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A B S T R A C T   

In this study, thin-film composite (TFC) hollow fibers (HFs) were fabricated by an in-situ coating of polyamide 
layer on the lumen side of PVC/PC blend substrates for desalination by forward osmosis (FO). Particularly, the 
substrate HFs were spun at two air gap distances of 2 and 6 cm, to investigate the effect of the air-gap distance on 
the FO performance. The substrate HFs were characterized by pure water flux measurement, FESEM, and gas 
permeability test. The Interfacial polymerization (IP) method was then utilized for coating polyamide (PA) layer 
on the lumen surface of the substrate to fabricate TFC HFs. The TFC HFs so fabricated were also characterized by 
FESEM, before their FO performance was tested. Furthermore, the effect of HF length on the FO flux was 
investigated. The results showed that the novel TFC HFs exhibited good FO performance. The longer the air gap 
distance, the better becomes the FO performance in terms of simultaneous water flux and alginate fouling 
resistance, while the effect of the HF length remains a controversial issue.   

1. Introduction 

Water scarcity is considered as one of the most crucial issues in the 
world [1,2] which needs to be addressed urgently by exploring alter
native resources, such as wastewater reclamation and seawater desali
nation [3–7]. Nanofiltration (NF), Forward osmosis (FO), and reverse 
osmosis (RO) processes are membrane-based separation technologies 
that are currently employed for supplying freshwater from wastewater 
and saline water [8]. RO is regarded as the most commonly used com
mercial membrane process for water treatment. However, severe 
membrane fouling [9], and concentrated brine exiting from the process 
remain its serious challenges. To produce clean water, typical membrane 
processes usually use hydraulic pressure as the driven force for separa
tion. However, FO uses osmosis through a semi-permeable membrane to 
extract pure water from a low salinity solution (feed solution) to a draw 
solution as a high salinity one [10–12]. Therefore, FO process does not 
require high-pressure pumps. Nevertheless, challenges such as high 
reverse salt flux, low water flux, fouling [13] and difficulty to recover 
draw solution have impeded commercializing FO technology [14]. 

Membrane properties largely control the FO process performance. 
Therefore, it is imperative to design and fabricate membranes that are 
most suitable for FO. Among the membranes applied in the osmosis 
process, thin film composite (TFC) membranes have so far been most 
extensively used for the FO process [15–17]. TFC membranes consist of a 
porous substrate and a dense active layer coated via the IP method onto 
the top surface of the porous substrate [18–21]. Indeed, applying a 
composite structure comprising a porous substrate of inexpensive ma
terial and a thin and dense active layer can decrease the overall mem
brane material cost. Also, the properties of the porous substrate and the 
active layer can be optimized individually [22]. TFC-FO membranes can 
be classified geometrically into two forms: (i) flat sheet and (ii) hollow 
fiber (HF) membranes [23]. HF membranes have some advantages over 
flat sheet membranes [24,25], such as self-supported mechanical prop
erties, enabling the higher effective surface area in a module [26], and 
also easiness of scaling-up. In addition, HF can offer novel flow patterns 
required for FO process [27–30]. Overall, for large-scale applications, 
HF membranes could be more economical [31]. Despite these advan
tages, the fabrication of FO hollow fiber membranes faces several 
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challenges. They are related to the limitation of suitable materials (hy
drophilic and mechanically robust) for the substrate hollow fibers, i.e., 
necessity to improve the phase separation methods for the fabrication of 
HFs with high permeation properties and good mechanical properties 
[32]. Numerous studies have been performed on the hollow fiber 
membranes in the FO process. In these studies, polymers such as PES 
[23,29,33–35], sulfonated polyphenylene sulfone [30] Matrimid [27], 
PAN [36], and Polyketone [37] have been used as substrates. In some 
cases, the active layer is made on the inner surface and in the others on 
the outer surface of the membrane. In addition, the effect of various 
parameters on membrane properties and performance has been dis
cussed. Zhong et al. [30] studied the effect of the degree of sulfonation of 
polyphenylene oxide on the morphology of HF substrate and its impact 
on the performance of the inner selective skin layer. Luo et al. [27] span 
Matrimid HF substrate with a three-needle blossom spinneret to fabri
cate inner selective membrane and reported that their HF had superior 
durability with respect to those spun by a simple spinneret, enabling 
easier washing and long-term operation. Ren et al. [36] prepared PAN 
with outer selective HF membrane and studied the bore fluid effect on 
the substrate structure and membrane performance. Shibuya et al. [37] 
fabricated TFC outer selective HF membranes with Polyketone sub
strates. They investigated the effect of diameters and thicknesses of 
substrates on the membrane performance [37]. 

In the present study, a thin-film composite of hollow fiber membrane 
was fabricated for use in a forward osmosis process having a PVC/PC 
substrate and an inner-selective polyamide substrate. PVC polymer is 
one of the economical membrane materials that have been widely used 
to make ultrafiltration membranes. This polymer is hydrophobic hence 
it has been attempted to enhance the hydrophilicity of PVC membrane 
[38]. As a practical method, one can blend it with a hydrophilic polymer 
like PC due to the presence of carbonate group in the PC chains. The 
good compatibility between PC and PVC was demonstrated by Behboudi 
et al. [39]. In this study, the effect of various parameters on membrane 
performance was discussed. During the substrate construction stage, the 
effect of air gap on the structure of the substrate surface, including 
surface pore size and the effective surface porosity, were investigated. 
The substrate surface have a great impact on the characteristics of the 
polyamide active layer and the formation of a defect free active layer. 
Therefore, the effect of substrate surface characteristics on membrane 
structural parameter, membrane performance in the process of forward 
osmosis and membrane fouling with sodium alginate feed were dis
cussed. Also, after fabricating the membrane with the optimal substrate, 
the effect of fiber length on membrane performance in the forward 
osmosis process was discussed. Furthermore, to the best of authors’ 
knowledge, no such studies have been addressed, where PVC/PC blend 
was used as a substrate for fabricating the TFC hollow fiber FO mem
brane. Moreover, in only very few investigations the effects of the sur
face porosity of the porous substrate membrane on the structural 
parameter and FO performance of the TFC prepared membrane have 
been investigated. 

2. Experimental 

2.1. Materials and chemicals 

Polyvinyl chloride (MW=90000, Arvand Petrochemical Company), 
polycarbonate (MW=90000, Khuzestan Petrochemical Company) were 
used as substrate materials. 1-methyl-2-pyrrolidinone (NMP) (>99.5%) 
as a solvent and Polyethylene glycol (PEG) 400 as a pore former were 
applied for preparation of membrane substrates. 1,3-phenylendiamine 
(MPD) (>99%), sodium dodecyl sulfate (SDS), n-hexane (>99%) and 
1,3,5-benzenetricarbonyl trichloride (TMC) (>98%) supplied by Merck 
were used for fabricating inner polyamide (PA) selective and dense layer 
of TFC membranes. 

2.2. Fabrication of hollow fiber membrane substrates 

In this study, a dry-jet wet spinning technique was used to prepare 
the HF substrate membranes [23]. Table 1 summarizes the dope 
composition as well as the spinning conditions. To prepare the dope 
solution, a predetermined amount of polymer blend (0.5%wt PVC in PC) 
was dissolved in NMP/PEG solution at 40 ◦C for 24 h under magnetic 
stirring. Then, the homogeneous solution was degassed overnight. PEG 
was used for the formation of a sponge-like porous structure. The 
polymer solution so prepared was injected the spinneret applying a sy
ringe pump with a fixed flow rate. The bore fluid was also fed into the 
spinneret with another syringe pump at a constant flow rate. After being 
extruded from the spinneret, the as-spun HF entered into the coagulation 
bath after traveling the air gaps of either 2 and 6 cm. Thus, depending on 
the air gap distance, the HFs are called HF-2 or HF-6. HFs were further 
kept immersed in tap water for two days to ensure the release of the 
remaining solvent. The coagulation bath was refreshed with fresh water 
from time to time to perform a good solvent exchange. The HFs were 
then divided into two groups. The first one was kept in the water bath for 
another day and then dried in the ambient condition for three days 
(They were used for gas permeation testing.). The other one was kept in 
a 50 wt% glycerol solution in water for one day, and then dried for three 
days to avoid the shrinkage of membrane pores. The latter one was used 
for pure water permeation and FO tests. Two kinds of stainless-steel 
housings with a diameter of 0.013 m and lengths of 0.15 and 0.25 m 
were used. In all performance tests, a module with a hollow fiber length 
of 0.1 m was used and for investigating the fiber length effect on 
membrane performance it was compared with the module with 0.19 m 
fiber length. Each module contained five membranes. 

2.3. Formation of inner-selective active layer 

The TFC membranes were fabricated by coating a PA layer on the 
lumen side of the HF substrates via IP using the two monomers, MPD and 
TMC, as described earlier [29,33,34,40,41]. Fig. 1 demonstrates the 
stepwise IP process applied onto the inner surface of the HF substrates. 
First, five post-treated HF substrates without defect were put into a 
module and then both ends were glued to the module with epoxy resin 
carefully without deforming the HFs. Then, the module was immersed in 
Deionized (DI) water for 12 h, followed by purging water in the HF 
lumen by sweeping air for 1 min. The module was then held vertically 
and the aqueous solution containing 2 wt% MPD and 0.1 wt% SDS was 
pumped by a peristaltic pump with a flow rate of 4.2 ml/min for 5 min 
into the lumen of the HF from bottom to top. Excess MPD solution in the 
lumen was purged by a sweeping air for 5 min. Afterward, TMC (0.15 wt 
%) dissolved in N- hexane was injected into the HF lumen side with a 
constant flow rate of ~2.5 ml/min per 5 min. Then, the residual hexane 
solution was purged by a sweeping air for 30 s. The membrane module 
was left in the atmosphere for 10 min before being cured in an oven for 
15 min at 60 ◦C. The polyamide active layer is formed by the reaction of 
two amino and carboxylic monomers during condensation polymeriza
tion. A condensation reaction occurs between an organic base (such as 

Table 1 
Dope composition and fabrication conditions of prepared HF substrates.  

Parameters Remarks 

Dope composition (wt%): PC/PVC/PEG400/NMP 8.5/8.5/4/79 
Bore fluid DI water 
Dope fluid flow rate (ml/min) 2 
Bore fluid flow rate (ml/min) 4 
Spinneret OD/ID, mm 0.8/1.6 
External coagulant bath Tap water 
Coagulation bath temperature Room temperature  
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an alcohol or an amine) and an organic acid (such as a carboxylic acid), 
accompanied by the release of a small molecule (usually water). The 
MPD monomer consists of a benzene ring and two amine groups (-NH2). 
TMC also possesses one benzene group and three acyl halide groups 
(-COCl). As e result, after reacting the two monomers, a molecule of 
hydrochloric acid (HCl) is formed and a cross-linked active layer is 

obtained [42,43]. Heat curing results in more crosslinking and better 
salt retention. Heat treatment is often used to remove the residual 
organic solvent from the solution, thereby increasing crosslinking by the 
reaction of unreacted amines and carboxyl groups [44]. 

Then, the modules were left overnight in room condition and then 
washed with deionized water and finally kept immersed in DI water 

Fig. 1. The stepwise process of fabricating active layer on the lumen side of the HF.  
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before the characterization and the performance test. 

2.4. Membrane characterizations 

2.4.1. Morphology of the HF membrane 
The surface (inner and outer surface), and cross-sectional images of 

the HF membrane were captured by a scanning electron microscope 
(FESEM; MIRA III, Tescan). To observe the cross-section of the mem
branes, the HF samples were broken after chilling in liquid nitrogen. All 
HF samples were placed on a conductive carbon tape and a thin layer of 
gold was sputtered to coat the membrane samples, preventing the 
accumulation of charge before imaging. 

2.4.2. Membrane porosity 
To determine the overall HF membrane porosity (εb) of the prepared 

substrates, a Gravimetric method was applied as presented by Eq.(1), 
where wwet and wdry are the wet and dry membrane weight, respectively. 
For weighing wwet, three fibers were taken out from water bath. Then 
excess water was removed from the outer and inner surface of the HFs 
carefully by paper tissue and mouth blowing inside the hollow fibers, 
respectively. ρP and ρH2O are the densities of the polymer blend and 
water, respectively[45]. 

εb =
(wwet − wdry)

/
ρH2O

(wwet − wdry)
/

ρH2O + wdry
/

ρP
(1)  

2.4.3. Pure water permeability (PWP) of substrates 
For measuring PWP of the substrates, a lab scale RO setup was used 

(Fig. 2). Feed pure water was run into the HF lumen side of the module. 
Pure water permeation test was performed at the feed flow rate of 

200 ml/min and transmembrane pressure of 1 bar for 1 h. Then, PWP 
was calculated as follows: 

PWP =
ΔV

AmΔP Δt
(2)  

Where ΔV(mL) is the permeate volume (L) collected in an inter
val Δt(h), ΔP (bar) is the transmembrane pressure drop, and Am(m2) is 
effective the external area of the membranes [45]. 

2.4.4. Surface porosity and pore size of the membrane (gas permeation test) 
The mean pore size (rp,m) and the effective surface porosity (ε/lp) are 

the two important characteristics of the surface of the substrate [46]. 
The properties of the substrate skin layer can influence the active layer 
properties and performance [47]. These two parameters were evaluated 
by a constant pressure gas permeation test (Fig. 3). In the test, three 
fibers with a length of 5 cm were chosen to be installed in the gas 
permeation setup and one end of the HFs was closed with epoxy glue. 
Then, each hollow fiber was glued with epoxy into a fitting connected to 
a gas cylinder, from which nitrogen was fed into the lumen side. Ni
trogen pressure was increased gradually from 1 bar to 5.5 bar and gas 
permeation flow rate was detected by a simple bubble flow meter versus 
various pressures. 

The gas permeance is obtained by Eq. (3): 

Jexp =
ΔVgas*101325

R TAm Δt ΔP
(3)  

Where Jexp (mol m− 2Pa− 1s− 1) is the permeance, ΔV is the volume of the 
bubble flow meter (m3), Δt is time (s) required for the bubble to pass 
through the flow meter, and ΔP (Pa) is the pressure difference. T is the 
absolute temperature (K), and R is the gas constant (J/mol.k). Here, Am 
is the external membrane surface area (m2). 

There are several models for calculating rp,m and ε/lp of the porous 
membranes. In this paper, the conventional gas permeation test (GPT) 
model [48],as well as the new model of Hashemifard et al. [49], were 
used to obtain the above parameters. Using the conventional GPT model, 
rp,m and ε/Lp are obtained by the following equations [46]. 

Jpred = Jp + Jk (4)  

Fig. 2. A lab scale RO set up for determining pure water flux.  

Fig. 3. Gas permeation testing setup.  
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Jp =

(
2
3

)(
8RT
πM

)
0.5rp,m

RT
ε
Lp

(5)  

Jk =
1

8μ
r2

p,m

RT
ε
Lp

p (6) 

Hence, Eq. (4) can be written as, 

Jpred = α+ λp (7)  

Where Jpred, (mol m− 2Pa− 1s− 1) is the total gas permeance calculated for 
a given set of data including, rp,m (m), the effective pore length, Lp (m), 
the viscosity of the gas, µ (Pa s), is surface porosity, ε (-), the gas mo
lecular weight, M (kg mol− 1), and the mean gas pressure in HF, p (Pa) 
[46]. JK and JP (mol m− 2Pa− 1s− 1) are Knudsen and Poiseuille flow 
fraction of the total permeance, respectively. Based on the above 
equations, rp,m and ε/lp are obtained by the following equations, where 
αandλ are the intercept with y-axis and the slope of straight regression 
line drawn through the experimental permeance versus mean pressure 
plot. 

rp,m =

(
16
3

)(
λ
α

)(
8RT
πM

)
0.5μ (8)  

ε
Lp

=
8μRTλ

r2
p,m

(9) 

Recently, a novel model was introduced by Hashemifard et al. [50] to 
find the surface porosity (ε) and surface pore size (rp,m). The primary 
purpose of the model is to estimate the surface porosity (ε) and the pore 
length Lp separately [49]. The equations are as follows [50]. 

W = αWo +(1 − α)Wlt (10)  

where,Wo and Wlt are the reduced flow rates in the orifice and the long 
tube, respectively. The orifice-long tube weight factor α, is obtained 
from the following equation: 

α =
1

1 + 3
4 ω

⎛

⎜
⎝1 + 1

3+6
7 ω

⎞

⎟
⎠f (δ)

(11) 

In Eq. (11) ω is the ratio of pore length to diameter. f(δ) is a function 

of the rarefaction parameter δ. 

δ =

̅̅̅
π

√

2Kn
(12) 

In the above relation, Kn is the Knudsen number. The total per
meance predicted is obtained from Eq. (13). 

Jpred =
Wn

̅̅̅
π

√
r2

pP0

νmΔPMAm
(13) 

In the above equation vm is the gas most probable velocity, P0 is 
upstream pressure and n is the number of the surface pores with rp,m. 
According to the mentioned equations and using an iteration algorithm, 
rp,m and ε are obtained separately [49]. 

2.4.5. Determination of intrinsic separation properties of TFC-FO 
membrane 

The water permeability (A) and salt permeability (B) coefficients of 
the TFC membranes were characterized using the experimental setup 
shown in Fig. 2 (RO setup). In the RO experiment, the feed was fed at 
1 bar to the lumen side of HF, where the inner selective layer of HF faces 
the feed. 

The water permeability (A) was calculated by Eq. (14) from the 
water permeation flux (Jw) obtained experimentally. 

A =
Jw

ΔP
(14) 

To obtain the salt retention (R%) the following equation was used. It 
is noted that a 1000 ppm NaCl solution was applied as a feed solution to 
calculate R%. 

R% = (1 −
Cp

Cf
) × 100 (15)  

Where (Cp) and (Cf) are permeate and feed solution concentrations, 
respectively. Also, to measure the salt concentrations, a conductivity 
meter (WTW, inolab® Multi 9620 IDS) was employed. Finally, to 
determine the salt permeability (B), material balance based on the sol
ution–diffusion theory was used: 

B = A(
100
R%

− 1)(ΔP − Δπ) (16) 

That P (bar) and π (bar) are hydraulic and osmotic pressure, 

Fig. 4. Forward osmosis experimental setup (FO mode).  
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respectively [45]. 

2.4.6. Evaluation of the FO performance of TFC membrane 
The FO experiment was conducted using a lab scale FO setup shown 

in Fig. 4. DI water was circulated on the lumen side of HF as feed, while a 
1 M NaCl solution was circulated as the draw solution (DS) on the shell 
side of the HF. Therefore, the process was in the FO mode, unless 
otherwise mentioned. The flow rates were 0.1 l/min and 0.2 l/min at the 
lumen and the shell side, respectively. 

Water flux usually reached stability after 30 min. To track the weight 
variation of the feed solution Δm during the operation period Δt (1 h), 
an accurate digital balance was placed under the feed reservoir. The FO 
water flux (Jv) was calculated by the following equation [51]: 

Jv =
Δm

Δt Am
(17) 

That Am is the internal surface area for both FO and PRO modes. 
Reverse salt flux was estimated by variation of salt concentration after 
operation time period, using Eq. (18) [52,53]. The reverse salt flux (Js)

was estimated from the change of salt concentration in the feed by Eq. 
(18) [52,53]. 

Js =
VtCt − V0C0

Δt Am
(18)  

Where V0 and Vt (l) are the initial and final volumes of the feed solution, 
respectively. C0 and Ct (g/l) are the initial and final values of salt con
centrations of the feed respectively during the operation time [52,53]. It 
should be noted that specific reverse solute flux (SRSF=Js/Jv) is related 
to the intrinsic properties of the membrane according to Equation 19: 

SRSF = Js

/

Jv =
B

AnRT
(13) 

Here, n shows the number of ionic species formed during dissociation 
of the electrolyte solute [52,53]. Eq. (20) shows the water flux in the FO 
orientation by considering internal and external concentration polari
zation [54]. 

Jv = Kln(
Aπdraw + B

Aπfeed + B + Jvexp(− ( Jv
/

k))
) (20)  

Where πfeed (bar) and πdraw (bar) are the osmotic pressures of the feed 
and the draw solution, respectively, and Jv (L/m2 h) is the FO water flux 
in FO mode K is the overall mass transfer coefficient obtained from Eq. 
(20), k is the mass transfer coefficient in the stream of feed [54]. 

1
K
=

1
klumen

+
di

kmdlm
+

di

kshelldo
(21) 

Eq. (21) is derived due to the equality of mass transfer rate in 
different parts of the system i.e., lumen, shell and membrane and the 
concept of the series resistance of the mass transfer. Due to the presence 
of the active layer in the membrane lumen as the mass transfer surface, 
the inner surface of the membrane was considered for flux calculation. 
In this equation, km, klumen and kshell (m/s) are the mass transfer co
efficients of the membrane (in the pores of the substrate HF), the feed 
boundary layer (inner surface of the membrane), and the boundary layer 
of the draw solution (outer surface of the membrane), respectively. In 
Eq. (21) di, do and dlm are the inner, outer and log mean diameters of the 
membranes, respectively. 

The mass transfer coefficient related to the boundary layer of the 
feed and the draw solution can be calculated from the Sherwood number 
according to Eq. (22) [54]. 

Sh =
kdh

D
(22)  

k (m/s) is the mass transfer coefficient and dh (m) is the hydraulic 
diameter depending on the system geometry. Given that Eq. (20) is for 

Table 2 
Four fouling mechanisms based on Hermia’s models [57].  

Fouling mode Flux expression 

Cake formation Jv =
Jv0

(2Kcf J2
v0t + 1)1/2   

Kcf = kA2  

Standard Jv =
4Jv0

(KpcJ1/2
v0 t + 2)

2   

Kpc = kA1/2  

Intermediate blocking Jv =
Jv0

KibJv0t + 1   
Kib = kA  

Complete blocking Jv = Jv0exp( − Kcbt)
Kcb = k   

Table 3 
Five fouling mechanisms based on combined fouling models [58].  

Fouling mode Flux expression 

Cake-complete 
V =

Jv0

Kb
(1 − exp(

− Kb

KcJ2
v0

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + 2KcJ2
v0t

√

− 1
)

))

Cake-intermediate 
V =

1
Ki

ln(1 +
− Ki

KcJv0
(
(
1 + 2KcJ2

v0t
)
1
2 − 1))

Complete-standard V =
Jv0

Kb
(1 − epx(

− 2Kbt
2 + KsJv0t

))

Intermediate-standard V =
1
Ki

ln(1 +
2KiJv0t

2 + KsJv0t
)

Cake-standard 
V =

2
Ks
(βcos

(
2π
3
−

1
3

arccos(α)
)

+
1
3
)

α =
8

27β3 +
4Ks

3Kcβ3Jv0
−

4K2
s t

3Kcβ3     

α =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4
9
+

4Ks

3KcJv0
−

2K2
s t

3Kc

√

Table 4 
Schematic of different fouling mechanisms.  

Fouling mode Schematic Diagram Reversibility 

Cake formation Reversible 

Standard Irreversible 

Intermediate blocking Reversible- Irreversible 

Complete blocking Irreversible  
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the FO orientation and pure water flows through the lumen side, hence 
the boundary layer resistance can be almost neglected. Therefore, to 
calculate km, the overall mass transfer coefficient K is first obtained from 
the experimental Jv by Eq. (20), then calculate kshell by Eq. (22), and 
subtract kshell from K. 

Eqs. (23) to (26) can be used to calculate the Sherwood number of the 
shell side depending on the length development of concentration and 
velocity profile. In regime I, both concentration and velocity profiles are 
being developed. In regime II, the velocity profile is fully developed 
while the concentration profile is still being developed. In regime III, 
concentration and velocity profiles are fully developed [55]. 

ShI = (
2

1 + 22Sc
)

1/6
(
ReScdh

Lm
)

1/2 (23)  

dh =
4*(total flow area)

(total wetted perimeter)
=

4(D2
module − Nd2

o)

π(dmodule + Ndo)
(24)  

Where N is the number of the HFs in the module, and Dmodule is the inner 
diameter of the HF module (m) [55]. 

ShII = 1.615[1 + 0.14(1 − ε)− 0.25](
ReScdh

Lm
)

1/3 (25)  

Sh III = 3.66+ 1.2(
̅̅̅̅̅̅̅̅̅̅̅̅
1 − ϕ

√
)
− 0.8 (26)  

where Lm is the effective membrane length, dh is the hydraulic diam
eter (m) and ϕ is hollow fiber packing density, which is obtained from 
the Eq. (27) [55]. 

ϕ = 1 − N(
do

Dmodule
)

2 (27)  

the dimensionless Re and Sc are defined as, 

Fig. 5. SEM image of the two HF prepared substrates a,b inner surface of c,d outer surface e,f cross section.  
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Re =
ρudh

µ
(28)  

and 

Sc =
ν
D

(29) 

µ (kg /m.s) is the fluid viscosity, ν is the fluid kinematic viscosity 
(m2/s), u is the fluid velocity (m/s) and D (m2/s) is the salt diffusion 
coefficient [54]. When fluid enters a hollow fiber membrane, the 
boundary layer begins to form adjacent to the fiber wall. As the fluid 
moves away from the inlet, the thickness of the boundary layer increases 
to the point where the boundary layer is completed, hence the flow is 
considered fully developed [56]. The length of developed concentration, 
LCR, and that of velocity, LHR, are obtained by Eqs. (30) and (31), 
respectively: 

LCR

dh
= 0.02ReSc0.66(1 − ϕ)0.25 (30)  

LHR

dh
= 0.02Re(1 − ϕ)0.25 (31) 

If both concentration and velocity profiles are being developed but 
the effects of the length of velocity development need to be considered, 
the average Sherwood number, calculated by Eq. (25), is used [55]. 

Sh = (ShII
3 + ShIII

3)
1/3 (32) 

Similarly, if the velocity profile is fully developed but the concen
tration profile is not developed, the following equation can be used to 

obtain the average Sherwood number: 

Sh = (ShI
3 + ShII

3)
1/3 (33) 

As mentioned earlier, the membrane mass transfer coefficient, km, is 
calculated by subtracting kshell, obtained by the dimensionless analysis, 
from K. Then, the structural parameter S (m) is calculated by Eq. (34) 
[45]. 

S =
D
km

(34)  

2.4.7. FO fouling experiments of TFC-FO membrane 
The fouling mitigation potential of the newly developed TFC mem

branes was studied by dissolving sodium alginate in FO feed. Before 
performing the fouling tests, the baseline tests were conducted with feed 
DI water and the DS containing 1 M NaCl to determine Jv0 as the baseline 
water flux. Then, the sodium alginate solution (200 mg/L) was added to 
the feed stream while NaCl concentration in DS was kept 1 M, and 4 h 
FO experiment was conducted. 

Then the fouling mechanism of the fabricated membranes was 
determined based on the simple and combined models of Hermia. In 
general, depending on the size and shape of the foulant molecules, the 
characteristics of the membrane surface, as well as the pore size distri
bution of the membrane. 

The fouling mechanism was examined by the Hermia model. 
Depending on the size and shape of the foulant molecules, the charac
teristics of the membrane topology, and distribution of the pore size of 
the membrane, the fouling mechanisms are classified into the following 
four types: 1- Cake formation 2- Standard 3- Intermediate blocking 4- 
Complete blocking. Table 2 shows the mechanisms along with their flux 
equations [57]. In addition, five extra fouling models are considered to 
investigate the simultaneous effects of each of the four mechanisms 
(Table 3). Each one possesses two parameters. With the help of Solver 
plugin in Excel software and minimizing the error between the labora
tory data and the flux estimated by the models, the best fouling mech
anism was selected.Jv: Water FluxKcf: Cake formation parametersKpc: 
standard fouling parameterKib,: intermediate blocking parameterKcb: 
complete blocking parameterk: constant kinetics parameter 

V is the volume filtered and Kb, Kc, Ki, Ks are the models parameters. 
Table 4 shows schematics of the different mechanisms of membrane 

fouling for comparison. 
After performing the fouling test with a feed containing sodium 

alginate, the membrane lumen was rinsed with DI water for 30 min at a 
flow rate three times that of the feed. Then pure water flux was 
measured via forward osmosis system with pure water feed to calculate 
the percentage of water flux recovery ratio (FRR) [23]: 

FRR(%) =
Jv1

Jv0
× 100 (35) 

Membrane resistance (Rm) (cm− 1), total resistance (Rt) (cm− 1), 
irreversible resistance (J) (cm− 1) and reversible resistance (Rr) (cm− 1) 
can also be derived from the following equations [59]: 

Rm =
Δπ
µJv0

(36)  

( Rt =
Δπ
µJv2

) (37)  

Rir =
Δπ
µJv1

− Rm (38)  

Rr = 100 − Rm − R ir (39) 

In the above equations, Jv2 (L/m2h) is the flux in the presence of 
sodium alginate in the feed, which is the same as J, reported in Table 2. 
Δπ is the osmotic pressure (Pa), and µ is the viscosity (Pa.h) of water. 

Fig. 6. The nitrogen permeance versus average pressure for the prepared 
HF substrates. 

Table 5 
Gas permeability test results applying two different models.  

Model used Sample rp,m 

(nm) 
ε 
(%) 

Lp 

(μm) 
ε/Lp (1/ 
m) 

Conventional GPT model  
[48] 

HF-2  336 – –  9 
HF-6  224 – –  21 

Hashemifard et al. model  
[49] 

HF-2  150 0.47 311  15.1 
HF-6  133 0.48 199  24.1  

Table 6 
Intrinsic separation properties of HF substrates.  

properties HF-2 HF-6 

Outer diameter (mm)  1.16  1.12 
Inner diameter (mm)  0.62  0.6 
Overall porosity(ε0)  77  73 
PWP(LMH)  33  37  
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3. Result and discussion 

3.1. Effect of air gap on the properties of substrates 

Fig. 5 shows SEM images of the inner and outer surfaces and the cross 
section of the substrates HF-2 and HF-6. From the figure, the 
morphology of the inner surfaces (Figs. 5a and 5b) and the outer surfaces 
(5c and 5d) are both relatively dense and almost smooth. The surface is 
expected to become denser as the air gap distance becomes longer, 
which can be observed more clearly in the inner surface by comparing 
Figs. 5a and 5b. As for the cross-section, comparing Figs. 5e and 5f, HF-2 
has a larger number of finger-like pores, while the HF-6 membrane ex
hibits a larger fraction of sponge-like structure, again confirming the 
trend of the denser HF formation with an increase in the air gap distance. 

The above trend is reflected in the results of gas permeation test. 
Fig. 6 shows the permeance versus system average pressure for 

evaluating the effective surface porosity and mean pore size of the two 

substrates. Permeance increased almost linearly with increasing average 
pressure for both substrates. Using the slope (λ) and intercept (α) of the 
fitted straight lines, rpm and ε/Lp were calculated by the conventional 
GPT model. The model developed by Hashemifard et al. allowed the 
evaluation of rpm, ε, and Lp. The results so obtained are summarized in 
Table 5. 

Increasing the air gap increased the molecular orientation of the 
polymer in the nascent HF by gravity before it entered the coagulation 
bath, decreasing the mean pore size of the substrate surface considerably 
[23,60]. According to Hashemifard et al.’s model, The difference in 
surface porosity (ε) of the two HFs membranes is only a fraction of 1%. 

The results from Hashemifard et al. model confirms the results of the 
conventional GPT model. According to the Hashemifard et al. model the 
effective length decreases (Lp) faster than the surface porosity (ε) in
crease from HF-2 to HF-6. Therefore, the effective surface porosity (ε/Lp) 
increases. The decrease in Lp is caused by the stronger stress applied to 
the fibers during gelation after traveling a longer air gap distance [61]. 

Fig. 7. FESEM image of the two TFC membranes a) TFC-2, b) TFC-6 and AFM image of the two TFC membranes c) TFC-2, d) TFC-6.  

Table 7 
Intrinsic separation properties of TFC hollow fiber membranes.  

TFC membrane A (LMHbar¡1) B (LMH) B/A (bar) LCR (m) LHR (m) kshell (m/s) km (m/s) S* (m) 

TFC-2  3.78 ± 0.02  2.09 ± 0.03  0.55  1.44  0.019 4.77 × 10− 6 2.30 × 10− 7  0.0069 
TFC-6  1.47 ± 0.05  0.39 ± 0.01  0.26  1.44  0.019 4.77 × 10− 6 7.79 × 10− 7  0.0020  

* FO mode, module length equal to 0.1 m. 
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Table 6 summarizes the bulk properties of the HF such and the HF 
dimensions, over all porosity and PWP. 

In Table 6, PWP of HF-6 is higher than HF-2 despite the larger surface 
pore size of H-2. It is due to the higher effective surface porosity of the 
HF-6. HF-2 membrane has higher overall porosity and larger inner and 
outer diameter than HF-6 membrane. Again, this is because of the 
stronger stress applied to the fibers during the solvent exchange step in 
the coagulation bath [61]. In fact, the effects of air gap on the properties 
of the substrate are very complex. Although there are a number of re
searches on these effects, conflicting observations have been reported 
[61], probably due to differences in the type of polymer, the formulation 
of the polymer solution, as well as differences in the conditions of the 
membrane synthesis. 

3.2. Effect of air gap on the properties of TFC membranes 

Fig. 7a and b illustrate the surface FESEM image of TFC-2 and TFC-6 
membranes, respectively. The smooth surfaces of the substrates are now 
covered with the selective layer with ridge and valley morphology. 
There is no significant difference between the two images, even though 
the surface of TFC-6 is expected to be smoother because of the smaller 
surface pore size of the substrate HF-6. Fig. 7c and d exhibit the 3D AFM 
images of the surface of the synthesized membranes along with average 
surface roughness (Ra). The average surface roughness of the mem
branes confirms the smoother surface of the TFC-6 membrane. 

Table 7 shows the intrinsic separation properties of the membrane 
including the water permeability (A) and salt permeability (B) co
efficients and intrinsic selectivity (B/A) as well as the developed length 
of concentration (LCR) and velocity profile (LHR), kshell, km and the 
structural parameter of the membrane (S). A, B and B/A are larger for 
TFC-2 membrane than for THF-6 membrane. This is because of the more 
defects at the active layer of THF-2 caused by the larger mean pore size 

of HF-2. The value of B/A is of great importance as the membrane 
intrinsic selectivity. This value was 0.39 for HF-6, which is quite 
acceptable compared to other reports in the field of FO hollow fiber 
membranes, e.g. Lu et al. [27], Ren et al. [36] and Lim et al. [23] re
ported B/A = 0.38, 0.75 and 0.12, respectively. By comparing the length 
of the fully developed velocity and concentration. 

profile (LCR and LHR) reported in Table 7, it is clear that the velocity 
distribution has developed. 

while the concentration distribution has not yet developed. There
fore, it is known that Eq. 

(33) should be used to calculate Sherwood number, and then kshell by 
Eq. (22). 

The kshell values obtained for TFC-2 and TFC-6 are very close to each 
other, which is natural since the geometrical and hydrodynamic con
ditions are almost identical for both TFC-2 and TFC-6 modules. The only 
difference is the HF outer diameter. Comparing km of TFC-2 and TFC-6, 
TFC-6′s km is higher than that of TFC-2. There are two factors that may 
affect km. One is the effective surface porosity of the substrate and the 
other the overall surface porosity. When these factors increase km will 
increase. While the effective surface porosity of substrate HF-6 is higher 
than HF-2 (Table 5), the overall porosity of HF-6 is lower than HF-2 
(Table 6). Therefore, one can conclude that the effect of surface 
porosity is more dominant than the overall porosity [43]. Also, due to 
the smaller structural parameter, TFC-6 will perform better in FO than 
TFC-2. 

3.3. Air gap effect on the performance of TFC membranes 

The water flux (Jv) and SRSF (Js/Jv) of the two fabricated TFC 
membranes are shown in Fig. 8. The experiments were performed using 
DI water as feed and 1 M NaCl aqueous solution as draw solution (DS), 
under FO and PRO modes. Fig. 8 shows that water flux of PRO mode is 
higher than FO mode, due to the lower ICP in the former mode [7]. SRSF 
is an important parameter that indicates selectivity of the membrane in 
FO systems [62]. According to Equation (19), SRSF is a function of the 
intrinsic properties of the membrane and is independent of the mode of 
membrane [18], that is almost confirmed by Fig. 8. Comparing TFC-2 
and TFC-6, TFC-6′s Js/Jv is lower than that of TFC-2, meaning selec
tivity of TFC-6 is higher. This is because TFC-6 has less defects, due to 
the smaller surface pore size and higher surface porosity of substrate 
(Table 3). Thus, TFC-6 is expected to exhibit better FO performance than 
TFC-2. 

Also, Table 8 lists FO performance of various membranes used for FO 
process in FO and PRO mode. The performance of the membrane (TFC- 
6) fabricated in this work is acceptable in comparison with the mem
branes given in the table. A few of the membranes shown in the table are 
commercial membranes. 

3.4. Fouling and cleaning of TFC HF membranes under FO operation 

Fouling test was performed for the two TFC HFs for a time period of 

Fig. 8. FO water flux and specific reverse salt flux of HF-2 and HF-6 membrane 
in FO and PRO model (feed solution: DI water, draws solution:1 M 
NaCl solution). 

Table 8 
FO performance of various membranes used for FO process in FO and PRO mode.  

Sample performance Experimental condition Reference 

AL-FS (FO) AL-DS (PRO) Feed solution Draw solution 

Jv (LMH) Js/Jv (g/L) Jv (LMH) Js/Jv (g/L) 

PVC/PC PA HF(TFC-6)  7.48  0.33  11 0.3 DI water 1 M NaCl Present work 
PBINF HF      3.48 – DI water 2 M NaCl [63] 
Matrimid PA HF  11.8  0.21  50.5 0.07 DI water 2 M NaCl [27] 
Toyobo HF  8  0.07  15 N/A DI water 1 M NaCl [64] 
PAN PA HF  24.71  0.77  36.57 0.512 DI water 1 M NaCl [36] 
Samsung Cheil HF  10  0.36  19 0.47 DI water 1 M NaCl [65] 
Aquaporin A/S HF  13.2  0.14  21 0.18 DI water 1 M NaCl [66] 
PVDF PA HF  10.6  0.23  12.2 3.21 DI water 1 M NaCl [67]  
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4 h. Fig. 9 shows the changes in the normalized flux over time for the 
two fabricated membranes due to fouling. It shows that the fouling of 
TFC-2 is more severe. Further reduction of flux for membrane TFC-2 was 
due to the formation of a defective selective layer and therefore 
decreased the osmotic driving force. One of the reasons for the severe 
fouling is that the selective layer is on the lumen side and the foulant 
containing feed is also supplied to the lumen side. Some research results 
showed that the fouling becomes less severe when the dense layer is 
fabricated on the outer surface and the feed flows in the shell side [23]. 
However, when the feed does not contain suspended solids, as in the 
current work, and the chance of feed channel lockage is less, the selec
tive layer on the lumen side is not necessarily a poor choice since the 
turbulence in the feed stream is enhanced in the lumen of HFs. Fig. 9 
shows the model fitted lines, and Fig. 10 shows the experimental V, the 
amount of permeate collected, versus t, both experimental and model 
fitted. The reason that the data trend is close to the straight line is the 
short test time and low water flux. 

The errors of the fitting data are listed for all the simple and com
bined Hermia models in Table 9. In Table 4, standard and complete 
fouling are irreversible or irremovable, while cake fouling is reversible 
[68]. Fitting the data with the simple Hermia models shows that, the 
cake model has the least error. On the other hand, the fitting with the 
combined Hermia models show that the Cake-complete and 
Cake-standard models have the least errors. The errors are similar for the 
latter two models since the severest state of the standard fouling is the 
complete fouling. 

Therefore, it can be concluded that the primary cause for fouling is 
the reversible cake formation. The organic foulant, sodium alginate in 
this work, forms a gel-like layer on the HF.As FO is not a pressure–driven 
process, the gel-like layer is weakly bound to the HF surface and the 

fouling is largely reversible [69]. 
Fig. 11 shows the irreversible resistance (Rir), reversible resistance 

(Rr), total resistance (Rt) and membrane resistance (Rm) for both TFC 
HFs. In Fig. 11, the fouling contains both reversible and irreversible 
components. The irreversible fouling is due to the complete or standard 
components of the combined Hermia model and the reversible fouling 
due to the Cake mechanism. The figure shows that Rr is more than Rir, 
and particularly in TFC-6 membrane, Rir is very low due to the more 
defect-free surface of its active layer. In addition, FRR was 96.5% and 
87.94% for membrane TFC-6 and TFC-2, respectively. 

Fig. 9. Fouling tendency of the fabricated TFC hollow fiber membranes 
(experimental data and Hermia fouling model). 

Fig. 10. Fouling tendency of the fabricated TFC hollow fiber membranes 
(experimental data and Combined fouling model). 

Table 9 
Model fit error for two fabricated Hollow fiber membranes.  

Model Model fit error for TFC-2 
(model constant) 

Model fit error for TFC-6 
(model constant) 

Cake formation 5.52 (Kcf:0.09 hm4/L2) 4.33 (Kcf:0.06 hm4/L2) 
Standard 9.25 (Kpc:0.16 m/L1/2h1/2) 6.69 (Kpc:0.12 m/L1/2h1/2) 
Intermediate 

blocking 
7.90 (Kib:0.14 m2/L) 5.85 (Kib:0.1 m2/L) 

Complete 
blocking 

10.70 (Kcb:0.19 1/h) 7.58 (Kcb:0.14 1/h) 

Cake-complete 4.48 (Kc:0.26 hm4/L2, 
Kb:0.001 1/h) 

3.60 (Kc:0.0.09 hm4/L2, 
Kb:0.001 1/h) 

Cake- 
intermediate 

23.82 (Kc:8177.8 hm4/L2, 
Ki:0.018 m2/L) 

27.54 (Kc:2144.76 hm4/L2, 
Ki:0.03 m2/L) 

Complete- 
standard 

9.18 (Kb:0.37 1/h, 
Ks:0.05 m2/L) 

6.12 (Kb:0.1 1/h, Ks:0.11 m2/ 
L) 

Intermediate- 
standard 

7.87 (Ki:0.001 m2/L, 
Ks:0.27 m2/L) 

6.06 (Ki:0.0009 m2/L, 
Ks:0.15 m2/L) 

Cake-standard 4.41 (Kc:0.24 hm4/L2, 
Ks:0.03 m2/L) 

3.74 (Kc:0.08 hm4/L2, 
Ks:0.26 m2/L)  
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3.5. Effect of fiber length on the performance of TFC-FO membranes 

Table 10 depicts the flux and different mass transfer coefficients 
obtained from the experiment and models for two different fiber lengths. 
Only TFC-6 is considered in this investigation. For better comparison of 
the modeling and laboratory results, Sherwood numbers were calculated 
according to regimes I, II and the combination of the two regimes. 
However, based on the developed concentration length, LCR, and the 
developed velocity length, LHR, shown in Table 7, the regime II seems the 
most appropriate. 

In Table 10, in the experimental section, we obtained the water flux 
through the experiment and K was obtained according to Eq. (20). Then 
km in Table 7 was used to calculate kshell and the Sherwood number by 
Eqs. (21) and (22), respectively. In the model section, Sherwood number 
was calculated by Eqs. (23), (25) and (33) and kshell was calculated by Eq. 
(22). K was then obtained by Eq. (21) using km listed in Table 7. Finally, 
the water flux was calculated by Eq. (20). 

In Table 10, the experimental water flux decreased considerably with 
the increasing module length, while according to the model, the water 
flux change with the module length is insignificant. 

When kshell and km, which affect water flux, are compared, km is much 
smaller than kshell (see Table 7). In other words, mass transfer resistance 
is governed by km that remains constant for any fiber length. Therefore, 
based upon the model calculation, the fiber length does not have any 
significant effect on the membrane flux. Thus, the model does not 
accurately describe the module behavior. 

There are some reports in the literature on the effect of HF length on 
the water flux. Zhong et al. [30] observed that the water flux decreased 
with increasing length of the membrane module. In another study, Ren 
et al. [70] used CFD software for different module lengths of 0.1, 0.5 and 
1 m. They observed that when the module length increased, the 
boundary layer expanded more and was highly resistant against the 
mass transfer rate. Ren et al. [70] further suggested that it would be 
better to use long modules for low fluxes and to use short length modules 
for high fluxes due to the length effect. This means that for the low flux 
module, it is better to increase the module length, to increase the module 
productivity by the increase of membrane area, while it is more desir
able to increase the number of HFs, keeping the module length constant, 
for the high flux module. However, the effect of module length is still a 

controversial issue and more in-depth studies are required considering 
the membrane type, flow conditions, type of draw and feed solution, as 
well as membrane module diameter. 

The experimental part of Table 10 also shows that the change in the 
membrane length does not influence the specific reverse salt flux 
significantly. The slight discrepancy is probably due to the experimental 
error. 

4. Conclusion 

In this research, forward osmosis hollow fiber membranes were 
successfully fabricated by spinning the substrate hollow fiber from a 
blend solution of polycarbonate and polyvinyl chloride and coating with 
an active polyamide layer onto the lumen surface. The membranes were 
characterized and their FO performance tested in terms of water flux, 
reverse salt flux and membrane fouling. In particular, FO performance 
was investigated at different air gap distances in the HF spinning and 
different fiber lengths in the FO module. The following conclusions are 
drawn from the results. 

Air gap influences the characteristics of the substrate surface e.g., the 
effective porosity and mean pore size. In addition, air gap can affect the 
membrane dimensions, morphology and overall porosity. The surface 
characteristics of the substrate have a significant influence on the 
structure of the active layer and the performance of the TFC membrane 
in forward osmosis process as well as the fouling behavior of the 
membrane. The higher surface porosity of the substrate HF has favorable 
effects on the TFC HF in two ways; one that the surface of TFC HF be
comes more defect free, suppressing the reverse salt transport and the 
other that enhancing mass transfer coefficient in the membrane, i.e., 
reducing the concentration polarization, which leads to higher water 
flux. Also, the mechanism of fouling was determined using the simple 
and combined Hermia models. The primary cause of fouling with so
dium alginate is due to the reversible cake formation. There are also 
minor contributions of irreversible complete and standard fouling. The 
irreversible fouling is suppressed in the TFC HF fabricated from the 
substrate HF spun with longer air gap distance. Flux recovery was also 
better for the TFC HF with longer air gap distance. It is concluded that 
the membrane with smaller structural parameter due to higher air gap, 
will show higher performance. Also, increasing the air gap by creating a 
defect-free active layer showed a positive effect on the control of 
membrane fouling. According to the laboratory data, water flux 
decreased with the fiber length, contrary to the model simulation. This 
indicates that the model does not present well the effect of length and 
therefore the effects of the boundary layer on water flux. Due to the 
effect of membrane length on the flux, in the low flux mode to increase 
the membrane area and higher productivity, it is recommended to in
crease the membrane length. While in the high flux mode, to increase 
the membrane area, the number of fibers should be increased. The effect 
of fiber length is a controversial issue and more studies are needed. 
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Fig 11. Fouling parameters of TFC-2 and TFC-6.  

Table 10 
The effect of membrane length on water flux and specific reverse salt flux.  

Module Experimental Model 

regime I regime II combined regime 

Jv kshell Shshell Js/Jv Shshell kshell Jv Shshell kshell Jv Shshell kshell Jv 

TFC-6 (10 cm)  7.48 4.95 × 10− 6  27.07  0.33  26.12 4.77 × 10− 6  7.45  49.41 9.03 × 10− 6  7.72  51.73 9.41 × 10− 6  7.73 
TFC-6 (19 cm)  3.63 0.28 × 10− 6  1.55  0.28  18.95 3.46 × 10− 6  7.24  39.89 7.29 × 10− 6  7.64  41.27 7.54 × 10− 6  7.66 

km= 7.79 × 10− 7 m/s, Re= 256.74. All of the fluxes and mass transfer coefficients have the same units in LMH and m/s, respectively. 
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