.3 6.2 PA formed from
IPC and PEI
PEi/fCNTs DI water 1.0 M NaCl 16.9 17.3 Tiered nanofiber [113]
structure
HPI thermally DI water 1.0 M NaCl 15 bar 17.9 Substrate  coated [114]
rearranged to PBO 3.0 M NaCl 18 bar 39.5 with PDA, NAOH;
PA  treated with
DMF
HPI thermally DI water 3.0 M NaCl 27 bar 87.2 Fluorinated [115]
rearranged to PBO
HPI thermally DI water 1.0 M NaCl 21 bar 26 Substrate  treated [116]
rearranged to PBO with DMSO; PA
treated with NaOCI
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4.2. Hollow fiber TFC PRO membranes

Hollow fiber membranes are self-supporting, tubular shaped membranes which are typically prepared
through phase separation spinning process, either via NIPS or thermal induced phase separation (TIPS).
During TIPS, the polymer was mixed with a diluent, and is made in contact with a quenching bath at a high
temperature. Like NIPS, the diluent and the quenching bath are incompatible with each other and the e
separation is heavily influenced by the heat transfer. Hollow fiber membranes are known to have higher
surface area compared to flat sheet membranes. This is highly important, especially for productivity and
scaling up of the membrane development process and the subsequent commercialization. Furthermore,
hollow fiber membranes are known to have better mechanical support and convenience in modulation, as
the hollow fiber membrane module can have a high packing density and does not require the use of feed
spacers [118-120]. Figure 4 shows the typical morphology of a hollow fiber TFC PRO membrane, whose
substrate is prepared via NIPS. The elimination of the use of spacers for hollow fiber membrane modules
minimizes the interactions between the membrane and the spacer, as well as the energy loss in the feed flow

channel due to these interactions [121].
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Figure 4. The scanning electron microscope images, showing the morphology of the (a) membrane
substrate top sutface, (b) membrane cross section, (c) membrane substrate bottom surface, and (d)

membrane polyamide active layer surface of a hollow fiber TFC PRO membrane.

During hollow fiber a viscous polymer solution pumped through a spinneret at the same time as a non-
solvent bore solution pumped through another tube into the spinneret delivered into a non-solvent
coagulation bath. The formed fibers are then collected using a rotary winder. A number of parameters can

be controlled during hollow fiber preparation, such as bore and polymer solution flow rate, air residence
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time or air gap distance, and take-up rate.

Chou et al. [122] developed the first hollow fiber TFC PRO membrane reported in literature. The PES
hollow fiber TFC membrane exhibited a power density of 11 W m? using synthesized river water and
seawater brine as feed and draw, respectively, at 8.4 bar. This membrane suffered from weak mechanical
strength, having burst at only 9 bar, so the same group developed hollow fiber membrane using PEI [123].
The resultant membrane had an enhanced mechanical strength, that a maximum power density of 20.9 W
m? was achieved at 15 bar using the same set of I'S and DS. PES and PEI were still widely used as the

polymer for hollow fiber membranes.

Zhang et al. [124] manipulated the co-extrusion method to prepare a tailored PES hollow fiber membrane
support, and the TFC membrane achieved a power density of 24.0 W m-2 at 20 bar, using DI water as feed
and 1 M NaCl as draw. Other studies continued using PES and PEI hollow fiber substrates for the TFC
membranes, all trying to further enhance the membrane properties and performance, as well as

modification [125-128].

Ingole et al. [129-131] started fabricating a plain PES hollow fiber TFC PRO membrane, and to improve
the performance of the membrane after certain modifications and treatments, like polydopamine (PDA)

coating and treatment with tributylphosphate (TBP).

Li et al. used a novel co-polyimide polymer, 3,3’,4,4-benzophenone tetra-carboxylic dianhydride and 80%
methylphenylediamine + 20% methylene diamine (BTDA-TDI/MDI) as the membrane substrate matetial,

and the membrane exhibited a power density of 12 W m-2 at 21 bar.

Following their initial work with PI flat sheet PRO TFC membranes, researchers from the National
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University of Singapore developed PI hollow fiber PRO TFC membranes. Han et al. [132] prepared hollow
fiber membranes using PI, which exhibited 16.5 W m-2 power density at 15 bar for feed of 10 mM NaCl
and draw of 1 M NaCl. The same group also introduced the outer-selective hollow fiber membranes,
wherein the polyamide selective layer was formed on the shell side of the fibers. Outer-selective hollow
fiber membranes have higher surface area, compared to inner-selective ones; however, these membranes
are not easy to make into modules and the IP process usually encounters challenges. Sun et al. [133]
employed vacuum-assisted IP to form the active layer on the shell side of PI hollow fiber substrates coated
with PDA. The membranes exhibited super mechanical strength, with a burst pressure over 20 bar, and a
maximum power density of 7.63 W m-2 at 20 bar with DI water and 1 M NaCl, respectively, as feed and
draw. Cheng et al. [134] and Le et al. [135] followed a similar approach in fabrication of outer-selective

hollow fiber membranes.

Fu et al. conducted two dual-layer hollow fiber PRO TFC studies using polybenzimidazole (PBI). Their
first study used PAN as the inner layer material, and a thin outer layer of PBI mixed with polyhedral
oligomeric silsesquioxane (POSS), to prevent the PBI from delaminating, prepared via co-extrusion [130].
This membrane exhibited 2.5 W m2 at 7 bar using 1.0 M NaCl as draw. This first study on dual-layer hollow
fiber membranes yielded low flux due to the macromolecular additive PVP entrapped within the inner layer.
A second study tried to correct this by subjecting the membranes into ammonium persulfate (APS)
treatment to remove the PVP and improve the water permeability of the membranes. After treating the
dual layer PAN and PBI/POSS hollow fiber with APS, the maximum power density was improved to 5.1
W m2at 15 bar. A TFC membrane with double polyamide layer was prepared by Han et al. [87] to mitigate
both ICP and fouling, with the membranes exhibiting 10.7 W m-2 at 15 bar with 1 M NaCl and DI water as

draw and feed, respectively.

Chemically modified hollow fiber TFC PRO membrane were developed in several studies. Li et al. [80]
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grafted hyperbranched polyglycerol (HPG) onto a PES hollow fiber substrate, prior to IP. This membrane,
with enhanced antifouling capability, exhibited a power density of 6.7 W m-2 at 16 bar with 3.5% NaCl as
draw against DI water as feed. Sulfonate hyperbranched polyglycerol Grafting of aminosilane, specifically
3-aminopropyltrimethoxysilane (APTMS), was also performed by Zhang et al. [78] to improve the fouling

resistance of the membrane.

Municipal wastewater was used as the FS in a study of Zhao et al. [75] wherein they prepared antifouling
membranes modified with zwitterionic 2-methacryloyloxyethylphosphorylcholine (MPC) which exhibited
7.7 W m2 power density at 15 bar. MPC was then reacted with 2-aminoethyl methacrylate hydrochloride
(AEMA) via a single-step free radical polymerization to synthesize the P[MPC-co-AEMA] copolymer,
which was grafted on a hollow fiber substrate made from blend of PES and PAI, and the membrane
exhibited a power density of 13.5 W m2 at 20 bar [76]. Li et al. exploited the properties of poly(allylamine
hydrochloride) (PAH) to modify TFC PRO membranes. First, they used layer-by-layer (LbL) polyelectrolyte
deposition of PAH and poly(acrylic acid) [74]. Another study involved the crosslinking of PAH onto the

surface of the PAI hollow fiber substrate using glutaraldehyde (GA).

Nanocomposite hollow fiber membranes were also prepared via the incorporation of nanomaterials. Zhao
et al. [82] grafted carbon quantum dots (CQDs) on PDA-coated PES hollow fiber membranes and achieved
a power density of 11.0 W m2 at 15 bar. CQDs were then incorporated in the selective polyamide layer of
PRO hollow fiber TFN membranes by Gai et al. [137] exhibiting 34.2 W m?2 power density at 23 bar. GO
was then mixed by Park et al. [138] in PES hollow fiber substrate to prepare a TFC membrane with 14.6 W

m? power density at 16.5 bar.

Thermally-assisted nonsolvent-induced phase separation (T-NIPS) was introduced by Cho et al. [139] to

tailor the structure of a CTA/CA hollow fiber membrane with a dense outer layer and isoporous inner
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layer.

Following their earlier work in nano-sized material-incorporated TEN membranes, Gonzales et al. [140]
synthesized sulfonate- functionalized porous organic polymer, PP-SOsH, and incorporated this polymer in

a hollow fiber TFC membrane with a power density of 14.6 W m2 at 17 bar.

Table 3 lists the hollow fiber-based PRO membranes in literature.
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Table 3. Hollow fiber PRO TFC membranes in literature.

Membrane Active Feed Draw Pressure Power density Note Reference

substrate layer solution solution (bar) (W m-2)

PES PA on lumen 10 mM NaCl 1.0 M NaCl 9 10.6 [122]
side

PEL PA on lumen 10 mM NaCl 1.0 M NaCl 15 20.9 [123]
side

PAN PBI/POSS 10 mM NaCl 1.0 M NaCl 7 2.5 Fibers treated with thermal annealing [1306]

(inner layer) (outer layer)

PAN PBI/POSS 10 mM NaCl 1.0 M NaCl 15 5.1 Fibers treated with APS [141]

(inner layer) (outer layer)

PI PA on lumen 10 mM NaCl 1.0 M NaCl 15 16.5 [132]
side

PI PA on shell side DI water 1.0 M NaCl 20 7.6 PDA intermediate layer was formed [133]
(outer-selective)

PES PA on lumen DI water 0.6 M NaCl 6 1.5 [129]
side

PES PA on lumen DI water 0.6 M NaCl 7 3.0 PDA intermediate layer was formed [130]
side

PES PA on lumen DI water 0.6 M NaCl 8 3.9 PDA intermediate layer was formed; [131]
side PA treated with TBP

PES PA on lumen DI water 3.5% (w/w) 16 6.7 PDA-coated support grafted with HPG  [80]
side NaCl

PES PA on lumen Wastewater retentate 0.81 M NaCl 20 18.8 PDA-coated Support grafted with [79]
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4.3. Free-standing PRO membranes

To minimize the occurrence of ICP during PRO operations, a new class of membranes were being
developed, known as free-standing membranes. These membranes eliminate the use of membrane substrate
or support layer to be able to achieve high water flux. The first reported free-standing membrane was
reported by Patel et al. [145]. A poly(vinyl chloride)-g-poly(3-sulfopropyl methacrylate) graft copolymer was
synthesized and cast using NIPS, similar to flat-sheet membrane substrates. This membrane was able to
generate 0.88 W m?2 power density at 14 bar using model seawater as draw. Tong et al. [140] prepared free-
standing GO membranes for PRO, wherein GO sheets were filtered onto an inorganic porous filter. Using
3 M NaCl and 0.017 M NaCl as draw and feed, respectively, a power density of 24.62 W m-2 was achieved
at an applied pressure of 6.90 bar. Following this study, Gao et al. [147] mixed together GO and two-
dimensional MXene Ti3C, Ty material to prepare the freestanding membrane which was able to achieve a

power density of 56.4 W m-2 at 9.66 bar using 2.0 M NaCl as draw and 0.017 M NaCl as feed.

While the development of free-standing membranes seems attractive due to the high power density and
water flux values achieved, the ability of these membranes to sustain hydraulic pressure application has yet
to be optimized, since elimination of the membrane substrate significantly affects the mechanical strength
and stability of the membranes. Moreover, the free-standing membranes in literature used nanomaterials,
which may not be the most economical choice for membrane materials, and, thus, can affect the larger-

scale development of these membranes.

5. Module development for pressure retarded osmosis

A number of PRO studies have expressed concern for problematic module, spacer designs, and membrane
fouling which were found to significantly affect the membrane integrity, process performance and efficiency
[148-150]. Initially, RO modules were used for PRO studies due to the similarity in use of applied hydraulic
pressure; however, due to the basic differences between the two processes, RO modules were found to be

not-suitable for PRO [40]. RO only has feed circulation on one side, whereas PRO requires simultaneous
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feed and draw circulation, thus the PRO module should be able to maximize flow and circulation efficiency,
while being able to mitigate fouling tendency [128, 150]. FO modules were then tested due to the availability
of four ports for inlet and outlet of feed and draw streams; however, most FO modules could not sustain

the hydraulic pressure applied during PRO operation.

5.1. PRO module development

Due to the pressure tolerance requirements of the PRO process, PRO membrane modules are only limited
to either spiral-wound module for flat sheet membranes or hollow fiber membrane module. Figure 5 shows
a representation of these membrane module configurations. Module-scale PRO studies, thus far, could not
achieve the performance of bench-scale PRO experiments, mainly due to the membrane module
hydrodynamics and inconsistency in pressure and osmotic driving force distribution inside the module, as

well as the inevitable dilution of the DS [151].
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Figure 5. Representations of the commercial membrane modules for PRO: (a) spiral-wound and (b) hollow

fiber.

One of the modular configurations for TFC membranes is the spiral-wound module, which can be applied

for flat-sheet membranes. The spiral-wound module is the preferred membrane module configurations for
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tlat sheet PRO membranes. The spiral-wound module is composed of membrane sheets placed in between
spacers housed in a module casing. The membrane sheets are glued together with spacers in between each
sheet to form a leaf. The leaves are afterwards rolled around to form feed and draw solution channels inside
the membrane module. Spiral-wound modules are suitable for flat sheet membranes due to high packing
density which could be achieved from this configuration, compared with other flat sheet module
configurations. A challenge in the development of spiral-wound modules for PRO is the loss of pressure
inside the membrane module, due to the feed channel spacers, which are designed to enhance mass transfer
within the module [152]. Furthermore, this module configuration requires suitable spacers for PRO
operation. The spiral-wound configuration can be used for most osmotic processes; however, for PRO
implementation, the spacer design of conventional spiral-wound modules was found to be not suitable, as
the spacers could cause membrane damage and pressure drop. Kim et al. [151] operated an HTT PRO using
a spiral-wound module with two different flow paths, axial and spiral, and two different spacers, net-type
for the draw stream and tricot for the feed stream. Toray Chemicals, a textile and polymer manufacturing
company, also came up with a PRO TFC spiral-wound module, which was used for the GMVP project in

Korea. Due to these efforts, module development for PRO has continued to advance.

On the other hand, hollow fiber modules are composed of hollow fibers bundled and housed together in
a compact housing, with surface-to-volume ratios and packing densities higher than that of the spiral-
wound module. Other advantages of hollow fiber modules include strong pressure resistance with proper
and consistent flow distribution within the module [153]. During one PRO module study, a pilot CTA
hollow fiber module for PRO was evaluated for performance and use for PRO [154]; but since then, TFC
PRO hollow fiber membranes have posed problems regarding modulation and membrane creeping [155].
The biggest challenge in the development of hollow fiber modules is the optimization of the quantity of
the hollow fibers and the suitable potting process to prepare the membrane modules with minimal defects.

Defects in the PRO module could result in membrane creeping and membrane bursts during higher
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pressure operation. Another limitation of the hollow fiber module is the pressure tolerance, as feed and
draw pressures are usually limited for this module type. Following this PRO hollow fiber module work, a
number of modulation studies to solve the perceived modulation problems and provide outstanding water

and solute transport mechanisms.

Sivertsen et al. simulated various configurations of hollow fiber modules for PRO application, and found
that overall PRO performance was similar regardless the module configuration [120] and the
thermodynamics and mass transfer in hollow fiber modules were simulated by Xiong et al. [156].
Commercialization of hollow fiber modulation for PRO, however, has still not progressed significantly,
albeit with a number of laboratory-scale studies [127, 128]. In fact, commercialization of hollow fiber
membranes for PRO has only been achieved by Japanese company Toyobo, whose PRO hollow fiber
modules were used for the Mega-ton project in Japan. Table 4 lists the performance of commercial PRO

membranes in literature.

5.2. PRO spacer development

In the same manner, spacer development for PRO has not reached any significant milestone. Spacer
development for a specific process is important as it is able to influence not only the operational efficiency,
but the membrane lifetime as well. With the use of non-suitable spacers, membrane deformation and
damage could possibly occur, affecting membrane performance and often leading to membrane collapse
[88, 148]. It was observed that the application of high hydraulic pressure on the draw stream could cause
membrane deformation due to the use of feed channel spacer [149]. This led to the assessment of different

types of spacers suitable for use with PRO membranes.

In addition, fouling of the PRO membranes is a major hurdle affecting the PRO process efficiency, as not
only antifouling membranes may reduce fouling but also as pre-treatment processes are another focus in

the PRO research [157]. Less fouling propensity can make the PRO process more workable when using
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wastewater concentrate FS. The integration of PRO process with another desalination technology shows
advantages over the individual PRO system. This is because the diluted FS is supplied to the PRO process
and the PRO membrane becomes less fouled as a result of low salinity and foulants in the FS. Conventional
membrane technology processes are commonly used over the years and there is an urgent need to utilize

state of the art pretreatment processes replacing the classical methods.
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Table 4. The commercial PRO membrane modules in literature.

Company Module type Draw solution Operating Power density Reference

pressure (bar) (W m2)

Flat-sheet
OsMem™ 2521 spiral 0.52 M Na(Cl 4.0 0.57 [158]
HTI wound 1.03 M NaCl 1.10
0.60 M NaCl 9.8 1.10 [151]
1.03 M NaCl 4.0 3.29 [88]
Toray Chemical Korea 8040 spiral wound 0.60 M Na(Cl 10.4 1.77 [159]
Hollow fiber
5inch 1.0 M NaCl 30 17.1 [160]
Toyobo 1.0 M NaCl 13.3
10 inch 1.0 M NaCl 25 7.7 [161]
1.0 M NaCl 29 4.4
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6. Integration of pressure retarded osmosis with membrane pretreatment techniques

PRO is highly versatile process, since a wide variety of possible DS and FS can be exploited to achieve the
necessary salinity gradient required for osmotic power generation. This has led to the use of freshwater,
wastewater effluent, and pretreated seawater as feed, and seawater and concentrated brine as draw. As a
result of the perceived versatility of PRO and the questions on feasibility of PRO as a stand-alone process,
PRO was integrated with other membrane-based technologies to be able to exploit high salinity
concentrations of byproducts (i.e, brine), augment energy and operational costs, and mitigate
environmental impact of direct ocean discharge [162, 163]. Soon, the PRO research community found that
hybrid processes involving PRO and conventional desalination processes, such as RO and FO, have great
potential, and thus, recently, the direction of PRO research has significantly shifted to hybrid processes.

While desalination processes, such as seawater reverse osmosis (SWRO), have already been commercialized
or applied at a larger scale, these processes are concerned more about the production of freshwater at a
higher efficiency and production rate. In doing this, operational cost and energy expenditure are likewise
increasing, This is where PRO can be integrated, as it is a process which is able to perform desalination,
but more importantly, at the same time, reduce the energy consumption through power generation [162,

164].

6.1. Reverse osmosis and pressure retarded osmosis hybrid

Integration of SWRO and PRO mainly aims to lessen energy expenditure and operating costs, and there
are two mechanisms through which SWRO-PRO hybrid systems can achieve this: (1) generation of power
through a hydro-turbine, and (2) circulation of energy through a pressure-exchanger. The former has a low
energy generation efficiency; however, the electricity produced from this system can also be used for other
purpose, not just to provide energy for the desalination plant. Inversely, the use of pressure-exchanger is
highly efficient, but the energy or pressure recovered through this mechanism can only be used to augment
the energy requirements of SWRO [165]. The pressure recovered through the pressure exchanger is

provided to the seawater influent, thus less energy could be used for pressurize the stream.
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The most notable integrated PRO hybrid process was Japan’s Mega-ton Water System, which integrated
SWRO and PRO and whose schematic is shown in Figure 6. For this hybrid installation, SWRO brine from
a desalination plant and wastewater effluent from a regional sewage treatment facility were used as draw
and feed, respectively, and 10-inch Toyobo CTA PRO hollow fiber modules were used [161, 166]. This
SWRO-PRO prototype power plant was able to achieve 13.8 W m? power density at 30 bar applied
hydraulic pressure. In this system, which aimed to produce energy through a turbine and to circulate energy,
there were four open portts situated in the PRO hollow fiber module, to provide passage for the feed inlet,
draw inlet, permeate outlet, and feed water discharge directed to the effluent tank. The feed water discharge
was placed to provide circulation for the feed and mitigate the presence of leaked solute and the occurrence
of ICP. During operation, the maximum power density was found to be 13.3 W m=2and energy savings of

10-30% [167].
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Figure 6. The conceptual schematic of the integrated Mega-ton RO-PRO hybrid system [167, 168].

Following the halt in operations of Mega-ton, the GMVP project continued the large-scale implementation
of the PRO hybrid processes. Wastewater treatment plant effluent and SWRO brine were used to achieve
a low-cost seawater desalination operation [169]. Instead of focusing on just energy production, GMVP

also aimed to recover the pressure from the pressurized DS to augment the pressure demand of seawater
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desalination. Osmotic power was generated and recovered using a hydraulic turbine and an energy recovery
device (ERD), as shown in Figure 7. The SWRO-PRO demonstration plant was able to treat 240 m? d! of
seawater. The maximum power density for this implementation was 18.3 W m-2 and the energy expenditure

was reduced to 80%.

Kim et al. [170] assessed the efficiency of four different configurations of the hybrid RO-PRO system, as

shown in Figure 7, which all aimed to focus more on either power generation or fresh water production.

Achilli et al. [171] installed and operated a pilot-scale RO-PRO system using three spiral-wound RO
modules connected in series, delivering concentrated seawater brine to an ERD to reduce the pressure prior
to use as the draw for the PRO system with a spiral-wound PRO module. Seawater was first pressurized
using a pressure exchanger, delivered to the first RO module, and the concentrated seawater brine from
each module was used as the feed for the succeeding module, until the brine reaches the ERD and used as
draw for PRO, with wastewater effluent as feed. This particular configuration of the integrated RO-PRO
system was able to demonstrate efficient energy production and energy consumption, as the seawater brine

generated during RO was then diluted back to seawater concentration during PRO, and thus can be reused.
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Figure 7. Schematic of four proposed RO-PRO hybrid system configurations [170].

Altaee et al. [172] proposed an integrated power generation and seawater desalination process, wherein
PRO was first operated to generate energy using seawater as draw and low-quality water as feed. The diluted
seawater was then delivered into a turbine, and afterwards to the RO module for desalination. There are
several other studies conducted to investigate and determine the feasibility of the RO-PRO hybrid process,
aiming to reduce the specific energy consumption [173, 174], maximize the profit from commercial

operation [175, 176], and optimize the process performance [177].

A combined integrated system involving PRO, RO, and nanofiltration (NF) was proposed by Touati et al.
[178]. As shown in Figure 8, wastewater effluent was first pretreated using NF, and the permeate proceeded
to the PRO system to be used as feed. Seawater, on the other hand, passed through RO operation first and
the concentrated brine was used as draw. The treated water in this hybrid system can be used for irrigation,
thus this particular system has shown the potential of a combined water treatment, seawater desalination,

and energy production to augment requirements for food-water-energy nexus.
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6.2. Forward osmosis and pressure retarded osmosis hybrid

Two configurations of PRO integrated with FO- PRO-FO and FO-PRO -were evaluated in a previous
study [163]. Two similar modules were installed, which both could perform either FO or PRO depending
on the configuration, and treated hypersaline solution and wastewater effluent as draw and feed, respectively.
An integrated process wherein PRO was operated first followed by FO proved to be more efficient in terms
of power generation. Integrated FO-PRO was also conducted by Cheng et al. [179] to mitigate membrane
fouling during PRO. The use of real wastewater effluent as FS for PRO posed problems regarding
membrane fouling, thus FO was first conducted as a pretreatment step to exploit the several advantages of
the FO process: low fouling propensity, simple membrane cleaning strategies, and minimum energy

requirement.

PRO was also proposed to be integrated with a biological wastewater treatment process [180]. Wastewater
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was first treated by the membrane bioreactor (MBR) and the effluent was used as the feed for PRO. While
this system suffered from severe fouling, simultaneous contaminant removal from the wastewater and

power production were achieved in this study.

6.3. Membrane distillation and pressure retarded osmosis hybrid

PRO was integrated with membrane distillation (MD) in a study conducted by Han et al [181]. PRO was
tirst conducted and the diluted DS after PRO operation was used for MD. This configuration was found

to have a high water recovery rate and osmotic power, with minimal membrane fouling,

Lee et al. [182] proposed an integrated vacuum MD (VMD) and PRO system. This system is consisted of

a recycling flow VMD scheme operated for continuous production of fresh water and concentrated brine,

which was then used as the draw for PRO, as shown in Figure 9.
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Figure 9. The schematic of the proposed integrated VMD-PRO process [182].

6.4. Liquid phase ion stripping and pressure retarded osmosis hybrid

A new concept of an integrated process involving PRO was introduced by Wang et al. [183]. Liquid-phase

ion-stripping (LIS) was used to generate salinity gradient with only low temperature and integrated with

PRO. As shown in Figure 10, the saline solution undergoes a thermal cycle, and with organic solvent, ions

are rejected to produce fresh water and concentrated brine, which respectively become the feed and draw
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for PRO. This proposed hybrid process was found to have high energy efficiency, solvent extraction

efficiency, and heat recovery system efficiency.
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Figure 10. The proposed integrated LIS-PRO hybrid system [183].

7. Novel configurations and niche applications of pressure retarded osmosis

Following the versatility of PRO in terms of configuration and DS and FS choice, novel configurations

and niche applications of PRO have been proposed and gained attention in recent.

7.1. Closed-loop osmotic heat engine

The concept of a closed-loop OHE was first introduced and patented by Sidney Loeb in 1975 [184], but it
is not until three decades after when PRO researchers started assessing its feasibility and performance.
Hickenbottom et al. [185] exploited the concept of OHE, that is the coupling of PRO with a thermal
separation process, i.e., MD. They pointed out that this process will only work when the PRO process is
able to achieve high power density, to minimize operational and capital costs, while the MD process must
have high water flux to be able to reconcentrate the diluted DS better. Various inorganic and ionic organic
DS were tested and assessed in terms of PRO and MD performance, as well as equipment corrosion
potential. McGinnis et al. [186] then tried a novel DS for their own application of the closed-loop OHE.

Concentrated ammonia-carbon dioxide (from the mixing of NH4HCO3 and NH4OH) was chosen and used
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as the DS, with DI water as the feed. Heat was introduced to the engine to separate the draw solute from
the fresh water. The use of the combination of DS and IS allowed lower temperature for draw and feed

separation, while using high concentrations of the draw ensured high power density.

To further enhance thermal separation efficiency, DS prepared with an organic solvent were used in an
OHE demonstration of Shaulsky et al. [187]. LiCl was chosen as a draw solute and it was mixed in methanol,
to exploit the high volatility and lower heat capacity of this particular organic solvent during the MD draw
solute reconcentration. Operation using a DS of 3 M LiCl in methanol yielded water flux of 47.1 L m?2h-

T and power density of 72.1 W m-2, with high heat recovery and energy efficiency.

Another configuration of a closed loop OHE was proposed to utilize low-grade thermal energy using MD
coupled with PRO [188]. Using different heat source temperatures and working DS concentrations, energy
efficiency was assessed and the process with optimized, and it was found out that at lower working
temperatures of 60 and 20 °C, use of a higher working concentration of draw would enhance the process
efficiency. Instead of MD, multi-effect distillation (MED) was performed for thermal separation in the
OHE process proposed by Altace et al. [189]. They proposed two different configurations of the OHE: a
single stage conventional OHE, and the dual-stage closed-loop process. MED was chosen due to the
deemed free source of waste heat utilizable for thermal regeneration. With their simulation, they were able

to show that dual-stage closed loop PRO was 20% more efficient than the single-stage OHE.

7.2. Dual-stage PRO

Among the earlier novel configurations of PRO is the installation of a dual-stage PRO system. Introduced
in 2014 by Altaee et al. [190], the dual-stage PRO process aimed to utilize two different feed streams:
brackish/fresh water and wastewater, as shown in Figure 11. The feed streams were delivered separately
into the PRO modules, with the pressurized seawater delivered continuously into the two PRO modules in

series. The diluted DS recovered after the second stage PRO treatment was depressurized by a turbine for
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power generation. This configuration was found to generate higher power density; however, capital costs
of the system were also significantly higher due to the employment of two PRO modules. Following the
results of the first study, the dual-stage PRO process was then further optimized to enhance process
performance, leading to the proposition of a new design configurations of the dual-stage PRO process,
also shown in Error! Reference source not found.. In the old configuration, the diluted DS from the first
stage was delivered onto the second stage; in the modified configuration, the seawater flow goes from the
first stage to the second stage simultaneously from the pressurized DS chamber. This configuration

significantly improved the PRO performance, due to the higher water flux obtained at the second stage.
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Figure 11. The conceptual schematic of dual-stage PRO operation using two different feed streams: (a) first

configuration [190] and (b) second configuration.

Another group proposed the enhanced energy recovery using a two-stage PRO system. He et al. [191]
proposed four different configurations of the dual-stage PRO system, as shown in Figure 12: (a) continuous
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draw and feed (CDCF); (b) divided draw and continuous feed (DDCF); (c) continuous draw and divided
feed (CDDF); and (d) divided draw and feed (DDDF). For CDCE, the draw and feed streams are connected
in series through two PRO modules. DDDE, on the other hand, delivers draw and feed from the same
source tank separately into two PRO modules. Comparing these two configurations, DDDF showed worse
energy harnessing performance than that of the single, conventional PRO operation. For CDDE, and
DDCE, either the draw or the feed was supplied continuously, while the other was treated separately. These

two configurations showed better performance than DDDE
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Figure 12. The four different proposed configurations of a dual-stage PRO system: (a) CDCF (continuous
draw and feed); (b) DDDF (divided treatment of draw and feed); (c) CDDF (continuous draw and divided
feed); and (d) DDCEF (divided draw and continuous feed) [191].
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7.3. Pool PRO

One of the inherent limitations of PRO is its requirement of various mechanical parts, which all require
energy to function. One of these mechanical parts is the pressure exchanger, which transfers pressure from
the pressurized stream to a non-pressurized stream. Arias and De Las Heras proposed to eliminate the use
of the pressure exchanger by the introduction of the pool PRO system, as shown in Figure 13 [192]. In the
pool PRO system, the DS is placed in a pool, and the feed was supplied into a stream, until it approaches
the semi-permeable membrane, which allows the permeance of fresh water and the buoyancy of the mixed
feed and draw will allow the diluted draw to be pulled instantaneously as it is formed. The buoyancy of the
diluted draw was expected due to a change in the density of the draw. Due to the pulling away effect of the
buoyancy of the diluted draw, the need for the pressure exchanger to pressurize the diluted draw stream
was eliminated. No further study was done on pool PRO, but based on the simulations, the pool

configuration could prove to be highly beneficial when there is a large amount of DS available.
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Figure 13. The proposed pool PRO system [192].

7.4. Facultative RO/PRO system

To improve the economic efficiency of a stand-alone PRO system, Blankert et al. [193] proposed a
facultative RO and PRO system which does both operations, but not at the same time, as the system
switches between the two operating modes, depending on the presence of the DS (Figure 14). The RO
mode is activated when only the I'S containing wastewater treatment plant effluent is available, resulting in
the production of high-quality water. The PRO mode, on the other hand, is activated in the presence of
SWRO brine DS, whose salinity difference with the wastewater effluent can be converted into osmotic
energy. While this system does not specifically develop PRO as an energy-harnessing process, it is able to
provide solutions to improve the process, and find a way to facilitate wastewater treatment along with

energy generation.
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Figure 14. The schematic concept for the proposed facultative RO-PRO system, which can do both (a) RO
operation and (b) PRO operation, but not at the same time, as the system switches between the two

operating modes [193].

7.5. Green PRO

A niche application of PRO was the use of agricultural fertilizers as the draw solute, for a process known
as Green PRO [30]. This process was envisioned to be able to generate power, pressurize irrigation water,

and treat water, as shown in Figure 15. Pure and mixed agricultural fertilizers were utilized as the draw and
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irrigation water (river water) was used as the feed in this study. Theoretical thermodynamic simulation
results were validated with experimental data to demonstrate that the dilution of agricultural fertilizers to

make these suitable for fertilizer-based irrigation could release chemical potential energy, which could then

be harnessed during PRO.

£2: Water
Pressurisation

#1: Power
Generation

Figure 15. The proposed fertilizer-driven PRO process, Green PRO [306].

7.6. PRO for enhanced oil recovery

A consortium of researchers from Qatar, Australia, and US has an ongoing work on the use of PRO for
oil recovery and treatment of produced water from conventional oil sources [194]. The hypersaline nature
of produced water from oil sources (amounting to up to 290,000 mg L salinity, around 8 times higher than
seawater) makes it a suitable DS choice, with seawater or desalination plant brine as the I'S. This work is
currently ongoing, with a main focus on the following: (1) pretreatment requirements of produced water
for PRO DS use, (2) development of suitable membranes which could withstand high pressures required
for obtaining peak power densities from the hypersaline produced water, and (3) application of

waterflooding with PRO.
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Waterflooding is a practice performed in large-scale petroleum industries, wherein the produced water is
injected into the oil source to displace the oil, hereby increasing oil production at the wellhead. PRO can
be applied alongside waterflooding, as shown in Figure 16. This process is able to reuse the diluted produced
water from PRO while simultaneously reducing required pumping energy requirements, reducing waste

stream, enhancing injectivity, generate energy, and enhance oil production.

Blncreased Oil Production
PRO Mem})rane Production Well

. Brine

Injection
Well

y §
]

dPW Flow —»  Waterflooding

Figure 16. The proposed integrated PRO and waterflooding process, for enhanced oil recovery [195].

7.7. Geothermal PRO

A new renewable energy system combining geothermal heat and PRO was recently developed. Named
SaltPower, the system uses high salinity geothermal brine in an osmotic power installation coupled with
geothermal heat production [196]. As shown in Figure 17, geothermal brine passes through a heat
exchanger, in this case, the geothermal heat plant, prior to PRO operation, using various feed sources, such
as wastewater. The geothermal heat plant can be used for district heating, while the electricity produced by

the PRO operation can be used either for household or geothermal plant use.

Using the geothermal PRO system, single and multi-stage operation designs were investigated. The authors
believed that a larger amount of osmotic potential is required to increase salinity gradient production, thus

a multi-stage PRO operation could prove useful. Two multi-stage designs were investigated and the
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efficiency and performance of these designs were compared with that of the single-stage operation. A
single-stage operation was only able to extract 35% of the theoretical extractable salinity gradient energy.
One multi-stage PRO design made use of two different membrane modules operated at different pressures,
with the draw solution output of the first stage (operated at 50 bar) proceed to both a hydro turbine and
the second stage operated at 30 bar. This design resulted to an enhanced salinity gradient energy extraction
of 46%. The other multi-stage operation aimed to reduce the loss in the pressure exchanger by using two
membranes connected in series, operated at an equal pressure of 50 bar to generate more permeate directed

toward the same turbine. The energy extraction capacity improved to over 60% following this approach.

Streams Equipment V. Injection pump
A. Geotbermal brine 1. Production pemp VI. Feed pump
B. Foed water 11, Brine pretreatment VIl Feed pretreatment
C. Dilute brine 111, Heat exchanger VIILPRO membrane
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Figure 17. The illustration of the combined PRO and geothermal heat plant system of SaltPower, showing
how geothermal heat production and PRO could work together to provide both district heating and
electricity. The schematic diagram on the right shows how the geothermal plant acts as the heat exchanger

in this system [196].

8. Technical challenges, feasibility, and future perspectives
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8.1. Technical challenges and feasibility

The current biggest challenge of PRO is the feasibility of the process. PRO researchers have now started
to accept that the theoretical energy-harnessing potential of PRO is flawed and there are limitations in the
actual demonstration of the process, affecting the maximum thermodynamic energy which can be
harnessed from the process, especially when energy expenditures for pretreatment, pressurization, and
delivery are to be considered. Straub et al. [22] calculated that the maximum Gibbs free energy extractable
from the mixing of seawater (0.6 M NaCl) and river water (0.015 M NaCl) was only 0.26 kWh m3. Taking
in consideration the energy requirements for pretreatment (0.1-0.4 kWh m-3), pressurization (0.05-0.1 kWh
m?), and pumping (0.02-0.05 kWh m-3), the amount of net energy will be fractional, that the whole process
could be considered futile [15, 150, 197]. However, these energy expenditure assumptions, as well as the
cost and economic analysis, do not depict a clear picture of the feasibility of the PRO process, as full-scale
PRO power plants are not operated to validate these findings. With the implementation of a full-scale PRO
power plant, PRO researchers can also gain insight with the underlying capital, operational, and

maintenance costs of the plant.

These information lead to the question of the feasibility and viability of the process. Can the limitations

and the underlying costs of PRO operation be offset by the amount of energy harnessed by the process?

Aside from commercialization of the process, large-scale development and commercialization of PRO
membranes also remain to be fully achieved. Due to the lack of commercialized membranes for PRO, the
unit price of each module is too high, that the total capital cost of PRO operation is also affected.
Furthermore, membranes and modules have only a specific lifetime, that during continuous PRO operation
of a plant, the replacement, cleaning, and maintenance of the membranes should also be considered. Also,
membrane cost may be inversely proportional to membrane durability and efficiency, such that, cheaper
membranes may not deliver better performance and longer lifetime, hereby further increasing operational

costs [23]. Membrane performance is also highly important in determining the feasibility of the PRO
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process. Similarly, membranes with low power density values would require larger membrane size to
augment the limited energy harnessing capability of the membrane, thus, increasing capital expenditure.
High performance membranes for PRO are expected to be able to decrease energy cost due to the higher
energy production of better membranes. If PRO membranes are able to increase power density, membrane

life, and minimize energy production cost, then revenues for PRO demonstration would increase.

The recent research direction that PRO is gearing towards is the integrated hybrid processes involving PRO
and other applications of PRO. Previous studies have shown that PRO installations as part of a hybrid
process are cheaper than a stand-alone PRO power plant, mainly due to the use of already available
infrastructure for PRO operation, and the cheaper installation and operational costs of already established
and commercial processes, like SWRO and MD [167, 198]. The issues hindering the full-scale
implementation and commercialization of PRO has not changed in the past five years. This is the reason
why recent research on process development for PRO has gone from pilot-scale applications to
development of hybrid PRO processes and finding niche applications for PRO. Development of hybrid
PRO processes and niche applications for PRO could then use the extractable energy of PRO to augment
energy requirements of other processes or find suitable applications for PRO, which would not require

expensive infrastructure construction or intensive energy consumption due to pumping and pressurization.

8.2. Future perspectives

The PRO process is a promising technology to harness renewable power from natural salinity gradient.
Through utilizing a suitable membrane to control the spontaneous mixing of the saline solutions, the
salinity gradient energy can be extracted in terms of electricity using the PRO system with reduced
environmental impacts. The concept of this PRO process has been reported in the last decade, however,
due to failure in both sustainable large-scale PRO implementation and development of suitable membranes

and modules, PRO research has not significantly advanced as many researchers had hoped. Different PRO
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configurations, as well as multi-stage or hybridized process designs, have been recently investigated to
improve the overall process efficiency while minimizing energy requirements and operational cost. Also
recently, bench-scale membrane development studies have achieved outstanding PRO performance with
membranes prepared by a variety of techniques, which include chemical modification and material
incorporation. While these membranes were able to achieve excellent bench-scale performance, the real
challenge is cost-effective and consistent fabrication of such membranes at a larger scale, potentially for
modulation. In literature, nano-sized material incorporation and chemical modification have become
popular membrane development research trends to alter the properties and separation performance of the
membrane; however, the material synthesis cost and the process optimization for effective and consistent
incorporation and modification are some of these technique’s limitations. Furthermore, module
development is the next necessary step. High-performance membranes are required for PRO; however,
membrane modulation was found to be more important in a sustainable PRO process operation [150].
Membrane modules should be designed such that pressure drop is limited, the membrane weak points are

minimized, and the membranes do not sustain damage over constant operation at a higher pressure [199].

New emerging trends involve advanced configurations and niche applications of the PRO process. Due to
these processes, salinity gradient energy can be harnessed using a wide variety of draw and feed solutions.
Not only that, integrated processes are able to perform more than just salinity gradient energy generation,
but also seawater desalination, wastewater treatment, heat recovery, and valuable resource recovery. These
technologies can effectively be utilized for maximizing the power density with excellent heat recovery and
energy efficiency when coupled with other membrane desalination technology. The dual-stage closed loop
PRO process is a potential method that can achieve more efficient performance than the single-stage PRO
process due to high water permeation in the second stage. Furthermore, future PRO studies should also
focus on the further development of hybrid processes and large-scale installation of pilot plants. Following

the efforts of the Mega-ton and GMVP projects in Japan and South Korea, respectively, it was found that
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SWRO-PRO demonstration plant can achieve maximum power density of about 18.3 W m2 and the energy

consumption can be decreased by 80% when desalinating 240 m3 d-! of seawater.

It is also believed that the pretreatment strategies can reduce PRO membrane fouling, decrease the need
for chemical cleaning and module replacement, and increase the membrane life time. The RO-NF-PRO
hybrid process is an outstanding system, which integrates these membrane processes to simultaneously
attain three objectives: (1) pre-concentration of DS for higher extractable salinity gradient energy, (2)
pretreatment of the feed, and (3) salinity gradient energy harnessing. Other pretreatment conditions can

also be considered, depending on the nature of the FS and DS.

Despite the difficulty in proving the feasibility of PRO as a commercially viable process, this process still
has a huge commercial potential. The failure of Statkraft and the lack of follow-up after the high-profile
Mega-ton and GMVP SWRO-PRO pilot plant projects prove to be discouraging; however, these projects
were able to provide significant insights regarding the implementation of PRO. Based on these pilot-scale
implementations, the stand-alone PRO process has proven difficult to be implemented, and would require
a more systemic process design and optimization to address the inherent limitations of the process, as well
as more careful evaluation of economic potential. On the other hand, integration with other membrane-
based processes has shown promising results, and with better configurations and operating conditions, the
GMVP project will definitely not be the last full-scale implementation for PRO, as many membrane
engineers and researchers are finding ways to exploit this process and improve its efficiency. In fact, the
Middle East is starting to look at PRO to augment the diminishing fresh water supply in the region, while
generating salinity gradient energy. Also, SaltPower has recently shown the feasibility of its geothermal PRO
system installation in simultaneous district heating and energy generation. With continuous effort in
development of PRO processes, membranes, and modules, the economically feasible extractable power

density requirement of 5 W m, originally set by Statkraft, could be achieved in the future.
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