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Abstract

In recent years, membrane technology has been widely used in wastewater treatment and water purification. Membrane
technology is simple to operate and produces very high quality water for human consumption and industrial purposes.
One of the promising technologies for water and wastewater treatment is the application of forward osmosis. Essentially,
forward osmosis is a process in which water is driven through a semipermeable membrane from a feed solution to a draw
solution due to the osmotic pressure gradient across the membrane. The immediate advantage over existing pressure dri-
ven membrane technologies is that the forward osmosis process per se eliminates the need for operation with high
hydraulic pressure and forward osmosis has low fouling tendency. Hence, it provides an opportunity for saving energy
and membrane replacement cost. However, there are many limitations that still need to be addressed. Here we briefly re-
view some of the applications within water purification and new developments in forward osmosis membrane fabrication.
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1. Introduction

The last decade has witnessed extensive research
and technological achievements in water production and
wastewater treatment processes. Also, it is being realized
that water, energy and food are inter-connected — often ex-
pressed as the water-energy-food nexus. This necessitates
further developments to establish more energy efficient
solutions. Therefore, a growing number of academic and
industrial research groups around the world are conduc-
ting work on water treatment and reuse — in particular,
within membrane-based water treatment.

Forward Osmosis (FO) is one example of a promi-
sing membrane process and potentially a sustainable alter-
native/supplement to reverse osmosis (RO) process for
wastewater reclamation and sea/brackish water desalina-
tion. FO has shown good performance in a variety of ap-
plications, such as desalination, concentration of waste-
water and resource recovery, wastewater treatment and it
is also attracting attention as a potential technology to

augment water supplies using seawater and wastewater. 1-3

However, Van der Bruggen et al (2015) stated that FO as
stand-alone process is usually not viable for water treat-
ment purposes.*

Nevertheless, membrane fouling limits its large-scale
applications. To reduce the membrane fouling in FO, many
improvements has been attempted, e.g. synthesis of different
membrane materials, fabrication of membrane modules,
membrane coatings etc. Further, there have been improve-
ments in the productivity and decrease in the cost of synthe-
tic membranes used for water and wastewater applications.

One of the novelties in membrane development re-
search field is application of biomimetic membranes in se-
paration processes including FO.’ Biomimetics is defined
as the study of the structure and function of biological sys-
tems and processes as models or inspiration for the sustai-
nable design and engineering of materials and machines.
In particular the use of aquaporins (AQPs) — biological wa-
ter channel proteins® which are highly selective and effec-
tive has prompted considerable interest in recent years.’
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In this paper, we review, (i) the membrane process
based on osmotic pressure, principles and transport of wa-
ter molecules, (ii) applications of FO in water purifica-
tion, and (iii) recent developments in FO membrane fabri-
cation.

2. Osmotically Driven Membrane
Processes

FO is a membrane process in which no hydrostatic
pressure is applied. The transport of water molecules
across a semi-permeable membrane occurs due to the os-
motic pressure difference of solutions on either side of the
membrane. The natural flow of water is from the low solu-

Pressure (AP > Am) Pressure (0 < AP < An)

te concentration side to the high solute concentration side
across a semi-permeable membrane to equilibrate the os-
motic pressure difference.

PRO is an osmosis process in which there is a
hydraulic pressure applied to the high concentration solu-
tion, but the osmotic pressure difference is higher, so the
water flux is still opposite to the flux in RO process. PRO
possesses characteristics intermediate between FO and
RO, where water from a low osmotic pressure feed solu-
tion (FS) diffuses through a membrane into a pressurized
high osmotic pressure draw solution (DS). In order for
water transport to occur, the osmotic pressure difference
between the FS and DS should exceed the hydrostatic
pressure on the DS side. The classical PRO application is
electrical power generation which can be achieved by de-
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Figure 1. Osmotic processes in membrane filtration. AP is applied hydraulic pressure; A is osmotic pressure difference between the two solutions;

J, is water flux; J_ is salt reverse flux
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Figure 2. Relationship between water flux and applied pressure in RO, PRO, FO, and AFO.
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pressurizing the diluted seawater through a hydro-turbine
or generator set.®

Pressure-assisted forward osmosis (AFO) has been
proposed that applies the pressure at the feed side to furt-
her enhance the performance of the FO process to increa-
se water flux. AFO adds a medium pressure pump to a
conventional FO system. The system takes advantage of
additional hydraulic pressure that results in water trans-
port in both mechanisms: flux driven by hydraulic pressu-
re (RO mechanism) and that by osmotic pressure (FO
mechanism).

Figure 1 describes the flux directions of the permea-
ting water in the RO, PRO, FO and AFO processes respec-
tively. The theoretical water flux across the membrane
(J,) is calculated using a variation of Darcy’s law:

(J,) = A, x (CAT— AP) (1

where, A is the pure water permeability coefficient of the
membrane, AP is the applied hydrostatic pressure, A7 is
the differential osmotic pressure, and G is the reflection
coefficient which represents the rejection capability of a
membrane. A perfect semipermeable membrane has o =
1. Fig. 2 presents the relation between water flux and ap-
plied pressure.

In RO, solutes diffuse from the feed into permeate.
However, in FO, solutes diffuse in two directions: from
the feed into the DS (i.e., forward diffusion) and simulta-
neously from the DS into the feed (i.e., reverse diffusion).
Reverse permeation of solutes from the DS into the FS de-
creases the osmotic driving force and consequently this
reduces the water transport. In a FO system, this could
dramatically increase the costs of the process.

The flux of a solute (J,) through semipermeable
membranes is governed by chemical potential gradients
and is commonly described by Fick’s law:

J,=B(C,-Cp,) 2)
where B is the solute permeability coefficient and C; and
C,,, represent the solute concentration at the membrane-so-
lution interface on the DS side and FS side, respectively.

3. The Forward Osmosis Process

In FO process, the water molecules are drawn from
the FS through a semi-permeable membrane to the DS si-
de (from a lower osmotic pressure to a higher osmotic
pressure side). The driving force of the process is an os-
motic pressure generated by the concentrated DS. The
process ends when the hydraulic difference between the
two solutions equals the osmotic pressure difference.

The semi-permeable membranes used in FO has
comparable rejection range in size of pollutants (1nm and
below) as RO membranes. Purified water is produced du-

ring the process and the DS is diluted. Thus, FO offers se-
veral advantages; (i) high rejection of a wide range of con-
taminants, (ii) reduction in energy consumption, (iii) lo-
wer brine discharge, and (iv) lower membrane fouling
propensity compared to pressure-driven membrane pro-
cesses.’
The main challenges in the FO process are re-
lated to:
— Development of high performance, such as higher water
flux and lower salt reverse flux of FO membranes.
— Reduction in concentration polarisation of membranes.
— Ensuring low DS reverse solute flux across the mem-
brane.
— Economical reuse and regeneration of the DS.

4. Types of DS

In the FO process, the concentrated solution is com-
monly known as the DS although different terms can be
found in the open literature. The DS plays an important
role in the efficiency and performance of the process, and
the selection of appropriate DS is crucial.

The driving force involved in FO is shown in Fig. 3;
where C, C,, a, a, and u, u, are the solute concentra-
tions, water activities and water chemical potentials in the
feed (s) and draw (d) solution, respectively.

Feed Solution

Draw Solution Driving Force

C,>C,
3, (H,0) < 3,(H,0)

p‘d>|'l'5

Semi-permeable
i
membrane

Figure 3. Schematic representation of the driving force involved in
FO in an ideal system where only water (H,0) is transported across
the membrane (i.e. 100% solute rejection by the membrane).!

In this process it is the ability of the draw solution to
generate the relevant osmotic pressure level that is para-
mount.'" The osmotic pressure of solution is affected by
adding a second solute that can influence the solute—sol-
vent interaction. Solutes disturb the solvent structure. In
the case of water as the solvent, the presence of solute af-
fects the structure of liquid water. In pure liquid water, the
molecules are heavily hydrogen bonded in an ordered
structure. The presence of ions disturb such structures by
creating strong electric fields, the water dipoles are then
arranged in an orderly manner and strongly bound, thus
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affecting the freedom of water molecules and influencing
their hydrogen bond system.'?

Osmotic pressure of a solution 7 can be expressed
by the Morse equation (applies to solutions with dilute
concentrations, i.e. <0.5M), as follows:

m = iMRT = i (F‘) RT = -Zin(a,,) 3)
w

where i is the van’t Hoff factor, M is the molarity of the so-
lute which is equal to the ratio of the number of solute mo-
les (n) to the volume of the solution (V), R is the gas con-
stant of 8.3145 J K™! mol™, and T is the absolute tempera-
ture. The right side of the equation includes the chemical
potential of water which allows for calculating the activity
of water a , where V, is the molar volume of water.

Hence, to achieve a high osmotic pressure, a good
solubility of the draw solute in water is required to get a
high n or M value. In addition, an ionic compound which
is able to fully dissociate to produce more ionic species is
preferred because it may result in a high 7 value. This indi-
cates that multivalent ionic solutes are the most favourab-
le. Therefore, compounds with high water solubility and a
high degree of dissociation are potential candidates as
draw solutes.

Different DS and their physio-chemical properties
are presented in Table 1.

Since FO is an osmotic-driven process, a higher os-
motic potential of DS than the feed solution is essential to
induce a water flux. In addition, it must exhibit minimum
reverse transport from the DS side to the feed side, be ea-
sily separated and re-used upon water extraction or be rea-
dily available if regeneration is not required.

Table 1. Overview of draw solutes used in FO processes.

Further to these characteristics, a desirable DS
should be non-toxic, highly soluble, of neutral pH, inert
and causing a minimum chemical or physical impact on
the membrane, low molecular weight and low viscosity to
reduce the concentration polarisation, be relatively low
cost, and stable.

Many studies have been performed to identify ap-
propriate draw solutes over the past few decades.” Based
on the available literature, NaCl appears to be the most
promising DS (approximately 40% of experiments), due
to its high solubility, low cost and relatively high osmotic
potential. It has been used as a DS in concentrations from
0.3 M to 6 M, but is often used at 0.5 M simulating the os-
motic pressure of seawater and prompting the use of real
seawater or RO brine as a DS.? Nevertheless, the type of
wastewater (feed solution) and the required product purity
have influence on the DS selection also. Some studies ha-
ve used magnetic and/or hydrophilic nanoparticles as a
DS.?? However, it seems that there are only few that can
be selected as a perfect draw solute, since the regeneration
step has to be included for draw solution. As such, the be-
nefits of the process have to be larger than the costs of DS
and the additional regeneration step. *

4. 1. Fouling in Osmotically Driven
Membrane Processes

Fouling is due to the deposition of retained matter
(particles, colloids, macromolecules, salts, etc.) on the
membrane surface or inside the membrane pores. The in-
teraction (chemical and hydrodynamic) between the fou-
lants and the membrane surface reduces the membrane
water flux either temporarily or permanently.”® There are

Draw Conc Osmotic Feed J, Jy Ref
solute(s) : pressure (bar) solution (g/m*h) (L/m*h) :
EDTA-2Na? 0,61 M 60 Raw wastewater 0.1 3.3 13
NaOAc 1,49 M 60 0.4 5.4
NaCl 1,27M 60 2.4 5.5
EDTA-2Na and NP7" 0.1M and 15 mM 7.31 DI water 0,067 2.65 14
EDTA-2Na and NP9¢ 0.1M and 15 mM 74 DI water 0.092

d
PUF /hydrogel 50 to 89 wt% DI water 3910 17.9 15
composites of hydrogel
PSSP¢ 20 wt% 20.85 DI water 0.14 14.50 16
PAspNa! 0.3 g/mL 51.5 atm DI water 4.9 31.8 17
Sucrose 1 26.7 DI water 12.9 18
PAA-Na?® 0.72 g/mL 44 DI water 0.18 22 19
HCOONa" 0.68 28 DI water 2.73 9.4 20
Sodium hexa-
carboxylatophenoxy 0.067 None DI water 7 2
phosphazene

* Ethylenediaminetetraacetic acid disodium salt ® Nonylphenol ethoxylate surfactants, Tergitol NP7 ¢ Nonylphenol ethoxylate surfactants, Tergitol NP9

4 Polyurethane foam
" Sodium formate

°Oligomeric poly(tetrabutylphosphonium styrenesulfonate)s

fPoly (aspartic acid sodium salt) ¢ Polyacrylic acid sodium salts
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four major types of fouling: (1) organic fouling, which is
caused by macromolecular organic compounds such as al-
ginate, protein, and natural organic matters; (2) inorganic
fouling, which is due to crystallization of sparingly solub-
le mineral salts when the salt concentration exceeds satu-
ration; (3) biofouling, which involves bacteria deposition,
attachment, and subsequent growth to form biofilm; and
(4) colloidal fouling, which results from the deposition of
colloidal particles.”® Depending on its severity, fouling
can have varied degree of adverse impact on membrane
performance, such as decreasing water flux, deteriorating
product water quality, and increasing maintenance bur-
den.?” Furthermore, the foulants might also chemically
degrade the membrane material.® Fouling is a conside-
rable problem that occurs in most liquid membrane pro-
cesses and consequently influences the economics of the
operation. Hence, a lot of research has been done to redu-
ce the impacts of fouling in pressure driven membrane
processes. The problem can be addressed by changing
operational conditions, cleaning, membrane surface modi-
fication, and membrane material choices.

However, fouling in osmotically driven membrane
processes is different from fouling in pressure driven
membrane processes (Figure 4). Depending on the mem-
brane orientation, the deposition of foulants occurs on dif-
ferent membrane surfaces. In FO process, foulant deposi-
tion occurs on the relatively smooth active layer. In PRO
and other pressure driven processes, the foulant deposi-
tion takes place on the rough support layer side, or even
within the support layer.*

Recent studies have demonstrated that membrane
fouling in FO process is relatively low compared to the
pressure driven processes. The reversible fouling can be
minimized by optimizing the hydrodynamics, and a va-
riety of contaminants can be effectively removed by
physical cleaning.>**=** In FO process, fouling due to or-
ganic materials is more severe than inorganic material.**
Alginate as a model foulant was studied in FO and RO.*

NaCl was used as draw solute in FO and feed solute in
RO, severe flux decline in FO was observed than in RO.
However, when dextrose was used as draw solute in FO,
the flux decline was almost identical to RO. This indicates
a cake formation from reverse salt flux. Humic acid filtra-
tion shows higher flux decline in FO than in RO. This also
occurs in colloidal fouling with silica particles.*® The flux
decline is attributed to intermolecular bridging of humic
acid molecules by the salt ions.

A strong correlation between intermolecular adhe-
sion and fouling in FO was observed. Strong foulant-fou-
lant interactions, such as adhesion, causes faster accumu-
lation of foulant on the membrane surface.*® It was further
concluded that Ca binding, permeation and hydrodynamic
shear force are some of the major factors that influences
the rate of membrane fouling. The combined effect of or-
ganic and inorganic fouling using alginate and gypsum
(CaSO,) as model foulants was found to have a synergi-
stic effect between the two foulants; the coexistence of the
two foulants displayed a severe flux decline than the indi-
vidual foulants.*’

Alginate fouling and gypsum scaling on the mem-
brane surface could be removed by physical cleaning. Ho-
wever, this observation is true when cellulose acetate
membrane is used in FO process. The water flux recovery
after physical cleaning of gypsum was less than with a
polyamide thin film composite membrane.*> These fin-
dings demonstrate that membrane surface modification
and material choices should be an effective strategy to mi-
tigate FO membrane fouling.

Motsa et al (2014) reported that membrane orienta-
tion had an impact on fouling behaviour since the mem-
brane fouled more easy when operated in PRO mode than
in FO mode. There was severe permeate flux decline in
PRO mode mainly due to the calcium—alginate complexes
blocking the pores in the support layer.*® Yong Ng and Pa-
rid, focused on the impact of lower organic loads (10, 30,
50 ppm) in secondary effluents with calcium inclusion on
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Figure 4. Illustration of the fouling mechanisms in membrane processes a) fouling in RO and osmotically driven membrane processes (b) fouling

in PRO mode; (c) fouling in FO mode.?
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the fouling characteristics of FO membranes both in the
FO and PRO modes.* In their work, they demonstrated
that the FO mode had lower fouling compared to the PRO
mode, which was also seen by other authors.*'** This was
attributed to the denser, smoother and tighter structure of
the membrane active layer which prevented the adhesion
and accumulation of foulants on the membrane surface,
while the porous support layer, being a looser structure, al-
lowed the accumulation and deposition of the foulants on
its surface and inside the membrane, by the mechanisms of
direct interception and subsequent pore plugging.

Thus it is clear that the nature of fouling in osmoti-
cally driven membrane process is different from fouling in
pressure driven membrane processes. Further investiga-
tions of the mechanism of FO fouling are required to fully
understand the differences. The mechanism of fouling is
complex and depends on many factors such as water qua-
lity, temperature, system design, membrane cleaning, wa-
ter flow, membrane surface etc. To mitigate fouling, these
factors need to be considered in the process design and
development.

5. Forward Osmosis Applications

FO has a potential benefit as it requires a low
hydraulic pressure compared to the pressure-driven pro-
cess (RO). FO has low energy consumption therefore it in-
volves lower costs, and with appropriate draw solutes and
its regeneration methods, the process could be developed
to be economically feasible and technically sound.

While FO has been investigated in a wide range of
applications, including power generation, seawater/brac-
kish water desalination, wastewater treatment and food
processing, this review focuses mainly on wastewater
treatment.

In general, there are two clusters of applications
concerning FO in the water production and water treat-

FORWARD
0SMOSIS

WATER
DESALINATION

) Osmotic
Direct ‘ membrane
Indirect Desalination Industrial 4 bioreactor
Desalination water
recycling Oil and gas
remediation
Municipal
wastewater 3 Concentration
management of brines
Sludge
dewatering é

Figure 5. Applications of FO in the water industry, desalination
(left) and water reuse (right).!!

ment industry (Figure 5), (i) desalination and (ii) water
reuse.!!

5. 1. Desalination

In early 1970s, the FO process was proposed as pre-
treatment step to the RO process.*! However, the advent of
commercial FO cellulose triacetate (CTA) membranes
prompted applications within seawater/brackish water de-
salination. With the FO desalination process, fresh water
can be obtained directly (Figure 6) obtained from saline wa-
ter (seawater or brackish water) at low (or no) pressure.
This can be obtained by using an osmotic reagent based on
volatile salts such as NH,HCO, as the DS**>. A DS reco-
very process is needed to separate the draw solute from the
solution.*” and in this case raising the DS temperature abo-

CONCENTRATED
DRAW

PRODUCT
WATER

DRAW
SOLUTION

BRINE

A

o —

Draw Solute Recovery Unit

Figure 6. FO process for desalination of seawater/brackish water.

DILUTED DRAW OR

BRACKISH
WATER

Forward Osmosis Unit
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ve 60 °C will produce CO, and NH, which can then be reu-
sed to produce NH,HCO, in the next cycle®. Also, polymer
hydrogels and modified magnetic particles have been sug-
gested as DS in FO desalination with no pressure required.

Indirect FO desalination uses a high salinity water
(e.g. seawater/brackish water) as the DS and a poor-qua-
lity water source such as wastewater effluent or urban
storm water runoff as FS.*** The diluted seawater/brac-
kish water DS can then be desalinated using low pressure
reverse osmosis (LPRO). The FO-LPRO hybrid process
reduces the cost of the total desalination process compa-
red to pure RO*. This is due to the fact that desalination
occurs with a lower salinity and can run at 50% recovery
46 Nicoll (2013) compared three different desalination
systems: i) conventional pre-treatment with a dual media
filter (DMF), cartridge filtration and SWRO; ii) UF based
pre-treatment with SWRO; and iii) conventional pre-treat-
ment feeding a FO/RO plant. The summary calculations
showed that the DMF/FO/RO configuration has the lowest
energy consumption.*®

Many studies were focused on DS and their reco-
very for FO desalination. Different draw solutes (i.e. Na-
Cl, KCl, CaCl,, MgCl,, MgSO,, Na,SO, and C,H,,0,)
were investigated for seawater desalination using a hybrid
FO-NF process.*” Nanoparticles (superparamagnetic) we-
re also tested as a DS in FO desalination, where the nano-
particles could be regenerated by UF.>*

5. 2. Wastewater Treatment

Most FO approaches for poor quality water treat-
ment and reuse are similar to the direct seawater desalina-
tion method, where poor-quality water is used as feed,
while a DS is used to reduce the volume of the feed. The
DS is further treated by other post-treatment process for
the recovery of the salt (e.g. RO, membrane distillation).

In general, wastewater has lower osmotic pressure
and higher fouling propensity. FO integrated with mem-
brane distillation (MD) process was studied for treatment
of municipal wastewater, where stable water flux was attai-
ned in a continuous operation at the recovery rate up to
80%.*® The FO showed a moderate to high rejection of
most organic contaminants while MD rejected the residual
contaminants to achieve a near complete rejection in the
hybrid process. To recover clean water from secondary wa-
stewater effluent, a photovoltaic powered FO — electro-
dialysis (FO-ED) process was tested. The process resulted
in high removal of total organic carbon (TOC) from the
feed wastewater and production of fresh water.*’ By using
FO and ED through solar energy, this process has been ab-
le to supply potable water in isolated and remote areas and
islands. In addition, FO process showed several benefits
for space missions, including high wastewater recovery,
low energy cost and minimized resupply. Further, natural
steroid hormones were removed from wastewater by FO
membrane contactors. FO has also been used for other wa-

stewater such as oily wastewater, industrial and municipal
wastewater, nuclear wastewater, landfill leachate, oil-water
separation.”® Additionally, application of FO for wastewa-
ter treatment was performed in membrane bioreactor (Fi-
gure 7), called osmotic membrane bioreactor (OsMBR).
Submerged membrane bioreactors (MBRs) involve
biodegradation and membrane filtration in a single reac-
tor. It has become one of the most commonly applied

FO membrane

Draw_
Solution
Loop

Air

Reconcentration
process

PURIFIED WATER

Pump SLUDGE oUT

Figure 7. Schematic representation of an OsMBR.?

technologies in the treatment of different types of waste-
water. FO process replaces the pressure driven membrane
process (microfiltration, ultrafiltration) used in MBR. In-
tegration of FO in MBR provides lower fouling propen-
sity, no applied hydraulic pressure, and equally good qua-
lity effluent. Unlike the conventional MBR, FO-MBR
does not involve high pressure diffused air for reducing
the cake layer formation on the membrane surface and
pump for collecting the effluent. In addition, FO provides
a more sustainable flux and reliable removal of contami-
nants. The study of novel FO-MBR or osmotic MBR (Os-
MBR) has been initiated in the last five years.**! A salt
accumulation model to investigate FO performance in Os-
MBR shows that the ratio of the membrane salt permeabi-
lity (B) to the water permeability (A) (i.e. B/A) and the ra-
tio of hydraulic retention time (HRT) to sludge retention
time (SRT) (i.e. HRT/SRT) are two important parameters
for the optimization of OsMBR operation.”> To minimize
the flux decline caused by salt accumulation, these two ra-
tios should be low.

6. Recent FO Membrane Developments

The ideal FO membrane exhibits high water per-
meability and solute rejection, minimal external and inter-
nal concentration polarization (ICP) as well as high che-
mical and mechanical stability. These features are somew-
hat contradictory. For example, a low ICP requires a low
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Table 2. An overview of various FO application in last five years

Feed

Process / FO membrane material / DS /
module: Objective

Remarks

Synthetic wastewater

Submerged OsMBR / CTA / NaCl (aq.) /

The bioinspired surface modification improved the

with sludge Flat-sheet: Water reclamation from wastewater antifouling ability of the CTA FO membrane.>
Polyvinyl chloride FO/CTA / NaCl (aq.) / Flat-sheet: Condensation  The apparent TOC rejection in the FO process is
(PVC) latex of PVC latex with FO as a pretreatment step slightly higher than that in RO.%*

Boiler feed water FO / PA-TFC / NaCl (aq.) / Flat-sheet: treatment ~ Reducing the temperature (during fabrication) of the
(BFW) of BFW of steam assisted gravity drainage organic solution down to —20 °C effectively reduced

(SAGD) process

the thickness of the PA selective layer.>

High-nutrient sludge

FO-MD / TFC / Na,PO, (aq.) / Flat-sheet:
concentrating high-nutrient sludge in an FO-MD
hybrid system

At pH 9, the Na,PO, was providing a high water
flux and mitigating salt leakage resulting from the
formation of the high charge of phosphate and
complexion.>

Wastewater with
sludge

OsMBR / —/ Fertilizer / — /: anaerobic fertilizer-
drawn forward osmosis membrane bioreactor
(AnFDFOMBR) for biogas production

Mono-ammonium phosphate (MAP) showed the
highest biogas production while other fertilizers
exhibited an inhibition effect on anaerobic activity
with solute accumulation.’’

Raw sewage

FO-MD / CTA / NaCl (aq.) / Flat-sheet: Direct
sewer mining

Trace organic contaminants (TrOC) transport
through the FO membrane is governed by
“solute-membrane” interaction, whereas that
through the MD membrane is strongly correlated
to TrOC volatility.*®

Secondary wastewater
effluent

FO-ED / CTA / NaCl (aq.) / Flat-sheet, parallel
plate-and-frame module: Potable water
production, utilization of natural energy for water
treatment and reuse

In the ED unit, the diluted draw solution was
desalted and high-quality water was produced; the
concentrate was recycled to the FO unit and reused
as the draw solution.*

Synthetic wastewater

FO /CTA / NaCl (aq.) / Flat-sheet: Tetracycline
recoverable separation from antibiotic
wastewater

An effective treatment of tetracycline antibiotic
wastewater as well as the recovery of antibiotics
from the wastewater.®

Synthetic surfactant

FO / CTA / NaCl (aq) / Flat-sheet: Dehydrate and

Complete decolorization of permeate, and more than

wastewater treat Olive Mill Wastewater (OMWW) 98% rejection to OMWW components, including
biophenols and ions.*

Synthetic dye FO-CF(coagulation/flocculation) / TFC / Remarkable reverse fouling behaviour has been

wastewater Poly(acrylic acid) NaCl (aq) / Flat-sheet: observed where the Jw of the fouled membrane was

treatment and reuse of textile wastewater

fully restored to the initial value by physical flushing
without using any chemicals.®

Wastewater containing
heavy metals

FO / cellulose acetate butyrate (CAB) / NaCl
(aq.) / Hollow fiber: Water reclamation from
emulsified oily wastewater through FO under
the PRO mode

Water flux declines slightly by 10% after a 12 h
oil/water test under the PRO mode and water flux
of the fouled membrane can be restored to 97%
by simple water rinse.®'

S-value (structural parameter) which in turn requires a
low thickness and high porosity. Thus, providing suffi-
cient mechanical stability to a thin highly porous membra-
ne is one of the key outstanding problems in FO membra-
ne development.

The membrane structural parameter S is defined as:

ts XT
S=KXD=

where D is the diffusion coefficient of the draw solute, ¢, is
the support layer thickness, 7 the tortuosity, and € the po-
rosity.®

Several materials have been investigated for FO mem-
brane fabrication. These include materials based on cellulo-
se, polyamide (and other polymers), and polyelectrolytes.
Also so-called mixed matrix membranes have been investi-
gated. These membranes typically consist of “fillers’ or inc-
lusions (e.g. zeolites) embedded in a polymeric matrix. A
special case is the concept of biomimetic FO membranes
where aquaporin proteins are incorporated in the membrane
enhancing water flux while preserving high solute rejection.

Cellulose acetate (CA) and cellulose triacetate
(CTA) have been used in RO membrane fabrication since
the 1960s so it is perhaps not surprising that FO membra-
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Table 3. List of commercial producers and developers of FO membranes

Company Membrane Type Configuration Status
Aquaporin A/S Biomimetic aquaporin Hollow fiber and flat sheet Commercial
Oasys Water Thin film composite Flat sheet Commercial
Fluid Technology Solutions, Inc. Cellulose tri-acetate Flat sheet Commercial
Nitto Denko Composite semipermeable membrane - Development
Woongjin Chemical Co., Ltd. Composite membrane - Development
Porifera Thin film composite Flat sheet Commercial

nes based on CTA were amongst the first to be commer-
cially available from Hydration Technologies Incorpora-
ted (HTI).*® In recent years there have been significant de-
velopments in CA and CTA based FO membrane both in
flat sheet and hollow fibre geometries. Generally, these
membranes are fabricated in a phase inversion process
where a polymer is transformed in a controlled way from
a solution state to a solid state. Thus, when a polymer so-
lution (polymer plus solvent) is cast on a suitable support
and immersed in a coagulation bath containing a non-sol-
vent precipitation occurs because of the exchange of sol-
vent and non-solvent. The procedure allows for making
membranes with very low S-values (of the order of 50
um) which makes them potentially good FO membranes.
The general trend is that CA membranes have acceptable
water fluxes but tend to have lower rejection (and thus
higher reverse solute fluxes) whereas the opposite trend is
the case for CTA based FO membranes.*

The cellulose hydroxyl can be reacted with reagents
to generate cellulose esters beyond CA and CTA. These
include materials such as cellulose propionate (CP), cellu-
lose acetate butyrate (CAB) or cellulose acetate propiona-
te (CAP). Dual layer FO hollow fibres made from CA and
CAP show superior performance compared to CA-based
flat sheet or hollow fibre membranes. However, the limi-
ted stability to temperature and pH generally restricts the
use of cellulose-based materials.**

Cellulose-based membranes were dominant throug-
hout the 1960s until the advent of thin film composite
(TFC) membranes in the 1970s. Most TFC membranes
are made with a porous, highly permeable support such as
polysulfone, which is coated with a cross-linked aromatic
polyamide thin film.% The coating — also sometimes re-
ferred to as the active layer — provides the solute rejection
properties while the support provides the mechanical sta-
bility. The typical coating is made by interfacial polymeri-
zation to create a 100-200 nm thick polyamide coating
exemplified by the reaction between m-phenyl diamine
and trimesoyl chloride monomers.

A good polyamide layer requires optimization of the
exact monomer composition, reaction time, temperature
and ambient humidity. In FO membranes, addition of the
detergent sodium dodecyl sulfate (SDS) can enhance solu-
te rejection without major impact on the water flux, and
post treatment using SDS/glycerol followed by thermal

annealing facilitates removal of unreacted monomers re-
sulting in increased free volume and reduced thickness
leading to improved flux without detrimental effects on
rejection.®®®” The presence of cetyltrimethylammonium
chloride (CTAC) which can react with the m-Phenylene
diamine (MPD) can decrease water flux while increasing
the solute rejection. Thus, there are a number of possibili-
ties for fine-tuning FO membrane active layers.

A good support for a TFC membrane shows a low
ICP and typically supports are based on polysulfone or
polyethersulfone.®* Also bucky papers made from Carbon
Nanotubes (CNTs) and nanofiber mats formed from elec-
trospun fibres have been suggested as good FO membrane
support due to high porosity and tensile strength.%%
Structurally it has been argued that an open ‘finger’ like
structure of the support is to be favoured over a more den-
se ‘sponge’ like structure.”’ However a more open structu-
re is also mechanically weaker and a more dense structure
also may have a higher ICP. An obvious compromise
would be to have an anisotropic support with a sponge
structure interfacing the active layer supported by a finger
like structure below.®*”! But the structural features are not
the only determinants for FO membrane performance. A
sponge like support structure may in fact give rise to a
higher water flux than a finger like structure provided that
hydrophilicity and thickness are well controlled.”>’* This
illustrates the complexity behind ICP where many specific
physico-chemical factors give rise to a phenomenological
effect.

Polyelectrolytes have attracted considerable atten-
tion over the last decade as an alternative to the TFC ap-
proach. The typical polyelectrolyte membrane consists of
a layer-by-layer (LbL) deposition of alternating cationic
and anionic electrolyte-films onto a suitable support whe-
re hydrolysed (and thus negatively charged) polyacryloni-
trile is an exemplary material. Large scale production of
LbL assembled membranes has proved to be difficult; ne-
vertheless, the approach offers the potential of fabricating
membranes with good rejection combined with good sol-
vent resistance and thermal stability.”>®

One of the latest design approaches for FO (and RO)
membranes is based on the concept of membrane biomime-
tics where technological developments take cues from natu-
re.””” The basic concept is based on the fact that biological
membranes have excellent water transport characteristics.
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They employ natural proteins known as aquaporins (AQPs)
to regulate the flow of water, providing increased permeabi-
lity and near-perfect solute rejection.” Thus by using re-
constituted AQPs as building blocks one can create mem-
branes with unique flux and rejection properties.*> AQP
membrane design approaches have been recently revie-
wed.” According to membrane structural design, AQPs in-
corporated biomimetic membranes can be classified into
two basic types, (1) AQPs containing vesicle encapsulated
membranes (VEMs), where AQPs containing vesicles (pro-
teoliposomes or proteo-polymersomes) are immobilized in
a dense polymer layer and (2) AQP containing supported
(lipid or polymer) membrane layers (SMLs).

AQP-based membranes are currently being produ-
ced and commercialised by the Danish company Aquapo-
rin A/S, its Singaporean affiliate, Aquaporin Asia Pte.
Ltd., and its Joint Ventures AquaPoten Limited in China
and Aquaporin Space Alliance in Denmark in flat sheet
and hollow fibre geometries. The membranes are cur-
rently tested in several processes including pesticide re-
moval, CO, capture, and water reuse in space and textile
wastewater treatment.®'

7. Conclusions

The FO process used in wastewater treatment and
water purification shows promising results, and has many
advantages in comparison to the conventional water/wa-
stewater treatment processes.

The studies are focused on improving the FO pro-
cess by developing new membranes, membrane surface
modifications, different DSs and their compatibility with
various wastewaters. However, there are other issues (e.g.
membrane fouling, raw water characteristics) in FO pro-
cess that needs to be studied. FO processes are highly
compatible with other treatment processes therefore, the
whole treatment process could become more cost effecti-
ve by incorporating FO process. As it is seen from the lite-
rature, many studies and improvements were done on the
membrane materials and their surface, and new technolo-
gies were implemented, such as membranes with biologi-
cal materials (aquaporins).

Higher quality water is in demand due to the imposi-
tion of new and ever-changing water quality standards.
Therefore, interest in FO technology is growing as a po-
tential, cost- competitive and reliable alternative.
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Povzetek

V zadnjih letih se membranska tehnologija vse pogosteje uporablja v procesih ¢is¢enja odpadne vode in vode za proi-
zvodnjo. Procesi membranske filtracije so enostavni za izvajanje in dajejo kakovostni produkt/filtrat za nadaljnjo upora-
bo tako v industrijske namene kot tudi za proizvodnjo pitne vode. Ena od obetavnih tehnologij za proizvodnjo vode in
obdelavo odpadnih voda je proces osmoze. Princip delovanja osmoze predstavlja metodo ¢is€enja vode, ki deluje brez
hidravli¢nega tlaka, kar zagotavlja trajnostno (nizkoenergetsko) tehnologijo obdelave vode. Gonilna sila je razlika v ke-
mijskem potencialu med vhodno in gonilno raztopino, ki sta lo¢eni z membrano, prepustno samo za vodo. Prednost os-
moze pred obstojecimi visokotlacnimi membranskimi procesi je ravno delovanje brez dodatnega visokega tlaka, kar vo-
di tudi k manj pogostemu masenju membran. Torej, omogoca delovanje z niZjo porabo energije ter podaljSa Zivljenjsko
dobo membran. Vendar pa $e vedno obstajajo nekatere pomembne tehnoloske pomanjkljivosti procesa. V prispevku je

predstavljena uporabnost tehnologije osmoze pri razli¢nih sistemih ¢i$¢enja ter razvoj proizvodnje osmoznih membran.
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