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Abstract

The thin-film nanofiber composite (TNC) forward osmosis (FO) membranes are fabricated and systematically
modified by a series of post treatments, such as adding additives into the monomer, NaOH treatment, chlorine
treatment and support modification. The post treatments lead to the formation of modified membranes with a wide
range of water permeability (A) and solute permeability (B) values. The impact of varied A, B and B/A values on the
FO performance are systematically investigated. Furthermore, the value of B/A is related to internal concentration
polarization (ICP), external concentration polarization (ECP) and solute leakage, which are firstly proposed in this
study. Compared with the Pressure Retarded Osmosis (PRO) orientation (i.e., active layer facing draw solution),
the water flux is much lower at FO orientation (i.e., active layer facing feed solution) due to severe loss of effective
osmotic pressure, which mainly results from the convective dilution and low mass transfer coefficient in support
membrane (i.e., the D/S value). In addition to this, the coupled effect of solute leakage and low D/S value also causes
a minor loss of effective osmotic pressure. This is the first study to systematically analyze the B-A relationship of
TNC membranes employing different modification techniques and to investigate the impact on the FO performance.

Keywords: Nanofiber composite membrane; Forward osmosis;
Internal  concentration polarization; External concentration
polarization

Introduction

FO process is a low-energy process, which can potentially be
applied in water/wastewater treatment and desalination [1]. In a typical
FO process, the high-salinity draw solution is separated from the low-
salinity feed solution by a semi-permeable membrane. The membrane
only allows water to pass through but rejects solutes [2-4]. The
selectivity of FO membrane is crucial to maintain the osmotic pressure
difference across the membrane. However, the permeability of FO
membrane determines the water flux (J,) the membrane can harvest
from preset osmotic pressure difference. Hydration Technologies
Inc. (HTI) developed the first commercial flat sheet FO membrane.
However the cellulose acetate based membrane has low FO flux because
of severe internal concentration polarization (ICP) problem resulted
from inefficient solute diffusion in the dense and tortuous membrane
structure, additionally, the NaCl rejection is also not sufficient [1].
Later on, polyamide composite membranes have been developed by
directly fabricating ultra-thin polyamide selective layers on porous
polysulfone (PSU) or polyethersulfone (PES) support membranes. This
design allows the individual optimization of active layer and support
membrane to achieve high NaCl rejection while keeping resistance
reasonably low [5]. These membranes can be fabricated either in hollow-
fiber forms [6], flat-sheet form [5,7-9], or resulted from modification of
commercial RO membranes using polydopamine [10]. However, the
above membranes rely on conventional phase inversion technology to
form the support membranes, which results in structure parameter (S
value) between 300-3000 um [11]. Alternatively, thin-film nanofiber
composite (TNC) FO membranes with S value as low as 100-150 pm are
the ideal candidate membranes to minimize ICP and harvest highest ],
so far [12,13]. While methods to optimize the support membrane have
been investigated by the above studies, fewer studies have touched on
the optimization of separation abilities of polyamide selective layers
[5,11,14]. The fabrication and post treatment methods of polyamide
selective layers greatly influence water/solute permeability coefficients
and determine the performance of polyamide TNC-FO membranes.

It has generally been understood that the membrane permeability has
a trade-off relationship with membrane selectivity [11,15], indicating
worse solute rejection at higher membrane permeability. Thus, a
pressing need is to determine the relationship between water/solute
permeability coefficients, which is a critical constraint for performance
of TNC-FO membranes.

The main transportation phenomena, which govern the
performance of FO membrane, are external concentration polarization
(ECP), ICP and solute leakage [1]. The severity of the transportation
phenomena was dependent on membrane intrinsic separation
parameters (i.e., A and B value) and structure parameters (S value).
Previous study stated that ICP associated with thick and dense
support membrane was the main reason to cause flux decline in the
HTI membranes [16]. Following that, numerous studies investigated
the thin-film polyamide composite membranes in FO orientation (i.e.
support membrane facing draw solution) [17]. They also attributed

the substantially lower-than-ideal flux, J;O (i.e., FO water flux as
membrane active layer facing feed solution), to ICP limitation. The
severe ICP happens because the inefficient solute diffusion within the
conventional phase-inversion support membrane cannot restore the
dilution of draw solution by convective J;’. However, the flux in PRO

FO
orientation, J, w  (i.e., FO water flux as membrane selective layer facing
draw solution), was found to be higher than the J:°. This increment
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was attributed to less severe ECP when dilution happens in bulk solution
(PRO orientation). Because the cross flow facilitates solute diffusion
and reliefs the convective dilution. In addition, the leaked solutes from
draw solution into support membrane were believed to accumulate
along the direction of convective J;*°, resulting in accumulative ICP
[16]. However, the analysis results about the phenomena have not
been quantified. Neither have the transportation phenomena been
related to membrane intrinsic separation parameters (ie. A and B
values). Thus, the elucidation about comparative contribution of above
transportation phenomena to limitation of FO performance, especially
in the TNC membranes with low S value, is lacking.

The objective of this study is to relate the membrane intrinsic
parameters to TNC membranes performance. More specifically, TNC
membranes were fabricated with varied hydrophobicity of support
membrane [18],IP additives [19], post treatment methods [11] and non-
woven substrate [20]. A series of A-B pairs were resulted from above
approaches. ICP index (I) and ECP index (E) are defined to quantify
the contribution of ICP, ECP and solute leakage to the loss of effective
osmostic pressure difference ( AT off ) due to these phenomena. The
relationship between the membrane intrinsic separation parameters
and the severity of ICP/ECP are then systematically analyzed. This
approach helps to guide the general design of cost-effective polyamide
FO membrane to maximize the J;° while maintaining affordable
solute leakage.

Theory

According to definition, ICP either results from building up of feed
solute concentration within support membrane in PRO orientation
[21] or dilution of draw solute concentration within support membrane
in FO orientation [7]. However, the real concentration at the interface
of selective layer and support membrane cannot be directly measured
[21]. Thus, indexes should be derived to indicate the severity of ICP.
Water flux (JW) across the thin film composite FO membrane is given
by [21].

Jy =A*An, = A* (%, —7f ) (1)

wherein A is the intrinsic water permeability coeflicient of the
membrane, AT is the effective osmotic pressure difference across
membrane selective layer. Salt flux (J) is given by [22].

JS = B(CD,m - CF,m) (2)

wherein B is the salt permeability coefficient, C;.,, and C;., are

F.m
salt concentration at selective layer surfaces on draw solution side and
feed solution side respectively. Van’t hoff equation can be applied to

relate the NaCl concentration to osmotic pressure [23].

7=nRT*C (3)
Taking the ratio of equation (1) and (2) yields [24]:
Jy[Js=A/B*nR,T (4)

Equation (4) is valid to thin film composite membranes, which
comply with the solution-diffusion theory [14]. Or, the modeled
water flux over reverse salt flux is linearly related to intrinsic water
permeability coefficient over salt permeability coefficient.

Considering the mass transfer in FO membrane support membrane
(Figure 1), the salt flux is the sum up of two terms: salt diffusion
from local salt concentration gradient and dilution by convective J,,
[21,23,24]. Thus, the mass transfer equations in FO orientation and
PRO orientation can be written as equation (5) and (6), respectively.

J{? ==D,; dC)/dx+ (~J;°C() ®
TP = D dC(x) / dx+ (T 0C() ©

The boundary conditions for equations (5) are: at
x=0,C(x)=Cy,; and at x=0,C(x)=Cp,-

conditions for equation (6) are: at x=0,C(x)=Cp,; and at

Boundary

x=t3,C(x)=C, . Solving equations (5) and (6) using above
boundary conditions respectively yields:

CD,m = CD,bexp('JFOS/D)'Js/JW (1- exp(_JFoS/D)) (7)

Cro = Crpexp(J oS [D )+ I [y (exp(J oS /D)-1)  (8)

Above equations reveal that actual salt concentrations at the
selective layer-support membrane interface at both FO configuration
and PRO configuration are determined by two terms: convective flow
term and solute leakage term [21].

Here, we define the A7 o loss to ICP in support membrane
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Figure 1: Schematic drawing of solute concentration profile across a TNC membrane at: a) FO orientation and b) PRO orientation.
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over apparent driving force as the ICP index (I). The ICP index can be
calculated based on its definition and equation (7) and (8):

CD,h - CD,m — 1
CD./v - C/-ih - CD.lv - C[-i/;

*(Cpy +

o) (eI /D) (9)

1 FO

C...-Cpp 1,
_ “FEm b C
e CD,h - CF,I: CD,b - CF,b ( "

I 5 )% (expU}S / D)-1) (10)

+
A*nR,
In the PRO orientation, the negative dilution effect of convective
water flux J "0, which happens externally can be similarly defined as
the ECP index [21]:

CD,b - CD, m 1 B

E = = *C  +
PRO (Cpy A*n RgT

)*(1-exp(-J;* k) (11
Cn,h - CF,b Cn.h - Cﬁb ! ( )

Equation 9 to 11 relates the CP indexes, Lo Enp and Lo tO
intrinsic parameters of membrane (A, B and S values). In FO
orientation, the dilution of draw solution locates inside support

membrane, thus the I, is a sum up of two terms: the first term,
Cpy *(1- exp(-J,;US/D) / (CD,h -Cpy)s

effect of diluted draw solution by convective JWF/O and support

represents the coupled

membrane resistance to diffusion (S/D); while the second
B*(1-exp(-J,°S / D))/ (A*nR,T *(C, - Cp, ),
represents the coupled effect of solute leakage with the
convective dilution. In PRO orientation, the dilution of draw

solution locates in the bulk solution, thus the E,, is a sum up of

term,

two similar terms: the first term C,, *(7-exp(-J}*° [k )/ (C,, - Cp, ),

represents the convective dilution in the bulk solution, while the
second  term, B*(1-exp(-J,  / k) / (A*nR,T*(Cp, -Cp, ),
represents the coupled effect of solute leakage with the convective

dilution by J Vl; RO This is a sum up of two terms: the first term

Cp,* (exp(J,I;ROS /D)-1)(C,,—C,), represents the coupled
effect of accumulated draw solution by convective J, V};RO and support
membrane resistance to diffusion (S/D); while the second term,

B*(exp(J}f°S / D)-1)/ (A* nR,T*(C,,-Cy,)), represents

the coupled effect of solute leakage and the convective accumulation.
Experiment
Electrospinning of nanofiber support membrane

PAN nanofiber support membranes were electrospun-bound
from 8 % w/w PAN (Mw=150,000 g mol") solution in N,N-Dimethyl
Formamide (DMF), using a custom-built device [12]. The optimum
concentration of 8% was chosen to avoid spraying droplets (low
concentration) and thick fibers (high concentration). The solution
was mixed for at least 24 hours at 80°C before use. Nanofibers were
formed by drying out from continuously elongated viscous polymer
solution jet in electrical field. Typically, a DC voltage of 30 kv was
applied between an stainless steel (SS) spinneret orifice (D=0.7 mm)
and a SS rotating drum (300 rpm) 15 cm beneath the orifice. A
horizontally oscillating actuator (60 cm min™) drove the rotating drum
simultaneously. Prior to electrospining, the stainless steel rotating
drum (Length x Diameter=20 cm % 10 cm) was wrapped with a Poly
(ethylene terephthalate) (PET) non-woven substrate (Ahlstrom Grade
3249) pre-wetted with NMP (Acros organics). The PAN solution was
fed to the spinneret with a constant speed of 40 pl min™. Dispersed
nanofibers were spun-bounded and assembled into a nascent nanofiber
support membrane on the rotating drum. The nascent nanofiber
support membrane was sandwiched between two pieces of clear glass
(10 mm thick) and heat treated at 120°C, resulting in final nanofiber

support membrane. Chemicals (if not specified) were purchased from
Sigma Aldrich.

Modification of nanofiber support membrane

A part of PAN nanofiber support membranes were treated with 1.5
M NaOH (Merck) at 60°C for 1 h. The nitrile group on the side chains
of PAN readily hydrolyses to form ~-COOH [25].

Interfacial polymerization

Interfacial polymerization (IP) was performed on surfaces of the
electrospun support membranes. The nanofiber support membranes
were immersed into isopropanol for better wetting ability prior to IP.
The IP recipe was adpoted from literature with some modifications
[19]: Support was taped to a piece of glass with four sides sealed, and
then soaked in 3% m-Phenylenediamine (MPD) aqueous solution (with
or without triethylamine (TEA, 1.1% v/w) and camphor sulfonic acid
(CSA, 2.3% w/w)) for 2 minutes. Air knife (operated at 0.2 Bar, 10 mm
away from support membrane surface) was used to drain excess MPD
solution from saturated nanofiber support membranes until surfaces
became dull. Then, 0.15% w/w trimesoyl chloride (TMC) in hexane was
poured onto the MPD saturated support membranes. After 1 minute
reaction, the nascent composite membrane was cured at 105°C in oven
for 2 minutes. Then the stabilized TNC membranes were substantially
washed with DI water and kept at 5°C in DI water until further tests
were conducted.

Chlorine modification of polyamide active layer

The NaClO modification is related to NaClO concentration,
exposure time, pH value and post treatment. In this work, the
modification conditions are chosen based on previous publications
[26]. Briefly, sodium hypochlorite (4%-4.99%) aqueous solution was
diluted by 40 times (~1000 ppm) and 20 times (~2000 ppm). The pH
of the diluted NaClO solutions were adjusted to 7.0 + 0.2 with 6M
HCl. Membranes treated with 1000 ppm NaClO were immersed in
0.1 M NaOH solution for 14 h subsequently. Membranes treated with
2000 ppm NaClO were immersed in 0.1 M NaOH solution for 48 h
subsequently. Next the treated membranes were washed with DI water
extensively, cured again at 95°C for 2 minutes and kept in 5°C DI water
before further experiment.

Designation of membranes

The membranes subject to one or two of the above modification
methods are summarized and designated in following table. The
“MPD+TMC” refers to IP recipe without additives during fabrication.
The “substrate removal” refers to removal of PET non-woven substrate
before any test of performance. The procedures of other three categories
can be found in above experimental sub-sections (Table 1).

NaClo NaCIlo
Wash

Membrane MPD NaOH Amine sh
(1000ppm) (2000ppm)

Designation +TMC Treatment Additive

Substrate
Removal
TNC-1 N

TNC-2 y

TNC-3 y

TNC-4 v v

TNC-5 R

TNC-6 V

TNC-7 V
TNC-8 y N

Table 1: Designation of membranes.
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Determination of water permeability coefficient

Water permeability coefficient (A) is determined by a bench scale
cross-flow RO unit [12]. Spacers (sterlitech, Sepa CF feed spacer, 17
mil) were inserted. The cross flow velocity (CFV) was 15 cm/s. The
loaded membrane was subject to pure water compaction at 10 Bar for
at least 3 h before conduction of experiment. Then the pressure was
lowered down to a series of values (AP) and the corresponding pure

water flux J, ,,1;0 was measured. A is the slope by linear fitting AP as a

function of J;;O (AP=A* J;;O ) [7].
Determination of membrane performance in FO orientation

0.5-2 M NaCl and DI water (CF,b0=0) was employed as draw
solution and feed solution respectively. The nanofiber membrane was
loaded in a custom-built FO module (effective membrane area=23.76
cm?), with support membrane facing draw solution (FO orientation)
and active layer facing feed solution. The schematic diagram of the FO
module was shown in Figure Al (Appendix). Spacers (Sepa CF feed
spacer, 17 mil thickness) were set in the 2 mm deep troughs on both of
feed and draw sides. CFV on both feed and draw side was maintained
at 16.7 cm s”'. While equilibrium was reached, the conductivity and
weight change of feed and draw solutions were continuously monitored
and logged into computer every 2 minutes. The J I; © and C,,can be
derived from the monitored data [12].

Determination of solute permeability coefficient (B) and
membrane structure parameter (S)

The salt permeability (B) and structure parameter (S) was calculated
based on FO water flux, J ; O and FO solute flux, J 5 O As such,
according to mass balance equation:

CEb(Vo'J;O*Am*U:CEbo*K)+JSFO*Am*t (12)

Wherein C,, is the bulk feed solute concentration at time . V,is

the original feed solution volume. A  is the membrane area and C,, is
the initial bulk feed solute concentration. J 5 9 is the FO solute flux,

which can be rewritten as [11]:

J =BC,, exp(— J,,° /D) (13)

Wherein C,,, is the bulk draw solute (NaCl) concentration, D is the
solute diffusion coefficient [27]. S is the membrane structure parameter,
which can be calculated from Equation 14 [12]:

S :(D/J;O)*ln((B+A*7zD’b)/(B+J§0)) (14)

Wherein 7., is the osmotic pressure of bulk draw solute (NaCl).
The above equation 1, 2 and 3 have three unknown variables, thus
,]50 , Band S can be solved.

Determination of membrane performance in PRO orientation

Keeping all other parameters the same with the test in FO
orientation, the PRO orientation refers to the reverse membrane
orientation—polyamide active layer facing draw solution (PRO
orientation) and porous nanofiber support membrane facing feed

solution. Accordingly, the water flux in PRO orientation, J ;’ RO

. . . PRO .
and solute flux in PRO orientation, J s can be derived from the

monitored data.
Membrane characterization

Micro-images were obtained employing a Zeiss Evo 50 Scanning

Electron Microscopy (SEM). High resolution SEM images were
obtained using a Joel JSM-7600F thermal field emission SEM (FESEM).
Exposed cross-sections were obtained by fracturing the samples
immediately after flash-freezing by liquid nitrogen. An EMITECH
SC7620 sputter coater was utilized to coat all samples with gold for
45-60 seconds.

Results and Discussion
Membrane structure and morphology

Figure 2 shows the comparison between FESEM images showing
top surfaces of phase-inversion support membrane (left) and nanofiber
support membrane (right), respectively. Compared with nanofiber
support membrane, phase inversion support membrane showed
smaller and tortuous pores on the surface. The narrow and tortuous
pores in the nano-range results in overall low surface porosity [28].
This pore-structure of support membrane is not favorable for: i) the
diffusion of draw solutes, and ii) the contact between draw solution and
selective layer, thus is not the best candidate for FO applications [12].
By contrast, the nanofiber membranes have a uniformly distributed
porosity of near 80% along the entire support membrane thickness,
favoring the contact between draw solution and selective layer [12,13].
Furthermore, the inter-connected and less-tortuous pore structure is
favorable for convective solute diffusion and thus alleviates ICP within
the support membrane.

Figure 3 shows SEM images of surfaces of TNC-1, TNC-3, TNC-5
and TNC-6 membranes (a-d) and typical cross section image of TNC
membranes (e-f). After IP was performed, surfaces of the nanofiber
support membrane have been bonded with a dense polyamide layer.
The morphology of the polyamide layer is typically “ridge and valley”
characteristics of rough IP surface (Figure 2a). By visual observation
from the SEM image, numerous “leaf-like” structures appear at the
surface. With the addition of amine (TEA), the leaf-like structures can
hardly be seen and the surface shows smoother and “nodular-like”
morphology (Figure 2b). Similar observation has been found by Ghosh
et al. [19]. When the TNC membrane is treated with 1000 ppm and
2000 ppm NaClO, the surface becomes rougher as more “leaf-like”
micro-structures, can be observed in the SEM image with the same
magnification (Figure 2¢ and 2d). The change of surface morphology
has been linked with possible change of membrane performance in
previous publications [29]. The cross-section view of the membrane
presents a thin and dense polyamide active layer been successfully
synthesized and closely bonded with the nanofiber support membrane
(Figure 2e and 2f).

Figure 2: Top surface FESEM images of phase-inversion resulted PAN
support membrane (left) and electrospun PAN nanofiber support membrane
(right).
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1pm WD Bmm

Figure 3: SEM images showing: top surfaces of (a) TNC-1 membrane; (b)
TNC-3 membrane with TEA as additive; (¢) TNC-5 membrane with 1000 ppm
NaClO treatment; (d) TNC-6 membrane with 2000 ppm NaClO treatment and
cross-sections of typical TNC membrane (e-f).

Factors that influences permeability coefficients (A and B
value) in TNC-FO membranes

Role of hydrophilicity of nanofiber support membrane:
Hydrophobicity of membrane support membrane inhibits the
membrane wetting ability and exacerbates ICP [18]. In our previous
work, the unique pore structure of nanofiber support membranes
have been proven to favor the water to pass through the membrane
and alleviates the ICP [12,30]. However, the impact of hydrophobicity
of nanofiber support membrane on the FO performance of TNC
membranes has not been studied [31-33].

In this work, PAN, a polymer with alterable hydrophobicity
and widely been used to fabricate commercial ultrafiltration (UF)
membranes, was selected to fabricate the nanofiber support membrane
[31,34]. Figure 4 shows the comparison of FT-IR adsorption spectrums
before and after alkali treatment. Peaks at 1452 cm™ and 2243 cm™ are
the characterization absorption peaks of PAN, attributing to stretching
of -C=N and bending of -CH2 respectively. Strong new adsorption
peaks at 1569 cm™ and 1405 cm! (overlapped with 1452 cm™) indicates
the formation of carboxylic groups during hydrolysis of PAN [34,35].
Concurrently, contact angle has been reduced from 41° to 11° upon
the alkali treatment (Figure 4, inserted pictures). The colour of the
support membrane turned from white to golden yellow through the
treatment. Similar observations of hydrophilicity increase upon alkali
modification have been found in PAN phase-inversion membranes
[34,35]. It has been revealed that the alkali treatment is an efficient
solution to enhance the hydrophilicity of PAN because of efficient
conversion of -C=N groups to -COOH groups [36]. The membrane

intrinsic parameters of membranes before and after hydrolysis are
plotted in Figure 5. As support membrane b treated by NaOH (TNC-
2), the A value of membrane increased from 1.23 + 0.08 L m2h!bar!
to 1.39 + 0.12 L m™?h' bar" while the B and S values were maintained
at nearly the same level. Note that the alkali treatment does not alter
the structure of the PAN nanofiber membrane, thus the change of
FO performance upon alkali treatment should be attributed to the
enhancement of hydrophilicity. After removal of PET non-woven
substrate (TNC-8), the A value further increases to 1.43 + 0.10 L m
h'bar'.

Role of IP additive in the selective layer: Additives into interfacial
polymerization recipe substantially influence the polyamide active
layer morphology and membrane intrinsic separation parameters
[19,29]. The intrinsic parameters of membranes with (TNC-3) or
without (TNC-1) additives are compared in Figure 6. Also, the NaClO
post-treated membranes with (TNC-4) without (TNC-5) additives are

0.09
— After hydrolysis
— Before hydrolysis
14f2 cm’!
1568 cm!
o 0.06 4
o '
c
= 2243 cm”
= '
(7]
e}
< 0.034 ‘ I \
0.00 T T v v

1 1 L] L] L] M L]
1400 1600 1800 2000 2200 2400
Wavenumber (cm-)

Figure 4: FT-IR adsorption spectrums before (black line) and after (red line)
alkali treatment. Inserted images show the according contact angle.
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1S
16} 4160
—_ 1 ] 7 4140
wT .
B & {120
= £ v
Cd -100'5
ES 3
:',5 480
<
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440
N J20
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Figure 5: The membrane intrinsic parameters of TNC membranes before
(TNC-1), after hydrolysis (TNC-2) and further removal of PET nonwoven
substrate (TNC-8).
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Figure 6: The membrane intrinsic parameters of TNC membranes fabricated
without TEA (TNC-1 and TNC-5) or with TEA (TNC-3 and TNC-4).

compared in the same figure. In both cases, membranes fabricated with
TEA-CSA as additives have lower A, B and B/A values compared with
that without the additive. When membranes were not treated with
NaClO, the addition of the TEA-CSA decreased B/A from the value
0f 0.28 to 0.11. When membranes were treated with 1000 ppm NaClO,
the TEA-CSA decreased B/A from 0.31 to 0.23. Lower B/A values
indicate better ability for membrane to separate water and solutes [14].
The TEA is generally believed to facilitate IP reactions by releasing free
amine groups and neutralizing HCl produced [19,37]. The function
of CSA is likely to prevent the microstructures in the polyamide layer
from collapsing during the high temperature curing [19]. It has been
shown in Figure 2b that the addition of TEA in IP recipe results in
a smoother “nodular-like” morphology, this feature may relate to its
lower water and solute permeability, as shown by a previous study of
polyamide membranes [29].

Role of chlorine modification of membrane selective layer: A
series of water permeabilities can be obtained by treatment applying
different concentration of NaClO [21]. It is found recently that a
combination of N-chlorination and hydrolysis processes can result in
the increase of membrane permeability [38,39]. The chlorine treatment
increases water permeability at the expense of some salt passage.
The “trade-off” relationship between water permeability and solute
permeability has been studied by several studies [11,15,40]. Study of
the relationship between water/solute permeability gives insightful
knowledge to optimize membrane for various FO applications. In
Figure 7, the membrane treated with mild conditions of chlorine,
designated as “INC-5”, has tripled A value (3.82 L m?h' bar?)
compared to membranes with no NaClO treatment (TNC-1, 1.23 L m*?
h'bar?). The trade-off is the quadrupled B value of TNC-5 (1.19 L m?
h!) compared to TNC-1 (0.28 L m*h™!). The harsher chorine treatment
yields even higher A and B value of 5.31 L m?h"'bar and 3.86 L m*
h! respectively. This result is consistent with previous publications that
NaClO is effective to enhance water permeability of polyamide layer
[21,38]. Note that as A value increases, B value increases much faster.
The trade-off relationship is discussed in the following section.

Role of PET non-woven substrate: The thick and dense non-
woven PET substrates for pressure-driven membranes, such as reverse
osmosis membranes, were considered to cause substantial water flux
loss in osmotically-driven processes [18,20]. Alternatively, thinner
and more porous non-woven PET substrate has been used for higher
performance [7]. In this study, the role of PET substrate on FO

membrane is also investigated (Figure 8). After carefully removal of
non-woven substrate, the A value was increased from 1.23 L m2h'bar!
(TNC-1) to 1.41 L m?2h'bar! (TNC-7).

Trade-off relationship of membrane intrinsic water

permeability and solute permeability

In previous studies, it has been proposed that B is linearly related
with A® for polyamide membranes [11,15]. Membranes with higher
A value facilitates the clean water production at a higher rate and
thus is land-saving; however, subject to the trade-off relationship,
the concurrent increases of B value result in more severe leakage of
draw solutes. Thus, the efficiency of the FO system is determined by
the design of FO membrane to achieve high A value while maintaining
affordable B value. A and B values of all TNC membranes are plotted
in Figure 9. It was found that all the A-B pairs can be fitted with the
function of B=K'A? (k=0.025 bar*m*h?L?). Note that the above “trade-
off” relationship can be re-arranged to be:B/A=K'A’. This implies
that any attempt to increase the water permeability will suffer from
concurrently increase B/A value and sacrifice the selectivity. The B/A
value have been employed to indicate the selectivity of membrane [14].
Thus in this paper, B/A is employed as the main variable to reflect the

A A
" B
s
5| 7

N

1+ Ny

0 . A\ . 7A\
TNCA1 TNC-6

Figure 7: The membrane intrinsic parameters of TNC membranes without

NaCIO treatment (TNC-1), with 1000ppm NaClO treatment (TNC-5) and with

2000 ppm NaClO treatment (TNC-6).
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Figure 8: The membrane intrinsic parameters of TNC membranes with (TNC-
1) or without (TNC-7 and TNC-8) PET non-woven substrate.
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(vertical axis) as a function of C,,. C,,, (NaCl) was varied from 0.5 M to 2 M
while the feed solution concentration was maintained at 1 mM.

membrane selectivity and is related to the FO performance of TNC
membranes.

Relating TNC membrane intrinsic parameters with FO
performance

Typical behavior of water/solute flux as CD, b increases: The
typical FO water flux of the TNC-FO membrane (TNC-2) is plotted
in Figure 10. The green triangles represent the experimental water
flux (J ;RO) in the PRO orientation. The concentrations of NaCl draw

solution range from 0.5 M NaCl to 2 M NaCl. The resulted J, ;RO
ranged from 22.0 L m?h to as high as 59.3 L m?h"'. While switched

. . . FO
to FO orientation (green circles, J I; 0), the resulted J w Wwas from
19.0 L m?h' to 37.1 L m?h over the same range of concentration.

The lower J, ;0 compared with J ;RO was believed to be attributed
by more severe ICP at FO orientation [1]. It was also believed that the
lower-than-expect water flux of FO membrane was mainly contributed

by ICP rather than by ECP [41]. With the increase of CD 5> both of

PRO FO .
J w and J w increases initially at low C Db but then leveled off

at high C 1 This phenomenon has been described as “self-limiting”

water flux behavior, and was believed to be caused by ICP induced by
inefficiency of solute diffusion in support membrane [16]. The solute
fluxes increase with similar trends of water fluxes: at PRO orientation,
J§R0 increased from 5.79 g m?h™ to 19.69 g m?h™ over the solute

range tested; while at FO orientation, J ;‘- 9 increased from 4.49 g m
h't09.71 gm?h™.

Relating water/solute flux to water/solute permeability
coefficients: In Figure 11, the value nRgT‘]S/ J,, (vertical axis) is plotted
against the B/A value (horizontal axis). At low B/A values, all the data
points lies near the line where nR T*J/J, =B/A. This suggests that flux
behavior fulfills the S-D model suggested by Equation 4 very well
[14,34]. This behavior is consistent with the validation of using the B/A
as the indicator of the separation ability of the membrane, as the J /],
stands for the unit of solute sacrificed to produce per unit of clean water.
However at high B/A values, the values of nRgT*]S/] v tends to deviate
from fitted line. The bigger value of #R T*]/J,, than B/A, especially
at high membrane permeabilities, may reflect that J /], is no longer
linearly related with B/A when solute rejection is low. The non-linear
increase of nR T*J /], is likely to be cause by 1) the non-ideal solution-
diffusion transportation of the solutes and 2) the coupled effects of the
reverse solute permeation and the internal concentration polarization.

Relating membrane performance to water/solute permeability
coefficients: For all the membranes, the summarized membrane

PRO yPRO 7FO FO . N
performance (JW J s ,JW and J g on vertical axis) is
plotted as a function of B/A (horizontal axis) in Figure 12. When

C,,=0.5 M NaCl (upper left), the J ,,};RO and J, nljo generally
increase as B/A increases. This can be interpreted as higher A value of
membrane allows more water to pass through the membrane. When

C,,=2 M NaCl (upper right), the J ,;RO and J ;0 increases first
and then decreases while B/A value is excessively high. For example,

JPRC and JJ° for TNC-5 (B/A=0.36) is 91.2 L m?h" and 60.9 L
m?h respectively. However when B/A was further increased to 0.73

(i.e. TNC-6), the value of J VI;RO and J ,ZO decreased to 86.9 L m™
h' and 57.9 L m?h", respectively. This phenomenon of JW, due
to a synergistic effect of solute leakage and convective J}, induced
concentration polarization, will be analyzed and explained later. The
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Figure 11: Linear fitting of nR T*J/J_ (vertical axis) as a function of B/A
(horizontal axis).
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solute fluxes, J _é) RO and J SF ? , constantly increased with bigger B/A
value. It is worth to note that beyond B/A=0.2, only a little increase

of of B/A results in substantial increase of both J §RO and J 5 O. To

conclude, although the more permeable (higher B/A value) enjoys
higher ], this enhancement generally reaches a plateau when B/A is
larger than 0.2. Concurrently, ], was observed to increased substantially
beyond B/A=0.2 and resulted in limiting, or even deterioration effect
for J . Thus from economical angle, FO membranes should generally
have B/A<0.2 to minimize the uneconomical loss of draw solutes due
to reverse diffusion (Supplementary Figure 1).

Relating membrane intrinsic properties with ICP and ECP
indexes

Using experimentally determined J o) A B, S values, the ICP and
ECP indexes of FO orientation and PRO orientation can be derived
by Equation 9, 10 and 11. Study of the CP indexes reveals the severity
of undermined solute concentration by the according ICP and ECP
phenomena. In the PRO orientation, both of ICP and ECP indexes are
modeled [21,42]. However, in FO orientation, only the ICP is modeled
while the ECP is considered paltry [16]. The value of ICP index is
defined as the portion of A . loss, which is either due to the dilutive
ICP (I,,, FO orientation) or concentrative ICP (I, ., PRO orientation),
divided by the osmotic pressure difference between the bulk draw
and feed solutions. The value of ECP index is defined as the portion
of A of loss due to external dilution, divided by the bulk osmotic
pressure difference. The I, I, or E,  is plotted as a function of B/A
in Figure 13. At both draw solution concentrations, I, generally
increased with bigger B/A. This is because: a) bigger B/A values
indicate more solute leakage, leading to exacerbated dilutive ICP;
b) according to the “trade-off” relationship between A and B values,
higher water permeability always accompanies enhanced B/A value.
As aresult, higher convective water flux Jw exacerbated the dilutive
ICP, as can be interpreted in Equation 11 that the ICP factor (i.e.
1-exp(-J}°S / D))is increased [16,43]. Similar explanations can
be made to the trends of E,, and I .

The E,, (green solid circles) and I (red solid circles) exhibited

PRO (

similar trends and magnitude. The formulas in Equation 11 and Equation
13 to calculate the two indexes are identical, as the two phenomena
both result from dilution by the convective J,. However, the physical

meaning of the ECP and ICP factor is different: the k in the ECP factor,

(I-exp(-J ;RO / k )), stands for mass transfer coefficient in bulk

solution; while the D/S in the ICP factor, ( / - exp(-J. ;O / (D/S)),

stands for mass transfer coefficient in support membrane. The resistance
of the support membrane always results in lower mass transfer coefficient

than in the bulk solution, thus the value of J| VI;O is constantly lower than
the value of J, VI;RO [16]. Since the D value was kept as constant (i.e. solute
type and temperature kept the same) [27], the deviation between J WF,O

and J, ;RO is determined by the S value of the FO membrane. When
support membrane is thick and dense (i.e. big S value), the ICP factor
is much bigger than ECP factor, resulting in more severe dilution
in the support membrane. The mass transfer coefficient in support
membrane, D/S, is inefficient to restore the solute concentration in

L FO
the support membrane, resulting in much lower J,~ compared

to J, VI;RO [16,18]. This scenario happens in conventional composite
polyamide membranes fabricated by phase-inversion methods with
S value ranging from 300-3000 pm [11]. However, when support
membrane is porous and thin (i.e. small S value), the ICP factor

approaches ECP factor, resulting in less discrepancy between .J ;0

and J, V};RO . This explains why J. ;0 and J WIZRO for TNC membranes

(S~150um) shows less disparity than the equivalent for conventional
polyamide composite membranes [5-7,44]. As a result, the I, and E, ,

- . . FO PRO
have similar magnitude, as they are reflections of Jy,~ andJ,
respectively.

Compared with I, and E,,, the value of I, is substantially
smaller, especially at low B/A value (Figure 13). For example, when B/
A=0.19 (TNC-2 membrane), the Lro Was merely 0.007, while I and
E,.,was 0.42 and 0.35, respectively. Even at the highest B/A value
investigated in this paper (0.73, TNC-6 membrane), the I, was merely
0.16, while Iy and E,., was 0.70 and 0.52, respectively. It was observed
that the significance of I, literally increases with higher B/A value.
Because C,, was kept constantly at 1 mM, the I, increase should be
contributed by more severe leakage of solutes into support membrane
according to Equation 12. However, the substantially smaller value of

Iz compared with E,  reveals that the external convective dilution

causes more severe AT o loss compared with internal concentration

109 o 1o Cy:=0.5MNaCl | C,,=2MNaCl 1
Eero C.,=ImMNaCl | C_ =1mM NaCl .
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Figure 13: The ICP and ECP indexes of TNC membranes as a function of B/A

with C,,=0.5 M NaCl (one the left) and C, =2 M NaCl (on the right).

J Membra Sci Technol, an open access journal
ISSN: 2155-9589

Volume 6 « Issue 4 + 1000160



Citation: Xiaoxiao S, Prince JA, Sun DD (2016) Relating Water/Solute Permeability Coefficients to the Performance of Thin-Film Nanofiber Composite
Forward Osmosis Membrane. J Membra Sci Technol 6: 160. doi:10.4172/2155-9589.1000160

Page 9 of 10

polarization. This implicates that the high J| s has become the main
restriction of membrane performance.

To conclude this section, when dilute feed solution was used,
Ar o loss to coupling of convective dilution with mass transfer

coefficient in support membrane (i.e., D/S value) is the most severe,
resulting in lower J VI; o Arx off loss to coupling of convective

dilution with mass transfer coefficient in bulk solution (i.e., k value)
is less severe, resulting in higher J PRO Ar of loss to coupling of
leakage of solutes with mass transfer coefficient in support membrane
(i.e. D/S value) is minor.

Conclusion

Aseriesof TNCmembraneshavebeen fabricated/modified by means
of NaOH treatment, IP additives, chlorine post treatment, or removal of
non-woven PET substrates. These membranes have varied water/solute
permeability. It was found that A-B pairs of all the membranes can be

fitted into the empirical relationship of B =k * A’ (k=0.025

Bar’m?h’L?). That means any increase of water permeability of
polyamide composite membrane accompanies concurrent increase of
solute permeability. This “trade-oft” relationship between water/solute
permeability is closely related to the FO membrane performance. When
B/A is low, both of J W and J g is low; when B/A is enhanced, J W

will be increased substantially at the beginning but eventually level off
and even be decreased. This results from a) the increase of J| w also
exacerbate the convective dilution (“self-limiting” phenomenon); and
b) bigger B/A value deteriorates the membrane selectivity, thus more
severe leakage of solutes exacerbate the ICP within support membrane.
The comparison between ICP index in FO orientation, I, ECP index
in PRO orientation, E, , and ECP index in FO orientation, Lo reveals
that convective dilution by J, itself is the main restriction of further
Jyy increase. The coupling of convective dilution with diffusion
resistance in support membrane (S value) resulted in further decreased

J VI;O compared to J V[; RO | However, the decrease has been minimized

because of low S value of TNC membranes (~150 pum). The leakage of
solutes into support membrane causes accumulative ICP, however its
value is minor compared with convective dilution.
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