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ABSTRACT

Cellulose acetate (CA) and thin film composite (TFC) membranes for forward osmosis (FO) process
by hydration technology innovations (HTI) were the most innovative and also commercialized for
research and field scale. Most recently, biomimetic Aquaporin (AQP) membrane has been commer-
cialized on a large scale and product outlet is available for industrial and academic applications. In
this work, we present the characterization and evaluating the performance of the biomimetic AQP
forward osmosis (FO) membrane from aquaporin Asia Pte. Ltd in Singapore, using DI water and
brackish water (BW) (5000 mg-L™ of KCl) as feeds and KClI as draw solution (DS). Scanning electron
microscopy (SEM), atomic force microscopy (AFM), Fourier-transform-infrared (FTIR), and contact
angle analysis were utilized to characterize AQP membrane. The intrinsic properties of the mem-
brane were also assessed using a reverse osmosis (RO) setup followed by investigating FO perfor-
mance in a lab-scale FO setup. Under FO tests, the membrane achieved high water flux of 12.8 and
171 L m? h™ with a modest RSF of 14.8 and 17.5 g m2 h™! using 1.0 M KCl against DI water in FO and
pressure retarded osmosis (PRO) modes, respectively. The results were also equaled to 9.1 and 10.1 L
m~ h™ of water flux under FO and PRO modes as BW was used as FS.

Keywords: Biomimetic aquaporin; Forward osmosis; Non-woven backing fabric; Thin film composite

1. Introduction

Forward osmosis (FO) is a promising membrane approach
that allows water permeation from a low concentrated solu-
tion, named feed solution (FS) towards a high concentrated
solution, named draw solution (DS) across the semi perme-
able membrane under the influence of inherent osmotic pres-
sure gradient of an osmotic agent [1,2]. Accordingly, operating
FO systems demands no or technically low applied hydraulic
pressure, which provides the capability of water reclamation,
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brine dewatering [3-5] and concentrating saline waters or FSs
with the potential of low fouling tendency [6-8]. Moreover,
this inspired industries to employ FO technology in power
generation [9], landfill leachate treatment [10], liquid foods
treatment [11], and farm irrigation [12-14] disciplines.
Current membrane developments for FO progress are
focused on fabrication of thin film composite (TFC) mem-
brane platform, which includes a thin selective layer that
is formed on the top of a porous support material through
interfacial polymerization (IP) approach [15-18]. However,
there are studies on the literature around development
and application of neat cellulose acetate based hollow fiber
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nanofiltration (NF) and fabrication of double-skin mem-
branes for FO applications [19,20]. Majority of the studies
regarding this platform can be divided into two particular
categories. First, support layer optimization in the term of
the structural parameter (S value) to achieve a membrane
support layer with less internal concentration polarization
(ICP), which is broadly regarded as the preliminary factor
for low FO membrane performance [21,22]. Furthermore,
despite external concentration polarization (ECP), which
can be handled by the mean of hydrodynamic operating
conditions, ICP has been noticed as the major hindrances
on the way of membrane development for FO process, as it
happens in the membrane inner side of support layer [23].
For achieving less ICP, recent attempts focused on further
improvement of the support layer with lower S parameter,
which can be achieved by improving porosity or reducing
tortuosity and membrane thickness [22]. The results of this
improvement were also led to fabrication of an asymmetric
membrane constructed from cellulose triacetate (CTA) on a
backing fabric by Fluid Technology Solutions (FTS, formerly
Hydration Technology Innovations, HTI) company (Albany,
OR, USA) in industrial scales [24,25]. Although the mem-
brane, which was firstly developed by HTI did not exhibit
wonderful enough performances, HTI and few other com-
panies recently made on a full-scale production for thin film
composite (TFC) FO membrane with higher performance in
the terms of water flux, slat flux and rejection [24,26].

The second category, which is responsible for desalina-
tion and salt ions rejection includes enhancing the selective
layer of TFC membranes. It is noteworthy to outline that
this area has not attracted considerable attention of the
researchers compared to that of the support layer due to
limited capable materials that are feasible to participate in
IP [27,28]. In other words, common RO-type approaches for
formation of the rejection layer via IP have been broadly
chosen in this field. However, there are reports around top
layer modifications that are relied on polycondensation
reactions between aqueous and organic phases of amine
and acid chloride, respectively [29]. Lately, incorporating
hydrophilic nanoparticles (NPs) into the selective layer
was introduced as an alternative to evolve applicable
membranes with higher performances compared to other
typical RO-type membranes. Many reports are available
on literature that investigate addition of hydrophilic NPs
such as NaY zeolites [30], functionalized silica nanoparti-
cles [31,32], functionalized and non-functionalized carbon
nanotubes [33,34], and titanate nanotubes [35]. To the best
of our knowledge, none of the above mentioned NPs incor-
porated membranes (named nano-composite or mixed
matrix membranes) have not the chance of assimilating into
the commercialized membrane categories.

In the course of modifying FO membranes, the disci-
pline of protein-based biomimetic membranes, which can
be regarded as biomimetic-hybrid membranes, has attracted
a significant attention. Biomimetic membranes were devel-
oped by reconstituting biological membrane proteins into
the artificial lipid bilayers, block copolymers (BCP) or
frigid nanopores [26]. Significant advantages such as high
water permeability and smart selectivity characteristics
have pushed researchers to investigate incorporating water
channel membrane proteins, named aquaporin (AQP), into
the membrane substrate [29]. The researches regarding the

aquaporin-based hybrid membranes have just increased
expeditiously, in a way that some of them have estimated
water permeability augment to values up to 2 folds of the
commercial desalination membranes and selectivity move
towards 100% [36]. Aquaporin (AQP) is a pore-forming
protein that forms channels within the selective layer that
allows water to permeate and reject salt ions species under
application of appropriate conditions [37-39]. This innova-
tive concept was firstly launched by Jensen et al., which was
followed by published by Kumar et al. implying reconstitu-
tion of functional AQP in BCPs [40].

Despite indisputable characteristics of AQP as a start-
ing material for next-generation of membrane separation
technologies, numerous challenges such as stability under
influence of saline or high foulants content feeds, and pro-
duction in large scales are still maintained a concern [41].
These questions pushed researches to address fabrication
of AQP incorporated membranes challenges. Sun et al. uti-
lized fabricated and characterized addition of AqpZ pla-
nar lipid bilayers employing Langmuir-Blodgett transfer
while nickel-chelating lipids were also considered as one
lipid blend component [42]. Although among the utilized
strategies of fabricating mentioned membranes, functional
AQP vesicles deposition on porous supports are the most
considered method, constructing free-standing lipid with-
out supports are also reported [43-47]. However, applying
these methods did not exhibit desirable results in the terms
of water flux and salt rejection [45,46,48]. Accordingly, var-
ious approaches have been investigated to improve either
deposition or immobilization of vesicles on the porous sup-
port layer. The mentioned methods are comprised of direct
deposition of vesicle onto the substrates, charge induced
vesicle adsorption [43,49], pressure assisted vesicle fusion
[43,44,50], magnetically improved vesicle deposition [44],
and chemical crosslinking functionalized lipid/polymer
and the support [44,51].

The main aim of the current study is to evaluate and
characterize a newly commercialized FO AQP membrane.
Firstly, the AQP membrane was characterized by the
mean of scanning electron microscope (SEM), atomic force
microscopy (AFM), contact angle and Fourier-transform-in-
frared spectroscopy (FTIR) analysis. Moreover, the intrinsic
separation properties of the membrane such as water per-
meability coefficient (A), salt permeability coefficient (B),
salt rejection (R ) and structural parameter were also eval-
uated. Furthermore, FO performance was evaluated and
compared with current commercialized FO membranes.

2. Materials and methods
2.1. Membrane, feed and draw solution

Anewly commercialized aquaporin-incorporated FO TFC
flat-sheet membranes (Aquaporin Asia Pte. Ltd., Singapore),
with the reported Calcein rejection of >99.0% +0.5% by the
manufacturer, were used in all of the experiments. The mem-
branes were stored at ambient temperature and got immersed
in deionized water (DI) virtually 30 min before use.

Potassium chloride (KCl) were obtained from Merck
and used for DS and brackish water (BW) preparation. Four
concentrations of DS (0.5, 1.0, 2.0 and 3.0 M) were consid-
ered as DS to provide osmotic pressure. Moreover, DI water,



44 S. Sahebi et al. / Desalination and Water Treatment 148 (2019) 42-50

and a brackish water including 5 g-L of KCl, which was
named as BW5, were employed as FS.

2.2. Membrane characterization

Morphology of cross section and top surface of the
membrane were investigated utilizing a high-resolution
VEGAN\TESCAN  scanning electron microscope. The
membrane samples were firstly freeze dried and then the
dried samples were firstly immersed in liquid nitrogen for
few seconds, then it was cut by sharp razor blade for easer
break due to membrane non-woven backing support [16].
Later on, the broken membrane was coated with an ultra-
thin layer of gold exploiting Blazers Sputter coater (SCD
050, BAL-TEC, Germany) to be prepared for imaging.

Atomic force microscopy (AFM, ICON Veeco) in the
tapping mode under ambient conditions was used to eval-
uate roughness of the membrane surface. Fourier-trans-
form-infrared spectroscopy (FTIR) was carried out utilizing
an FTIR spectrometer PerkinElmer (Waltham, MA, USA)
Spectrum RX1 in the range of 650 to 4400 cm™ to evaluate
the functional groups and indicate chemical characteris-
tics of the AQ membrane. Thickness of the membrane was
assessed using a digital micrometer (293-330 Mitutoyo,
Japan). Archimedes’ principle was used to measure the
membrane porosity (¢) based on the following equation:

(Ww—Wd) / pi

€=
[M}A[Wd /op]

p1

x100%

)

where W _is wet mass and W, is dry mass of the membrane.
p,and p_are also densities of the wetting solvent and the
membrane, respectively.

Sessile drop contact angle (Contact Angle System OCA20,
Dataphysics Co., Germany) was exploited to calculate hydro-
philicity of the top and the back surfaces of the air-dried AQ
membrane. Contact angle was assessed using 5 pL probe DI
samples recorded at 23°C and 30% relative humidity.

2.3. Assessment of membrane’s structural and separation
properties

An RO setup was utilized to evaluate membrane’s water
permeability coefficient (A) at applied hydraulic pressures
on the range of 0 to 5 bar with the same membrane mod-
ule that was used. Furthermore, salt rejection (R ) was also
determined according to our previous paper [16] consider-
ing 200 mg-L™ of KCl as feed at 1.0 bar applied pressure
employing calibration method based on conductivity mea-
surements [Eq. (2)]. Salt permeability coefficient (B) was
later utilized by the bellow relationship [3]:

C
Ry(%) = [ - —”] x100 @)
Cr
1-R, 1
Ry (AP—An)AB ®

where C and C, are concentrations of NaCl in the feed and
the permeate, respectively. Ar is net osmotic pressure gra-

dient of the feed and the permeate flows and AP is applied
hydraulic pressure gradient.

S value as one of the most defining characteristics of
TFC-FO membranes can be calculated using the following
equation based on support layer thickness (t), tortuosity (t)
and porosity (¢):

st 4)
€
The effective structural parameter was assessed experi-
mentally using the classical ICP model developed by Loeb
et al. [52] according to the following correlation:

D Anp, +B
Jo=—|In—P2L "~ (5)
S ATC}:,b +]w+B

where ]w, D, B, T, and T, , are WE, bulk diffusion coefficient
of the DS, salt permeability coefficient of the membrane
active layer, bulk osmotic pressures of the FS and the DS,
respectively. According to Eq. (5), the S value is calculated
utilizing the following relationship:

Sz(ﬁ)ln
Jw

2.4. FO experimental setup and testing procedure

ATCD,b +B
Anrpp+ ], +B

(6)

A lab-scale FO setup was utilized to evaluate AQP-
flat-sheet FO membrane performance in the terms of WF
(J), reverse solute flux (RSF) and special reverse solute
flux (SRSF). The setup includes an FO process cell with the
length, width and depth as 3.1 cm, 2.0 cm and 0.3 cm, respec-
tively, which provides an effective surface area of 6.2 cm?.
Four pressure transmitters, installed before and after the
membrane cell on the path of FS and DS flows. Moreover,
a temperature transmitter within the FS and DS reservoirs
were also utilized to monitor operating parameters. FS and
DS were pumped through the membrane channels by the
mean of a two-way pump (Pumpdrive 5001, Heidolph-Ger-
many) with equal volumetric flow rates of 400 ml-min™.
The experiments were carried out in both FO (active layer
faced FS) and PRO (active layer faced DS) modes to better
understand the membrane performance and effects of ICP.
Moreover, the experiments were initiated with equal loaded
volume as 250 ml of both FS and DS reservoirs and contin-
ued for 30 min. | was assessed by measuring DS weight
change through the following equation:

- _A% feed (7)

T SmAt

where Am, S , Preca and At are DS mass variation as it
increases during the tests (kg), effective membrane area
(m?), runtime (h) and water density at 25°C, respectively. In
order to calculate RSF (] ) DI water was firstly pumped as FS
and various concentrations of KCl (0.5, 1.0, 2.0 and 3.0 M)
were considered as DS as well. After each experiments fin-
ished, electrical conductivity (EC) of the FS was measured
employing a multimeter (Lutron-CD4303, Germany). | was
evaluated using the following formula:
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C
]s = fmf — (8)
pfeedsmAt

where | C, and 1, are RFS (g-m™2h™), KCl concentration in

the FS ahc{ feed final mass, respectively. Furthermore, SRSF

is defined as ratio of RSF to WF as illustrated in the follow-

ing formula:

SRSF = ]—5
]

w

©)

3. Results and discussion
3.1. Substrate characterization

Morphologies of cross-section, top and back surfaces
of the AQP membrane were studied by the mean of SEM,
which are shown in Fig. 1. Fig. 1a presents the cross-sec-
tion image of the AQP membrane. As it is shown, the
substrate is highly porous,which includes a large number
of finger-like pores that can provide easy water perme-
ation and lower ICP [16]. Fig. 1b shows a closer look of
cross-section near the membrane surface, which reveals
a high porous sublayer as well. Based on ternary phase
diagrams, this means an excellent balance of solvent-poly-

SEN HY. 3000 KV
SEM MAG: 500 ¢ Dt SE 50 um
Viewfield 2889 pm PO 11

WD 8.332% mm VEGANTESCAN

Parformancs innanospacs [

SEMHV 3000k WD 7.5558 mm
SEMMAG 5000ke  Det SE
View field: 2889 um  PC: 18

VEGANTESCAN
500 nm 1
pertormance in nanospace I

mer-nonsolvent carried out in phase inversion to custom-
ize an appropriate membrane for FO process. Further,
the sublayer support pores get more aligned as they are
close to the top surface that means lower tortuosity and
less resistance on the way of water permeation across the
membrane. However, the thick support layers can provide
high mechanical strength, which leads to maintaining
membrane structure and pore shape under the influence
of compaction [16].

Fig. 1c shows the morphology of the membrane top sur-
face that is formed by AQP proteins is significantly similar
to that of TFC membranes in terms of landscape with hills
and valleys topology, which resemble a rocky road. Fur-
thermore, the membrane top surface seems to have high
roughness, which may lead eyesight to increase potential of
substantial fouling [29]. The back surface of the AQP mem-
brane is also illustrated in Fig. 1d. It shows that the mem-
brane has embedded on nonwoven backing fabric support,
which has dramatic roughness that may lead to reduction
in concentration polarization (CP) due to substrate engage-
ment with polymeric materials and causing lower side of
polymeric support to become more porous during phase
inversion [16] (Figs. 1a and d).

The atomic force microscopy (AFM) spectra conducted
for AQP membrane is three dimensions which is illustrated
in Fig. 2. AFM analysis was performed and depicted in 5

| (Ix)

SEMHYV: 30.00KY  WD:2.3716 mm
SEMMAG 500k Det 3E
Viewfield: 288 um PG 13
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- \ ‘k D
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Fig. 1. SEM images of Aquaporin FO membrane a) cross-section, b) cross-section in closer look, c) top surface rejection layer, d)

bottom surface nonwoven backing fabric support.
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pm dimension to better understand the roughness of the
selective layer that was mentioned before as the rough sur-
face with the potential of fouling. Thus R, R and R are also
shown in Table 1.

The results show that mean roughness of the AQP
membrane’s top surface, which is also known as deviation
of the surface heights is 61.64 nm. This number is found
to be in the range of typical commercial TFC membranes
[51]. However, the R value, the maximum height of the
surface is equaled to 170.65 nm indicating the AQP mem-
brane is prone to fouling if highly foulants feed introduce
the surface [29]. The R factor also shows the distance
between the peeks on the AQP membrane surface. This
parameter is equaled to 72.06 nm that indicates the frilly
uniform surface. Additionally, AQP proteins have small
size whereas the rejection layer typically is 200 nm, which
means incorporated AQP proteins may vanish and embed
within the polymer matrix [53]. Moreover, by comparing
with previous studies and based on SEM images, it can be
understood that there is virtually no difference between
TFC rejection layers of AQP membranes and prevalent
TFC FO membranes [54,55].

Fig. 2. AFM image of the AQP membrane.

Table 1
AFM parameters of AQP membrane

Sample AQP

Ra (nm) 61.64

Rp (nm) 170.65

Rq (nm) 72.06
Table 2

As it was outlined before, contact angles of the top and
bottom surfaces of the AQP membrane was measured to
investigate its hydrophilicity. Table 2 presents a compari-
son between the top and back surfaces” contact angles of
the AQP membrane and those of HTI-CTA and TFC mem-
branes. As can be seen, the active layer of the AQP mem-
brane has a lower contact angle compared to that of the
support layer, which may be attributed to the characteris-
tics of the rejection layer [29]. Furthermore, a nonwoven
fabric has been used as support for this membrane. Then,
unlike FO CTA membrane, which has similar materials on
both sides due to polymer solution penetration related to
the woven mesh fabric, in AQP membranes, it seems the
polymer did not penetrate the fabric. The nonwoven used
for AQP membrane is similar with TFC RO membrane with
lower thickness.

Fig. 3 shows the FTIR analysis of the AQP membrane.
As represented in the chart, there are numerous organic
and inorganic bonds signs that have shown up. Based on
FTIR data and by comparing them with FTIR of polysul-
fone (PSf) and polyethersulfone (PES), it was realized that
the membrane support is some kind of PSf, or PES that is
modified with pore formers such as polyvinylpyrrolidone
(PVP) or polyethylene glycol (PEG). According to stretching
vibration occurs at 1323.99 cm™, 1294.79 cm™, 1241.85 cm™!
and 1169.77 cm™ are related to a symmetric stretch of the
sulfone group (SO, and SO). Moreover, the peaks at 1541
cm'and 1649 cm™ are contributed to the vibration of -NH
and -CONH-, respectively, which is related to the protein
molecules. It was realized that the peaks at 3100 cm™ to 3600
cm!are related to the existence of PEG or PVP molecules in
the support layer.

100
=~ 90
£
= 3300
S 80
: Y
% 70 1241985 1649
= 1541
z N\
E 60 1169.77

50

40

650 1150 1650 2150 2650 3150 3650

‘Wave numeber (1/cm)

Fig. 3. FTIR spectra of the AQP membrane on the range of 650
cm™ to 4000 cm™.

Characteristics comparison of AQP membrane with HTT CTA and TFC membranes

Sample ID Thickness Porosity (%) Contact angle (°) Ref
(nm) Active layer Support layer
HTICTA 93 +3.0 N/A 76.6 0.5 81.8+0.5 [56]
TFC 148 + 1.0 N/A 143 £ 1.6 ‘N/A [29]
AQPs 132 £ 3.0 65+1 50.3+0.5 748 £ 0.5 Current study

*N/A: not available.
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3.2. Intrinsic properties of AQP membrane

Apart from the properties of the selective layer, pre-
vious studies showed that the substrate construction has
a significant impact on the performance of the membrane
[15]. In other words, researchers have tried to develop an
ideal membrane based on lower structural parameter (S)
values [24,57], in a way that the lower S value, the higher
water flux. However, water permeability, salt rejection and
RSF have some kind of trade-off that should be optimized
to meet the standard criteria of commercialization [29].
Thus, the intrinsic characteristics and structural proper-
ties of the AQPs membrane were evaluated, simultane-
ously, for the AQP membrane to better understand the
influence of substrate structure on the membrane perfor-
mance (Table 3). As illustrated, AQP membrane has higher
A and B values as well as lower R compared to those of
commercial TFC membranes and tend to a bit increase in
S value. This may be related to the low stability of AQP
proteins towards saline waters [36]. In the course of devel-
oping TFC FO membranes, many efforts have been made
and the raised challenges towards fabricating better and
defect-free membranes have been mostly solved [5,16,18].
However, as the AQP membranes fabrication industry are
on the early of its way, many challenges such as membrane
stability still remained an issue. Moreover, apart from exis-
tence of AQP proteins at the selective layer, higher A value
maybe is contributed to the substrate finger-like mor-
phology that allows better permeation of water across the
membrane as a result of less hydraulic resistance on the
way of water flow [41].

3.3. Forward osmosis performance

FO performance of AQP membrane was evaluated in
a lab-scale FO setup in the terms of WE, RSF and SRSF
using KCl as DS as well as DI water and 5000 mg-L~" of KCl
as DS. The results of the performed experiments in both
FO and PRO modes are depicted in Fig. 4. As can be seen,
while the DI water was employed as FS the WF and RSF
were increased as the DS concentration goes up in both
FO and PRO experiment modes. This is attributed to the
increased osmotic pressure gradient over the DS side of
the membrane that increases driving force of permeating
water molecules across the AQP membrane [58,59]. More-
over, WF and RSF exhibit higher amounts as the experi-
ments were carried out in PRO mode compared to those
in FO mode owing to significant ICP in FO experiment
mode [49,60]. As the FO mode is applied, the salt ions seep

Table 3

47

through the porous substrate to get the interior surface of
the active layer as a result of chemical potential gradient
over the membrane sides [3,58]. Thus, the ion concentra-
tion is declined under the influence of convection when
the water molecules permeate across the membrane and
within the porous layer. This brings about KCl ions diffuse
back to the interior surface and a significant decline occurs
in solute concentration at the active layer to amounts

30
i FO mode
&
45 | * PROmode
£ (a) *
= 0 "
: 'Y
I= . i
= 15 . .
"
10 &
5
0 1 2 3
DS Concentration (M)
301 & FO mode &
+ PRO mode
25 -
= (b) . s
= 20 i
=L
= S
o5 i
'
10
q

] 2
DS Concentration (M)

Fig. 4. DS concentrations on performance of AQP membrane in
FO and PRO experiment modes using DI water as feed; a) Water
flux; b) RSF.

Intrinsic properties and structural parameters of AQPs membrane sample

Sample ID Water permeability (A) "Salt permeability B KCl1/NaCl ¢S value (um) Ref
L/m*hibar’  x102m/sPa  x107m/s rejection (%)

AQPs 31+0.10 8.6 +0.15 2.5+0.30 76.3 735 This study

TEC-FO 1.19 = 0.06 318 £0.17 0.76 £ 0.13 974 492 [15]

°calculated in the RO setup at an applied pressure of 1.0 bar with DI water as feed.
bcalculated in the RO setup at an applied pressure of 1.0 bar with DI water as feed including 200 mg-L™" of KCL.
ccalculated according to experiments under the FO mode employing 5000 mg-L™ of KCl as the DS with DI water as FS.
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much lower than the DS bulk concentration that even-
tually reduces the water flux [59]. However, considering
that the ICP is somehow inherent side effect that coincides
with water permeation in all of the FO experiments, AQP
membrane exhibited relatively acceptable water flux com-
pared to commercial HTT CTA and TFC membranes [3].
As mentioned before RSF was also increased when PRO
experiment is employed. This is contributed to fouling
over the membrane owing to cake-enhanced osmotic pres-
sure, which occurs as a result of DS concentration differ-
ence across the top layer of the AQP membrane [61]. The
obtained data are in good agreement with the previous
studies regarding the influence of FO and PRO experiment
modes [26,36,59].

SRSF is a metric parameter to quantify and evaluate the
DS amount loss per unit of water permeate across the mem-
brane. This valuable parameter is used to compare the FO
performance as different membranes, DSs, osmotic agents
or FS are under investigation [57]. In other words, the lower
SRSF the more desirable FO performance, which means less
DS loss and higher WE. As illustrated in Fig. 5 the SRSF goes
up as DS concentration increases to the amounts lower than
2 M followed by a decline at the higher concentrations for
both FO and PRO modes. However, the difference between
FO and PRO mode data is declined as the DS concentration
increases until SRSF of PRO mode surpasses the FO mode

L3 ) 4 FO mode
1.2 + PRO mode "
A

- . s
g 1.1 A N
= 1 . :
¥
7 09 .

0.8

0.7

0.6

0 0.5 1 1.5 2 25 3 35

DS Concentration (M)

Fig. 5. Effects of the DS concentrations on SRSF of AQP mem-
brane in FO and PRO experiment modes using DI water as feed.

15.0
A FO mode
13.0 + PRO mode L]
°
=) .
= 11.0 A
= A
e A
= 90 A
= e
7.0
5.0
0 05 1 15 2 2.5 3

DS Concentration (M)

Fig. 6. Effects of the DS concentrations on AQP membrane per-
formance in FO and PRO experiment modes using BW5 as feed;
a) WF; b) RSF.

at DS concentrations higher than 2 M. The obtained data
for AQP membrane are in good agreement with previous
studies, in a manner that the trend is comparable but not
superior to HTI CA and TFC membranes. This means there
are many research opportunities to enhance the AQP mem-
branes performance.

Fig. 6 shows the results of treating BW5 in FO and PRO
modes, which contains 5000 mg-L™ of KCl. As it was expect-
able, although the water flux exhibits a significant decline,
the data maintained similar trend in a manner that water
flux of PRO mode is higher than that of FO mode similar
to experiments performed with DI water as feed. WF has
experienced a significant decline due to decreased osmotic
pressure gradient over the membrane sides and external CP
simultaneously.

Table 4 presents a comparison between the results of
the current study with previous studies that have been per-
formed using commercial FO membranes. As can be seen,
the AQP membrane investigated in this study exhibited rel-
atively higher water flux than most of the commercial TFC
membranes made from CTA. Moreover, it showed lower
SRSF compared to CTA and TFC membranes, which may
be related to higher WF owing to existence of AQP proteins
in its selective layer.

4.Conclusions

In this study, we report the performances and character-
izations for the first commercial biomimetic AQPFO mem-
brane, which was supplied by Aquaporin Asia Pte. Ltd in
Singapore. The membrane performance does not surpass
the available commercial CTA and TFC FO membranes,
however, it’s admirable to see the further advances in utiliz-
ing the AQP proteins for desalination, especially for FO pro-
cess. Further advancement in this unique TFC membrane
for FO process may lead to achieve a membrane with much
better results than current FO membranes. This may be
the first step in the right direction for development of new
generation of smart membranes for water treatment and
desalination. Based on natural materials (proteins and lip-
ids) used in the membrane selective layer, life cycle assess-
ment of membrane may play a vital role in application of
this unique membrane for practical and large-scale field. In
this study, SEM, FTIR, AFM and contact angle analysis were
employed to characterize AQP membrane followed by eval-
uating water and salt permeability, WF and R_ of the AQP
membrane in an RO setup. Later on, FO performance was
investigated in a lab-scale FO setup. The following sum-
mary is achieved from this membrane evaluation:

e SEM and AFM showed that the AQP membrane has the
support layer and top rejection layer morphology simi-
lar to those of commercial TFC-FO membranes.

e FTIR analysis showed that the substrate material per-
haps includes PES that is modified with PEG or PVP
copolymers whereas the vibration of -NH and -CONH
is related to protein molecules.

e The membrane exhibited high WF of 12.8 and 17.1 Lm™?
h with a modest RSF of 14.8 and 17.5 g m™ h™'utiliz-
ing 1.0 M KCl against DI water in FO and PRO modes,
respectively.
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Table 4
Performance comparison of AQP FO membrane with commercialized flat sheet TFC and CTA membranes
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Membrane types Materials ~ WF (Lm?h?) SRSF(gL") DSM)KCL FS References

AQP membrane PES/PEG  12.8/171 0.4/0.32 1 DI Current AQP membrane
CTA flat-sheet (HTT) CTA 8.2 0.34 1 0.5 M NaCl [3]

TEC flat-sheet (HTI) Psf 13 0.81 2 DI [62]

TFC flat-sheet membrane  Psf 12 04 1 10mM NaCl [63]

TFC flat-sheet membrane  Psf 20.5 - 1 DI [64]

TFC flat-sheet membrane Psf 15.1 - 1 DI [15]

*All results are for FO mode of operation
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Symbols

g¥e

=

NaCl concentration in the feed [kg-m™]
NaCl concentration in permeate [kg-m™~]

J. — Reverse solute flux [g m= h™]

I, — Water flux [L m2 h]

m — Mass gradient [kg]

mn, — Feed final weight [kg]

Rs  — Salt rejections

S, — Membrane surface area [m?]

t — Time [h]

W,  — Dry mass of the membrane [kg]

W, — Wetmass of the membrane [kg]

Greek

A — Gradient

€ — Porosity

Pns — Feeddensity [kg-m™]

P, — Wetting solvent density [kg-m™]

P, — Polymer density [kg-m™]

P, — Water density [kg-m~]

T — Tortuosity
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