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A B S T R A C T   

Super-hydrophilic electrospun nanofiber as the substrate of a thinu film composite forward osmosis (eTFC-FO) 
membrane can improve the performance of the membrane by mitigating internal concentration polarization 
(ICP). However, polyamine (PA) layer defects easily formed on super-hydrophilic nanofiber substrate hinders its 
further performance improvement. To prevent PA from forming deep inside the pores of substrate and alleviate 
PA defects, polydopamine-graphene oxide (PDA-GO) was introduced to modify the interlayer and PA layer of 
eTFC-FO membrane. Results showed that PA layer defects can be alleviated by addition of PDA-GO in interlayer 
or PA layer, and the simultaneous addition of PDA-GO in interlayer and PA layer resulted in the least defective 
PA layer of the eTFC-FO membrane (eTFC0.5-0.125). Performance evaluation demonstrated that the eTFC0.5-0.125 
had a high FO water flux of 54.0 LMH and excellent ion rejections (>98.0%) for desalination of a real high 
salinity desulfurization wastewater. Besides the PA defects alleviation, nanochannel of PDA-GO for water 
transport also contributed to the performance improvement, as well as the fast water and salts diffusion by super- 
hydrophilic nanofiber substrate. Thus, a high performance eTFC-FO membrane was prepared on super- 
hydrophilic nanofiber substrate and was able to be used for high salinity water desalination.   

1. Introduction 

In the past decades, thin film composite forward osmosis (TFC-FO) 
has emerged as a new membrane separation technology due to its ad-
vantages of low energy consumption, moderate membrane fouling and 
high rejection [1–5]. A typical TFC-FO membrane is consisted of a se-
lective polyamide (PA) active layer and a porous support layer (or 
substrate), which can be designed and modified separately [2–4]. 
Compared with PA active layer, the substrate is considered to be more 
important, since internal concentration polarization (ICP) inside the 
substrate would deteriorate the effective osmotic pressure and greatly 
limit the performance of a TFC-FO membrane [5,6]. According to the 
previous reports, an ideal substrate for a TFC-FO membrane should be 
hydrophilic, thin, porous and less tortuous in order to alleviate ICP [7]. 

In the last decade, electrospun nanofiber has become a kind of 
promising substrate for TFC-FO membrane, due to the high porosity, 
interconnected pore structure and low thickness [8]. The water 
permeability improvement has been proved by many reports on elec-
trospun nanofiber based TFC-FO (eTFC-FO) membranes, of which the 
ICP and water transport resistance inside the nanofiber substrates were 
greatly alleviated [8–11]. However, the relatively poor selectivity of 
eTFC-FO membranes hindered their further applications [12]. 
Numerous strategies have been applied to prepare highly selective 
eTFC-FO membranes without sacrificing the water permeability 
[11–16]. Among all the studies, the hydrophilic nanofiber was found to 
be a facile strategy for a thinner and more cross-linked PA formation by 
integrative effects of enhanced amine storage in substrates and 
controlled amine diffusion [12–14]. Hydrophilic nanofiber could also 
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lower down ICP and fasten the diffusion of water and salts inside the 
substrates [13–16]. Theoretically, a more hydrophilic nanofiber sub-
strate should have been very favourable for a lower ICP and faster 
diffusion of water and salt for an eTFC-FO membrane. However, the PA 
would be formed deep in the hydrophilic nanofiber pores and PA defects 
would be resulted, by which the performance of an eTFC-FO membrane 
based on super-hydrophilic nanofiber would be reduced rather than be 
improved [17–19]. Thus, the nanofiber hydrophilicity was usually 
controlled at a desirable level by controlling the modification conditions 
in relative reports [13,19], and super-hydrophilic nanofiber has not 
been applied in eTFC-FO membrane, yet. 

Introduction of an interlayer into a TFC-FO membrane has been 

proved to be an effective strategy to tailor the PA active layer [20]. For 
example, a thinner, smoother and more cross-linked PA layer would be 
resulted by the introduction of a hydrophilic interlayer, which would 
enhance amine storage in interlayer or substrate, control amine diffu-
sion and regulate PA nuclei formation [20–22]. Among various in-
terlayers, hydrophilic polydopamine (PDA) is a well-known bio-glue 
which can adhere onto many materials [23], of which the abundant 
-NH2 groups can also react with -COCl in 1,3,5-trimesoyl chloride (TMC) 
during the PA preparation process and result in great chemical bonding 
force between PA and PDA [11,18,19]. PDA could also be connected 
with other materials for membranes modifications. Choi et al. studied 
the effects of PDA-GO interlayer for TFC-FO membrane based on a 

Table 1 
Information of electrospun nanofiber substrate and the corresponding eTFC-FO membrane.  

Substrate code Substrate modification IP process Corresponding eTFC-FO codes 

Nanofiber modification Interlayer MPD solution TMC solution 

PVDF / / / / / 
PPVDF PDA coating on nanofiber No 2 wt%MPD 0.15w/v% TMC eTFC0-0 

2 wt% MPD with PDA-GO nanosheets 0.15w/v% TMC eTFC0-y 

PPVDF-xGO PDA coating on nanofiber PDA-GO interlayer 2 wt% MPD 0.15w/v% TMC eTFCx-0 

2 wt% MPD with PDA-GO nanosheets 0.15w/v% TMC eTFCx-y 

Where x is the concentration (g/L) of GO used to prepare PDA-GO interlayer and y is the concentration (g/L) of PDA-GO nanosheets in MPD solution during IP process. 

Fig. 1. Membrane preparation process, where x and y in eTFCx-0, eTFC0-y and eTFC0.5-y are the GO concentrations (g/L) used to prepare interlayer and PDA-GO 
concentration in MPD solution during IP process, respectively. 
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polysulfone (PSf) substrate prepared via phase inversion method, of 
which great pure water permeability was achieved [24]. Besides intro-
duction of interlayer, modifiers adding in interfacial polymerization (IP) 
process is another effective strategy for PA modification, in which the 
addition is available in both aqueous and organic phase [25–29]. Gra-
phene oxide (GO), as a well-known two-dimensional material with 
suitable transport nanochannel, has become one of the most popular 
modifiers during the IP process [25–27]. The effects of both interlayer(s) 
and the modifier(s) in IP process on membrane structure and perfor-
mance have been widely studied for TFC-FO membranes based on sub-
strates via phase inversion method [29]. However, their effects on 
electrospun nanofiber substrate supported eTFC-FO membranes have 
not been well studied, due to the difficulty of preparing uniform inter-
layer on the rough and large pore sized nanofiber substrate and PA de-
fects after addition of modifiers during IP process. To the best of our 
knowledge, no studies have been reported on alleviating PA defects in 
eTFC-FO membranes based on super-hydrophilic nanofiber substrates. 

In this work, in order to alleviate PA defects of super-hydrophilic 
nanofiber supported eTFC-FO membranes, as well as to make the 
super-hydrophilic nanofiber substrate applicable, PDA-GO interlayer 
was prepared on a super-hydrophilic nanofiber substrate for eTFC-FO 
membrane. To avoid swelling and subsequently negative effects of hy-
drophilic nanofiber [13–15], hydrophobic PVDF with PDA coating was 
chosen as the super-hydrophilic substrate, which is of low water uptake 
and high hydrophilicity. The interlayer was expected to offer three ad-
vantages for the PA formation on the nanofiber substrate. First, the 
hydrophilic PDA-GO interlayer would enhance the amine storage in the 
interlayer, which would be favourable for the formation of a more 
cross-linked PA layer [20–22]. Second, the adhesive PDA-GO can be well 
connected with both nanofiber substrate and PA layer, compared with 
unconnected interlayers by vacuum filtration [30]. Third, the interlayer 
can prevent PA from forming deep inside the super-hydrophilic pores 
and alleviate PA defects on the super-hydrophilic nanofiber substrate. 
Besides the effects on PA formation, PDA-GO can also provide nano-
channels for water transport, which could reduce the transport resis-
tance of PDA layer and further improve the performance of the eTFC-FO 
membrane [31]. For potential higher performance improvement, 
PDA-GO nanosheets was also added into the aqueous solution during IP 
process and cooperate with the PDA-GO interlayer. Three feed solutions 
(FSs) were used to evaluate the desalination performance of the 
eTFC-FO membranes, including DI water, 0.5 M NaCl solution and 
desulfurization wastewater from a coal-fired power plant. In this work, 
we wish to make the super-hydrophilic nanofiber applicable and provide 
a deep understanding of PDA-GO effects on the eTFC-FO membrane 
performance. 

2. Materials and methods 

PVDF (Mw = 80 000 g/mol) was provided by Solvay (France). GO 
aqueous solution (1 g/L, <10 μm) was offered by Shandong Yuhuang 
New Energy Technology Co., Ltd (China). N, N-dimethylformamide 
(DMF, 99%), acetone (99%), isopropanol (IPA, 99%) and sodium chlo-
ride (NaCl) were purchased from Sinopharm Chemical Reagent Co., Ltd 
(China). Dopamine (DA, 99%), M-phenylenediamine (MPD, 99%) and 
1,3,5-trimesoyl chloride (TMC, 98%) were bought from Sigma-Aldrich 
(China). Tris-hydrochloride (tris-HCl, 1 M) was offered by Biosharp in 
China. All used deionized water (DI water) was prepared by a lab-scale 
system. 

2.1. Membrane preparation 

The membrane preparation consisted of three steps: a) eletrospin-
ning process, b) substrate modification process, and c) PA layer prepa-
ration process. Information of the substrates and corresponding eTFC- 
FO membranes is listed in Table 1. 

2.1.1. Electrospinning of PVDF nanofiber substrate 
PVDF nanofiber was fabricated according to the method in our pre-

vious study [7,44]. Briefly, a 10 wt% PVDF solution was prepared with a 
DMF/acetone (volume ratio = 1:1) mixed solvent and degassed over-
night. Then 9.6 mL PVDF solution was electrospun onto a silicon paper 
for 8 h at a working distance of 15 cm and an applied voltage of 15 kV. 
The as-prepared PVDF nanofiber was heat pressed by a paper laminator 
(No.3893, Deli, China) and dried at 50 ◦C overnight before usage. 

2.1.2. Modification of PVDF nanofiber substrate 
Modification of PVDF nanofiber substrate and fabrication process of 

eTFC-FO membranes are demonstrated in Fig. 1. PVDF nanofiber was 
first modified by PDA to invest PVDF with super-hydrophilicity (PDA 
coated PVDF, PPVDF). The super-hydrophilic PPVDF nanofiber was 
used as control substrate in this study. To prepare PPVDF, PVDF nano-
fiber was firstly pre-wetted by IPA for 10 s and then rinsed with a lot of 
DI water. Then the pre-wetted nanofiber was immersed into a 2.0 g/L DA 
solution in 0.1 mol/L tris-HCl (pH = 8.8) for 8 h to prepare a highly 
hydrophilic PDA coating onto each individual nanofiber. After that, the 
resultant PPVDF was washed with a large amount of DI water to 
terminate the self-polymerization of DA. 

To prepare a PDA-GO interlayer, the modification was divided into 
two steps, which were a first substrate surface modification for PDA-GO 
interlayer and a second overall substrate modification for super- 
hydrophilicity. It should be noted that the PDA-GO interlayer was pre-
pared prior to the super-hydrophilic modification of the total substrate. 
This modification method was designed to prevent the soft GO from 
entering the pores of the super-hydrophilic nanofiber or forming a 
shriveled and curled up interlayer. Besides, the resultant interlayer can 
be further fixed by the introduced PDA in the super-hydrophilic modi-
fication of substrate. Another noticeable detail is that the PDA-GO 
interlayer was just modified on the substrate surface rather than the 
total substrate. Before the total substrate modification, IPA pre-wetting 
was still necessary to make the inside pores of substrate available, since 
the substrate was still overall hydrophobic after interlayer modification 
[46]. First, the surface of PVDF nanofiber substrate was exposed to 
GO/DA mixed solution in 0.1 mol/L tris-HCl for 2 h without pre-wetting, 
in which the GO concentration was controlled from 0.1 to 0.9 g/L and 
DA concentration was 2.0 g/L. The nanofiber with a PDA-GO interlayer 
on it was denoted as PVDF-xGO, where x is GO concentration in g/L. 
After that, the prepared PVDF-xGO was rinsed with DI water to remove 
the uncontacted PDA-GO and residual monomer from nanofiber surface. 
Second, the PVDF-xGO was pre-wetted and immersed in another 2 g/L of 
DA/tris-HCl mixed solution for 8 h to invest the PVDF-xGO nanofiber 
with super-hydrophilicity. The prepared super-hydrophilic nanofiber 
substrate with a PDA-GO interlayer was denoted as PPVDF-xGO, where x 
is GO concentration in g/L. 

2.1.3. PA active layer preparation 
An interfacial polymerization (IP) technique was used to prepare PA 

active layer on the above nanofiber substrates, and the as-fabricated 
eTFC-FO membranes were referred as eTFCx-y, where x and y were the 
GO concentration used in interlayer and PDA-GO concentration added 
in MPD solution for PA layer preparation, respectively. Every substrate 
used in the IP process was controlled with a reaction surface area of 96 
cm2. To prepare eTFC0-0 (the control, no PDA-GO interlayer and no 
addition of PDA-GO in the PA layer) and eTFCx-0 (with PDA-GO inter-
layer), the PPVDF and PPVDF-xGO were respectively immersed in a 2 wt 
% MPD aqueous solution (25 mL) for 2 min, and then in 0.15 w/v% TMC 
solution in hexane (25 mL) for 1 min. After that, the nascent eTFC-FO 
membranes were cured at 70 ◦C for 10 min in air. For the fabrication 
of eTFC0-y (with PDA-GO in PA layer) and eTFC0.5-y (with PDA-GO 
interlayer and PDA-GO in PA layer), the IP processes were similar 
with the above. The difference was that there was certain amount of 
PDA-GO nanosheets in MPD solution during the IP processes, and the 
amount of PDA-GO nanosheets added in MPD solution was ranged from 
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0.075 to 0.175 g/L. The used PDA-GO nanosheets was prepared by the 
reaction of 500 mL GO aqueous solution (1 g/L) with 2 g/L DA at a pH of 
8.8 (0.1 M tris-HCl) and an elevated temperature of 50 ◦C for 6 h. The 
prepared PDA-GO nanosheets were then centrifuged at 12 000 rpm and 
the obtained deposition was rinsed with DI water to remove the residual 
DA monomers. Attenuated total reflection Fourier transform infrared 
(ATR-FTIR) spectra of GO and PDA-GO nanosheets are shown in 
Fig. S1a. 

2.2. Characterization 

2.2.1. Nanofiber substrate characterization 
Field emission scanning electron microscope (FESEM, S-4800, Hita-

chi, Japan) was used to image the morphology of the nanofiber sub-
strates. Substrate roughness was evaluated by an atomic force 
microscopy (AFM, Aglient, USA) with a peak force tapping mode in air. 
The substrate surface covered by PDA-GO nanosheets during the IP 
process was also imaged. To have a real PDA-GO remained surfaces, the 
samples after aqueous solution treatment must be dried in air at room 
temperature and imaged in less than 2 h to avoid morphology change by 
heating and MPD reaction with air. And the interlayer covering area of 
the substrate was calculated by a software of ImageJ, in which the area 
can be calculated by the different chromatic values between the inter-
layer and nanofiber. A contact angle analyzer (DSA 100, KRUSS, Ger-
many) was used to accord the water contact angle (WCA) of the samples 
with a fixed droplet of 2 μL. Surface pore size of substrates were 
measured by a porometer 3G machine (Quantachrome Instruments, 
USA) with a Porofil® wetting fluid (Quantachrome Instruments Co., 
USA) as the wetting agent. ATR-FTIR was applied for chemical charac-
terization of the substrates. 

Water uptake and porosity of the nanofiber substrates were acquired 
by gravimetric analysis [19]. Briefly, the dried nanofiber was hung 
above 1500 mL DI water at 70 ◦C for 72 h for full water vapor absorp-
tion. The water uptake (%) was calculated by the dry weight (Wdry) and 
wet weight (Wwet), as shown in Eq. (1): 

Water uptake=
Wwet − Wdry

Wdry
× 100% (1) 

Similarly, the porosity (ε) of the nanofiber was also calculated by the 
dry weight (Wdry) and wet weight (Wwet). Briefly, the dried nanofiber 
was immersed in IPA for 24 h to ensure full filling of the inner pores and 
weighed the Wwet. The porosity (ε) was calculated by Eq. (2): 

ε= Wwet − Wdry

ρIPA × A× Z
× 100% (2)  

where ρIPA, A and Z are the density of IPA, effective area and thickness of 
the nanofiber, respectively. 

2.2.2. PA active layer characterization 
SEM images were taken for the surface and cross-section of the 

studied eTFC-FO membranes. Water contact angles were accorded at 
three different points for each eTFC-FO membrane. PA active layer 
roughness was evaluated by an AFM. ATR-FTIR were used to analyze the 
functional groups of the PA layers and X-ray photoelectron spectroscopy 
(XPS, JPS-9010MS, JEOL, Japan) was used for elemental and functional 
groups analysis. 

2.3. Forward osmosis membrane performance evaluation 

FO membrane performance of the prepared eTFC-FO membranes 
was evaluated by a lab-scale FO testing system, which has been 
described in our previous works [7,45]. In short, a home-made mem-
brane cell with an effective membrane area of 12.5 cm2 was used. 
Cross-flow rates of both feed solution (FS) and draw solution (DS) were 
maintained at 250 mL/min. For a comparative and real evaluation of FO 
performance, three feed solutions (FSs) with different component and 
salinity were used in the tests, which were respective DI water, 0.5 M 
NaCl solution (~3.0 wt%) and real desulfurization wastewater from a 
local coal-fired power plant. The detailed components of each FS were 
listed in Table 2. 

2.3.1. Transport and structural parameters determination 
The transport and structural parameters were evaluated by a FO 

methodology [32], in which four continuous FO stages were conducted 
for a membrane with a DI water FS and a different concentration of NaCl 
DS in each stage. Parallel tests were conducted by three specimens for 
the four stage tests. The Jw and Js in each stage were recorded to 
determine the water permeability coefficient (A), salt permeability co-
efficient (B) and structural parameter (S) with Eqs. (3) and (4): 

Jw =A

⎧
⎪⎪⎨

⎪⎪⎩

πDexp
(
− JwS

D

)
− πFexp

( Jw
k

)

1 + B
Jw

[
exp

( Jw
k

)
− exp

(
− JwS

D

)]

⎫
⎪⎪⎬

⎪⎪⎭

(3)  

Js =B

⎧
⎪⎪⎨

⎪⎪⎩

CDexp
(
− JwS

D

)
− CFexp

( Jw
k

)

1 + B
Jw

[
exp

( Jw
k

)
− exp

(
− JwS

D

)]

⎫
⎪⎪⎬

⎪⎪⎭

(4)  

where k is the mass transfer coefficient of FS (DI water, →∞). D is the 
bulk diffusion coefficient of DS (NaCl solution, 1.48 × 10− 9 m2/s). πF 
and πD are osmotic pressures of FS and DS respectively, while CD and CF 
are the concentrations of FS and DS. 

2.3.2. FO Performance test with DI water as FS 
For pure water permeability tests, a 2 L DI water and a 2 L 0.5 M NaCl 

solution were used as the FS and DS, respectively. Both FO mode (PA 
layer faces against FS) and PRO mode (PA layer faces against DS) tests 
were carried out, and three specimens were tested and averaged for each 
membrane. After stabilized for 20 min, the water flux (Jw) and reverse 
salt flux (Js) were recorded for another 30 min and calculated with Eqs. 
(5) and (6): 

Jw =
△V

Am × △t
(5)  

Js =
VtCt − V0C0

Am × △t
(6) 

ΔV (L) is the volume of permeated water after certain time of Δt (h). 
Am is the effective membrane area (m2). Ct and C0 are the initial and final 
concentration of FS (g/L). 

2.3.3. Desalination performance test for 0.5 M NaCl 
A 0.5 M NaCl solution (~3.0 wt%) was used as simulated high 

salinity water for desalination performance test, and a 2 M NaCl solution 

Table 2 
Composition information of the used feed solutions.  

FS codes pH Electrical conductivity (μS/cm) Ca2+ (mg/L) Mg2+ (mg/L) SO4
2− (mg/L) Cl− (mg/L) Others 

DI water 7.0 ≤15 0 0 0 Trace Trace Na+

0.5 M NaCl 7.0 4.4 × 104 0 0 0 18 193 11 807 mg/L Na+

desulfurization wastewater 5.4 2.8 × 104 440 6803 7996 10 576 Mainly Na+ and trace heavy metals  
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was used as DS. The desalination process test was with an initial baseline 
test (DI water FS, 60 min), two 0.5 M NaCl solution desalination tests 
(180 min for each), two membrane washing processes (DI water, 30 min 
for each) after each 0.5 M NaCl solution desalination test and a final flux 
recovery test (fresh FS and DS, 60 min). During each test, DS concen-
tration was controlled by addition of certain amount of 4 M NaCl solu-
tion every 60 min. The rejection of NaCl during the desalination tests 
was not determined due to the reverse salt flux, by which NaCl would 
diffuse from DS to FS and the rejection could not be correctly calculated 
[33]. 

2.3.4. Desalination performance test for desulfurization wastewater 
Desalination performance tests for real desulfurization wastewater 

was almost the same as section 2.4.3 test conditions. The only difference 
was the used FS. Rejections of the main ions (Ca2+, Mg2+ and SO4

2− ) of 
the desulfurization wastewater were determined according to equation 
(7), and rejections of Cl− and Na+ were not concerned due to the similar 
reason of reverse salt flux. 

Rejection=
(

1 −
C0V0 − CtVt

△VC0

)

× 100% (7) 

ΔV (L) is the volume of permeated water after certain test time of Δt 
(h), Ct and C0 are the final and initial ion concentration of FS (g/L). 

3. Results and discussion 

3.1. Optimization and characterization of membranes 

3.1.1. Optimization and characterization of substrates 
Fig. 2 shows the surface morphology of the studied nanofiber sub-

strates. As shown in Fig. 2A, PPVDF demonstrated a typical randomly 
arranged nanofiber, of which the diameter is evenly distributed, mainly 
between 400 and 600 nm, with an average diameter of 506.8 nm. For 
PDA-GO interlayer modified substrate (PPVDF-xGO), the PPVDF-0.1GO 
and PPVDF-0.3GO (Fig. 2B and C) showed limited PDA-GO adhesion due 
to the low GO concentrations. PPVDF-0.5GO and PPVDF-0.7GO (Fig. 2D 
and E) with higher GO concentrations showed greatly increased PDA-GO 
adhesion on the substrate surface. However, it was observed from higher 

magnification images that the PDA-GO interlayer on PPVDF-0.7GO was 
obviously thicker and rougher than that of PPVDF-0.5GO, though their 
adhesion areas were close. The uncovered area on PPVDF-0.5GO and 
PPVDF-0.7GO was mainly due to the unattached or weakly adhered 
PDA-GO, which were washed away by rinsing after modification. When 
the GO concentration was further increased to 0.9 g/L, the PDA-GO 
interlayer on PPVDF-0.9GO became rougher and thicker (Fig. 2F). 
Another interesting phenomenon was that the uncovered area of PPVDF- 
0.9GO was even larger than that of PPVDF-0.5GO and PPVDF-0.7GO, 
though a higher GO concentration (0.9 g/L) was used for its modifica-
tion. The decrease of PDA-GO adhesion area may be attributed to the GO 
aggregation at high concentration, that more PDA-GO would be washed 
away as a result. The SEM observation showed that the PPVDF-0.5GO 
and PPVDF-0.7GO had higher PDA-GO covering ratios. ATR-FTIR 
analysis in Fig. S1b also indicated PDA-GO interlayer was successfully 
prepared on the super-hydrophilic PPVDF substrates. 

Cross section images in Fig. S2 indicated that the PDA-GO interlayers 
were well adhered on both PPVDF-0.5GO and PPVDF-0.7GO surfaces. 
However, at a higher magnification, it can be observed that the PDA-GO 
interlayer on PPVDF-0.7GO was obviously thicker and rougher than that 
of PPVDF-0.5GO, which was consistent with the observation in substrate 
surface morphology in Fig. 2. And the AFM results in Fig. 3 also 
confirmed the more roughness of PDA-GO interlayer on PPVDF-0.7GO, 
though it was much smoother than the uncovered area. 

The other characterization results of substrates in Table S1 show 
that, the PDA-GO interlayers at all used GO concentrations were so thin 
that there were almost no changes in substrates thicknesses. The PPVDF 
showed super-hydrophilicity that the water droplet spread so fast that 
the exact WCA value couldn’t be measured (Table S1 and Video S1). All 
the PDA-GO interlayer modifications did not affect the super- 
hydrophilicity of substrates, though their surface became smoother 
after PDA-GO covering (Video S2 and Video S3 for PPVDF-0.5GO and 
PPVDF-0.9GO, respectively). And all the modified substrates showed a 
very limited increase in water uptake, from 2.64% to 3.55%, which 
would not cause serious swelling or deterioration of mechanical prop-
erties of the substrates. In addition, there was little reduction in overall 
porosity. The average surface pore size decreased slightly after the 
adhesion of PDA-GO interlayer. 

Fig. 2. SEM images of the nanofiber substrates: (A) PPVDF, (B) PPVDF-0.1GO, (C) PPVDF-0.3GO, (D) PPVDF-0.5GO, (E) PPVDF-0.7GO and (F) PPVDF-0.9GO, where 
0.1–0.9 were the GO concentrations in DA solution used to treat the substrates in g/L. 
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Fig. 3. SEM images and AFM results of substrates: (A1) overall AFM (50μm × 50 μm), (A2) uncovered surface AFM (10μm × 10 μm) and (A3) PDA-GO interlayer 
covered surface AFM (10μm × 10 μm) of PPVDF-0.5GO; (B1) overall AFM (50μm × 50 μm), (B2) uncovered surface AFM (10μm × 10 μm) and (B3) PDA-GO covered 
surface AFM (10μm × 10 μm) of PPVDF-0.7GO. 
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Supplementary data related to this article can be found at https 
://doi.org/10.1016/j.memsci.2022.120767. 

3.1.2. Optimization and characterization of eTFC-FO membranes 
Before eTFC-FO membranes characterization, optimization of eTFCx- 

0, eTFC0-y and eTFCx-y were conducted to determine the optimum 
addition amount of PDA-GO in interlayer and PA active layer, compared 
with the super-hydrophilic PPVDF supported eTFC0-0. As shown in 
Fig. 4A, the control eTFC0-0 showed the lowest water flux (Jw, 16.00 
LMH) and lowest selectivity (Js, 2.90 gMH; Js/Jw, 0.18 g/L). The poor 

performance was due to the defective PA active layer formed deep inside 
the super-hydrophilic nanofiber pores, which was well studied by other 
works [12,16]. And for eTFC-FO based on PDA-GO interlayer modified 
substrates, the water flux and selectivity showed gradual enhancement 
with the increase of used GO concentration, which may be due to the 
effectiveness of PDA-GO interlayer on PA layer defects alleviation on 
super-hydrophilic nanofiber. When the GO concentration was 0.5 g/L, 
the eTFC0.5-0 achieved greatly improved water flux and selectivity (Jw, 
28.34 LMH; Js, 2.49 gMH; Js/Jw, 0.09 g/L). Besides the PA active layer 
defect alleviation by PDA-GO interlayer, the water transport nano-
channel of PDA-GO interlayer may also contribute to the increase of 
water permeability and selectivity by its semi-permeability. However, a 
further increase in GO concentration resulted in a simultaneous decrease 
in water and salt permeability of eTFC0.7-0, which may be attributed to 
the transport resistance by thicker and less permeable PDA-GO inter-
layer as the SEM and AFM observation results shown in Fig.2E, Fig. S2 
and Fig. 3. The eTFC0.9-0 showed increase in both water and salt 
permeability under the combined action of the PDA-GO interlayer and 
the PPVDF substrate with more exposed area. Thus, PPVDF-0.5GO based 
eTFC0.5-0 was the optimized among all eTFCx-0 membranes. 

As shown Fig. 4B, for eTFC0-y (PDA-GO nanosheets in PA active 
layer), the water flux was enhanced to 28.79 LMH and the specific salt 
flux was decreased to 0.06 g/L respectively, when amount of PDA-GO 
addition in MPD solution increased to 0.125 g/L (eTFC0-0.125). And 
further increase in amount of PDA-GO addition caused decrease in both 
water permeability and selectivity. Similarly, this membrane perfor-
mance change may be also caused by the PA active layer defect allevi-
ation at low PDA-GO concentration and increased transport resistance 
by thicker PDA-GO at high PDA-GO concentration. At low PDA-GO 
addition, the PDA-GO nanosheets would be uniformly placed on the 
PPVDF substrate surface during the IP process, since it (flake size, ~10 
μm) could not get inside the nanofiber pores (~2 μm). It should be noted 
that great care should be taken when TMC solution was poured on the 
substrate to avoid intensive flush on the PDA-GO nanosheet, which was 
not adhered onto substrate by any chemical force. The PPVDF substrate 
surface uniformly covered by PDA-GO nanosheets would be more 
effective to prevent PA layer forming deep inside the pores of PPVDF 
substrate, compared with the partially covered surface of PPVDF-xGO. 
That well explained the higher performance enhancement of eTFC0- 

0.125 than that of eTFC0.5-0, though the PDA-GO addition (0.125 g/L) in 
MPD solution was much lower than that used in PDA-GO interlayer (0.5 
g/L). When the concentration of PDA-GO in MPD solution was higher 
than 0.125 g/L, less permeable eTFC-FO membranes were resulted due 
to the PDA-GO aggregation in MPD solution, which was similar to the 
report of addition of GO and modified GO in PA layer [47]. 

Furthermore, PDA-GO nanosheets in PA layer was prepared on the 
optimized PPVDF-0.5GO substrates to study the potential performance 
improvement by combined strategies of PDA-GO in both interlayer and 
PA layer. As shown in Fig. 4C, the eTFC0.5-0.125 showed the best FO 
performance with the highest Jw (33.92 LMH) and lowest Js/Jw (0.04 g/ 
L), which confirmed a higher performance enhancement than that by 
modification only in interlayer or PA layer. Besides, the optimized PDA- 
GO concentration (0.125 g/L) used in MPD solution for eTFC0.5-0.125 was 
the same with that for eTFC0-0.125, indicating the same PDA-GO 
dispersion status in MPD solution, regardless of the substrate properties. 

According to the above performance optimization, great perfor-
mance improvement for eTFC-FO could be achieved by PDA-GO modi-
fication in interlayer or PA layer. 

And PDA-GO modification in both interlayer and PA layer was able 
to make further membrane performance improvement, which made 
super-hydrophilic nanofiber based eTFC-FO became a possible. The 
eTFC0-0, eTFC0.5-0, eTFC0-0.125, and eTFC0.5-0.125 membranes were 
selected for further characterization and desalination tests. 

Before PA characterization, the PDA-GO nanosheets remained sub-
strate surfaces after aqueous solution treatment during the IP process 
have been imaged. As observed in Fig. 5, the PDA-GO nanosheets 

Fig. 4. Effects of modifier concentrations on FO performance (DI water FS and 
0.5 M NaCl DS were used): (A) eTFCx-0, PDA-GO in interlayer; (B) eTFC0-y, PDA- 
GO in PA layer; and (C) eTFC0.5-y, PDA-GO in PA layer on a PPVDF- 
0.5GO substrate. 
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remained on the PPVDF and PPVDF-0.5GO substrates uniformly after 
the aqueous treatment. Both substrates can reach almost 100% covering 
of PDA-GO when the addition concentration of PDA-GO was 0.125 g/L. 
And at each PDA-GO addition concentration, the nanosheets remained 
on PPVDF-0.5GO was respectively more uniform than that on PPVDF, 

confirming the more effectiveness of combination of PDA-GO in inter-
layer and MPD solution than the single medication in interlayer or PA 
layer. It should be noticed that, the PDA-GO addition may offer great 
compatibility between nanosheets and PA layer, compared with pure GO 
addition where interface between GO and interlayer can be observed 

Fig. 5. Morphology of substrate surfaces before and after MPD/PDA-GO aqueous solution treatment:(A) Original PPVDF; (A1) 0.075 g/L, (A2) 0.100 g/L and (A3) 
0.125 g/L of PDA-GO added aqueous solution treated PPVDF; (B) Original PPVDF-0.5GO; (B1) 0.075 g/L, (B2) 0.100 g/L and (B3) 0.125 g/L of PDA-GO added 
aqueous solution treated PPVDF-0.5GO. 

Fig. 6. Surface and cross section morphology of (A), (A1) and (A2) eTFC0-0; (B), (B1) and (B2) eTFC0.5-0; (C), (C1) and (C2) eTFC0-0.125; (D), (D1) and (D2) 
eTFC0.5-0.125. 
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[30]. 
After that, comparison analysis of the chosen membranes was carried 

out. Fig. 6 shows the surface and cross section morphology of the eTFC- 
FO membranes, all the images demonstrated the successful preparation 
of valley-ridge like PA layer on the corresponding substrate. The eTFC0- 

0 in Fig. 6A and A1 showed a rough PA active layer, which was deep 
inside the substrate pores with obvious nanofiber imprint. And obvious 
PA defects were formed on the super-hydrophilic PPVDF substrate, 
which was consistent with other reported TFC membranes on hydro-
philic substrates [2,18]. As contrast, all the PDA-GO modified mem-
branes showed much smoother PA layers without obvious defects, 
indicating the alleviation of PA defects by PDA-GO modification in 
interlayer and PA layer. The eTFC0.5-0.125 showed the smoothest PA 
surface, and next came to the eTFC0-0.125. The PA roughness difference 
observed in SEM images was consistent with the results of AFM analysis 
in Fig. 7, in which the roughness was at the order of eTFC0-0 > eTFC0.5-0 
> eTFC0-0.125 > eTFC0.5-0.125. 

Cross-section images of the membranes in Fig. 6A2-D2 showed that 
there was no obvious interface between PDA-GO and PA layer, indi-
cating the good linking between PDA-GO and PA. This linking could be 
caused by the reaction between NH2 in PDA and -COCl in TMC during 
the IP process [24]. Compared with that in other studies, no chemical 
bonding force was there between PA and pure GO and obvious interface 
can be observed in these reports [29,30]. Besides, PA layer thickness of 
the studied membranes also showed great difference in this work. The 
eTFC0-0 was with the thickest PA layer (Fig. 6A2), and eTFC0.5-0 showed 
slightly thinner PA layer in Fig. 6B2. Compared with eTFC0.5-0, the PA 
layer thickness of eTFC0-0.125 and eTFC0.5-0.125 decreased significantly, 
which may be caused by more uniform covering of PDA-GO nanosheets 
on the substrates during IP process. Both the PDA-interlayer and 
PDA-GO in MPD solution would offer smooth template for IP reaction, 
by which the nuclei formation of PA layer would be regulated and the 

MPD diffusion would be controlled [20–22]. A thinner and less defective 
PA would be resulted compared with the relatively bigger nuclei olig-
omers formed on large pore sized nanofiber substrate [21]. Thus, it 
could be concluded that strategies of PDA-GO interlayer and PDA-GO in 
MPD solution can both prevent the PA from forming deep inside the 
super-hydrophilic substrate pores and alleviate the PA defects, and 
PDA-GO addition in MPD solution was more effective on PA defects 
alleviation. 

Fig. 8 shows the physicochemical properties of the PA layers 
analyzed by ATR-FTIR, XPS and contact angle analyser. The ATR-FTIR 
spectra in Fig. 8A proved that PDA-GO in whether interlayer or PA 
layer did not change the chemical nature of PA. Briefly, the FTIR spectra 
of all studied membranes showed the characteristic peaks at 1660 cm− 1, 
1610 cm− 1 and 1540 cm− 1, which were respectively assigned to C=O 
(amide I), C=O in the aromatic ring breathing (amide II) and –N–H 
(amide II) [7]. The –NH2 in PDA would also react with the -COCl in TMC. 
And the produced -CO-NH- group was the same with that of the reaction 
product between MPD and TMC, which would lead good linking be-
tween PDA-GO and PA and would not change their FTIR spectra [7,46]. 

The XPS results of the membranes in Fig. 8B and Table 3 showed that 
all PDA-GO modified eTFC-FO membranes were with higher O/N ratios 
than that of the control eTFC0-0 (1.30). As well known, a lower O/N ratio 
represents a more cross-linked PA layer [8,29]. According to the O/N 
ratios, all PDA-GO modified eTFC-FO membranes seemed to be less 
cross-linked than the eTFC0-0. However, the calculated degrees of 
crosslinking were not precise due to the possible detection of 
oxygen-containing groups in PDA-GO by XPS. For a more substantive 
and authentic analysis of degree of crosslinking, the XPS spectra of O 1s 
were decomposed into O=C–N/C=O/C–O and O=C–O. The O=C–N was 
from PA layer, and O=C–O corresponds to the –COOH in PA layer and 
GO [30]. It can be deduced from Fig. S3 that, all the PDA-GO modified 
eTFC-FO membranes were more cross-linked than that of the eTFC0-0, 

Fig. 7. AFM of (A) eTFC0-0, (B) eTFC0.5-0, (C) eTFC0-0.125 and (D) eTFC0.5-0.125.  
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according to their lower relative ratios of O=C–O even after the modi-
fication of PDA-GO (rich in O=C–O group) than that of eTFC0-0. 
Compared with eTFC0.5-0, the lower relative ratio of O=C–O group in 
eTFC0-0.125 proved its higher degree of crosslinking, though the PDA-GO 
in its much thinner PA layer was even easier to be detected by XPS than 
that in the interlayer of eTFC0.5-0. Similarly, the lowest relative ratio of 
C=O–O confirmed the highest degree of crosslinking of eTFC0.5-0.125. 
The increased degree of crosslinking of the PDA-GO modified eTFC-FO 
membranes may be caused by the enhanced MPD sorption in the hy-
drophilic PDA-GO interlayer, which would offer more reaction mono-
mers during the IP process [20–22]. And the eTFC0.5-0.125 with the 
highest degree of crosslinking confirmed that the combination of 
PDA-GO simultaneously in interlayer and PA layer was more effective 
than the two single modification strategies in this work. 

The WCA values in Fig. 8C showed an order of eTFC0-0 < eTFC0.5-0 <

eTFC0-0.125 < eTFC0.5-0.125, which is consistent with their roughness and 
degrees of crosslinking of PA layer. As an important indicator of hy-
drophilicity (wettability), WCA is well known to be under the compre-
hensive effects of roughness and chemical properties. Normally,a 
rougher PA would be easier to be wetted [37,46]. And a less cross-linked 
PA with more hydrophilic –COOH and –NH2 in PA is also easier to be 
wetted [37,46], which would be of a relatively lower WCA value. Thus, 
the smoothest and most cross-linked eTFC0.5-0.125 showed the highest 
WCA value, while the roughest and least cross-linked eTFC0-0 showed 
the lowest WCA value. 

3.2. Mechanism of PDA-GO effects on PA defect alleviation 

In order to get a better understanding, the PA formation process was 
diucussed based on the above characterization results. As Fig. 9A illus-
trated, the MPD solution would be deep inside the pores of super- 
hydrophilic PPVDF substrate that the resultant PA layer would be so 
rough with obvious nanofiber imprints. And PA defects would be easily 
formed for eTFC0-0. Although the hydrophilic substrates is favourable 
for a low ICP inside substrate by fastening water and salts diffusion, the 
PA defects would limit the performance of the eTFC0-0 membrane, 
especially its selectivity. After a PDA-GO interlayer was introduced onto 
the PPVDF, for example PPVDF-0.5GO in Fig. 9B, the interlayer would 
make the MPD/TMC interface much smoother, which would greatly 
prevent the PA layer from forming deep inside the substrate pores and 
alleviate the PA defects. Besides, PDA-GO interlayer would regulate the 
nuclei formation of PA at the initial stage of IP reaction. A smoother, 
thinner and less defective PA layer would be formed on the PPVDF- 
0.5GO substrate, compared with that on rough and large pore sized 
PPVDF substrate. And the PA layer would also be more cross-linked due 
to the higher amine storage in PDA-GO interlayer. The reaction between 
–NH2 in PDA-GO and -COCl in TMC would further improve the degree of 
crosslinking of the formed PA [20–22]. However, the PDA interlayer was 
partially covered on the substrate (covering by ~80.0%, analyzed by an 
ImageJ software), and the PA defects alleviation and slectivity 
improvement of eTFC0.5-0 were limited due to the uncovered part of the 
substrate. In previous reports, GO and other kinds of interlayers can also 
be easily prepared by vaccum filtration method, by which covering area 
of the interlayer can reach almost 100% [30,48], compared with ~80% 
of PDA-GO interlayer in this work. However, the PDA-GO interlayer can 
be well binded with both nanofiber and PA layer [11,23,24], compared 
with vacuum filtration method, of which the binding force was lack. And 
the combinnation of PDA-GO in interlayer and PA layer can also reach 
100% covering on substrate surface, of which better effectiveness has 
been demontrated in Figs. 4 and 5. 

In Fig. 9C, the PA of eTFC0-0.125 was under the similar effects of PDA- 
GO nanosheets on super-hydrophilic PPVDF. The difference was that 
PDA-GO nanosheets added in MPD solution was more uniformly covered 
on PPVDF which was demonstrated in Fig. 5. And there was no chemical 
bonding force between PDA-GO nanosheets and PPVDF during the IP 
process, compared with that of PDA-GO interlayer. The uniform PDA- 

Fig. 8. Physicochemical analysis of the eTFC-FO membranes (A) ATR-FTIR, (B) 
XPS and (C) water contact angles (WCAs). 

Table 3 
PA surface chemical composition of the eTFC0-0, eTFC0.5-0, eTFC0-0.125 and 
eTFC0.5-0.125 obtained by XPS, where ND refers to No Detected.  

Sample code C(at%) O(at%) N(at%) F(at%) O/N 
Ratio 

eTFC0-0 76.16 13.47 10.37 N.D. 1.30 
eTFC0.5-0 76.60 14.07 9.33 N.D. 1.51 
eTFC0-0.125 76.03 13.75 10.22 N.D. 1.35 
eTFC0.5-0.125 77.62 12.70 9.68 N.D. 1.31 
Fully cross-linked 75.00 12.50 12.50 – 1.00 
Fully linear 71.40 19.10 9.5 – 2.00  
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GO nanosheets remained on substrate was more effective on PA defects 
alleviation than the partially covered PPVDF-0.5GO. For eTFC0.5-0.125 in 
Fig. 9D, the PA layer deposition would be under combined effects of the 
PDA-GO interlayer and PDA-GO nanosheets in MPD solution, in which 
the PDA-GO nanosheets remained on PPVDF-0.5GO would make the 
substrate surface even smoother and a thinner PA with less defects 
would be formed. Besides, the degree of crosslinking would be further 
improved by higher amine storage in PDA-GO interlayer and PDA-GO 
nanosheets after aqueous solution treatment, as well as the more reac-
tion sites for –NH2 in PDA-GO and -COCl in TMC [7,46]. This thin, 
highly cross-linked and less defective PA would greatly enhance water 
permeability and selectivity of eTFC0.5-0.125. Thus a less defective PA 
layer was successfully prepared on super-hydrophilic nanofiber sub-
strate. Besides the effects of PDA-GO on PA formation, the 

semi-permeable PDA-GO in all the modified eTFC-FO membranes also 
contributed to their performance improvement. 

3.3. Transport and structural parameters determination 

The transport and structural parameters were determined by a FO 
method [32]. The results are shown in Fig. S4 and listed in Table 4. 
Compared with the control eTFC0-0, all PDA-GO modified eTFC-FO 
membranes showed higher A (water permeability), lower B (salt 
permeability) and lower B/A (selectivity, lower B/A represents higher 
selectivity) values. It demonstrated the improved water permeability 
and selectivity of the modified membranes. The eTFC0-0 with the highest 
S value was with the most serious ICP, which could be due to the sub-
strate porosity decreased caused by formation of PA layer deep inside 
the hydrophilic substrate. The eTFC0.5-0 and eTFC0-0.125 with decreased 
S values confirmed the respective effectiveness of PDA-GO interlayer 
and PDA-GO nanosheets embedded PA layer on PA defects alleviation, 
both of which would greatly avoid PA layer formation inside the sub-
strate pores and would not cause much decrease of substrate porosity. 
The eTFC0.5-0.125 with the lowest S value demonstrated its lightest ICP 
phenomenon and the highest effectiveness of PDA-GO simultaneously in 
interlayer and PA layer on PA defects alleviation. Besides, better effect of 
PDA-GO in PA layer than PDA-GO interlayer was proved again, in 
accordance with the lower S value of eTFC0-0.125 than that of eTFC0.5-0. 

3.4. Forward osmosis tests 

3.4.1. Performance test with DI water FS 
Pure water permeability test was carried out in both FO and PRO 

Fig. 9. PA layer formation process of (A) eTFC0-0, (B) eTFC0.5-0, (C) eTFC0-0.125 and (D) eTFC0.5-0.125.  

Table 4 
Transport and structural parameters of the eTFC-FO membrane prepared in this 
and other works.  

Membrane code A (LMH/bar) B(LMH) B/A(bar) S (μm) Ref. 

eTFC0-0 0.86 0.15 0.17 148 This work 
eTFC0.5-0 2.07 0.17 0.08 140 This work 
eTFC0-0.125 1.86 0.11 0.06 110 This work 
eTFC0.5-0.125 1.98 0.08 0.04 88.7 This work 
TFC-6 3.09 0.30 0.10 290 [11] 
NTFC – – 0.08 84.3 [15] 
DPE-TFC 6.67 0.68 0.10 168 [19] 
PIN-2-4 5.5 5.3 0.96 463 [34] 
PAN1500 TFC 3.23 0.81 0.27 86.4 [37] 
TFC-PVDF-PVA 1.94 0.22 0.11 154 [38]  
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modes. As shown in Fig. 10, all PDA-GO modified eTFC-FO membranes 
showed better performance in both water flux and selectivity. Higher 
PRO water flux was acquired for each eTFC-FO membrane compared 
with that in FO mode, while the selectivity of each membrane showed 
negligible difference between FO and PRO modes. This FO/PRO per-
formance rule at DI water FS has been well studied [35,36]. The greatly 
improved water flux and selectivity of eTFC0.5-0 indicated the effec-
tiveness of PDA-GO interlayer on the PA defects alleviation on 
super-hydrophilic nanofiber substrate. The eTFC0-0.125 showed close 
water permeability improvement with that of eTFC0.5-0 but higher 
selectivity. The higher selectivity of eTFC0-0.125 demonstrated that the 
uniformly covered nanofiber surface by PDA-GO nanosheets during IP 
process was more favourable for PA defects alleviation than the partially 
covered PPVDF-0.5GO. The eTFC0.5-0.125 was of the highest FO/PRO 
performance improvement, due to its smoothest, thinnest and most 
cross-linked PA layer, as well as water transport nanochannel in inter-
layer and PA layer. 

3.4.2. Desalination performance for 0.5 M NaCl solution 
A 0.5 M NaCl solution (3.0 wt%) was used as FS to evaluate the 

desalination performance for high salinity water of the membranes. As 
shown in Fig. 11a, the studied membranes demonstrated a water flux 
order of eTFC0.5-0.125 > eTFC0-0.125 > eTFC0.5-0 > eTFC0-0. All the 
membrane showed stable water flux during the test process in FO modes, 
which proved the super-hydrophilic nanofiber substrate had excellent 
ICP alleviation. However, the membranes operated in PRO modes 

demonstrated quite different results. 
In Fig. 11b, eTFC0.5-0.125 showed the lowest water flux for the 

desalination of 0.5 M NaCl solution, despite its highest water perme-
ability in the pure water test. The other three membranes showed a 
water flux order of eTFC0-0.125 > eTFC0.5-0 > eTFC0-0, which are 
consistent with the results from the pure water tests. This interesting 
phenomenon can be attributed to the rejected NaCl could easily accu-
mulated inside the substrate of eTFC-FO operated in PRO mode. For less 
permeable eTFC0-0, eTFC0.5-0 and eTFC0-0.125, their super-hydrophilic 
substrates could ensure timely diffusion of the rejected NaCl outside 
the substrates of eTFC-FO operated in PRO modes. However, for the 
highly permeable eTFC0.5-0.125, the large amount of NaCl would be 
rejected and accumulated inside its substrate due to the high water flux 
(60–70 LMH as shown in Fig. 11b) at the most initial stage of desali-
nation test. The amount of rejected NaCl was so high that it was beyond 
the diffusion limit of super-hydrophilic nanofiber and can hardly diffuse 
outside timely. Thus, serious reduction of effective osmotic driven force 
(Δπ) was then resulted and water flux decrease was caused. While in FO 
mode, the rejected NaCl at the PA surface can be greatly alleviated by 
extra cross-flow. This assumption was also verified by the higher PRO 
water flux reduction of eTFC0.5-0 and eTFC0-0.125 than that of their cor-
responding FO water flux reduction for 0.5 M NaCl solution desalina-
tion, in which the rejected salt would be gradually accumulated inside 
their substrates and constant PRO water flux reduction would be led. 
Thus, for high salinity water desalination, 0.5 M NaCl solution for 
instance, FO mode was a preferred choice for highly permeable eTFC0.5- 

Fig. 10. Pure water permeability tests in FO and PRO modes at DI water FS and 0.5 M NaCl DS for eTFC membranes: (a) pure water flux and (b) specific salt flux.  

Fig. 11. Desalination performance tests of the eTFC0-0, eTFC0.5-0, eTFC0-0.125 and eTFC0.5-0.125 for 3.0% NaCl solution: (a) FO water flux, (b) PRO water flux (Each 
test was at a 2.0 M NaCl DS, and DS concentration was controlled every hour). 

B. Li et al.                                                                                                                                                                                                                                        



Journal of Membrane Science 659 (2022) 120767

13

0.125, while both FO and PRO modes were suitable for less permeable 
eTFC0.5-0 and eTFC0-0.125. 

3.4.3. Desalination performance for desulfurization wastewater 
To have a practical application performance evaluation of the 

membranes, desalination tests for desulfurization wastewater were 
conducted. In Fig. 12, all membranes showed normal FO and PRO per-
formance in the desulfurization wastewater desalination tests, in 
accordance with their water permeability and selectivity. In Fig. 12a and 
b, the membranes showed water flux order of eTFC0.5-0.125 > eTFC0-0.125 
> eTFC0.5-0 > eTFC0-0 in both FO and PRO modes. And the concerned 
ion rejections of each membrane were consistent with the hydrated ions 
radii of Mg2+ > Ca2+ > SO4

2− . It should be noted that the rejections of 
Na+ and Cl− , the main ions in the desulfurization wastewater, were not 
concerned in this study, due to the interference of reverse salt flux [39]. 
In FO mode, only a relatively slight water flux reduction of each mem-
brane was resulted under the alleviation of external concentration po-
larization (ECP) by extra cross-flow. For PRO tests in Fig. 12b, the 
rejected ions inside substrates of all the membranes did not cause serious 
water flux reduction for all the membranes, including the most perme-
able eTFC0.5-0.125, which was different from the PRO result in section 
3.3.3. The lower concentration of real desulfurization wastewater was 
believed to attribute to the PRO performance difference between real 
desulfurization wastewater and 0.5 M NaCl solution desalination. The 
desulfurization wastewater with conductivity of 28.0 mS/cm was of 
much lower concentration than that of 0.5 M NaCl (44.0 mS/cm). 
Although the lower concentration FS led to higher osmotic driven force 
and consequent higher PRO water flux for each membrane, as shown in 
Fig. 12b, it was obvious that the total rejected salts inside the 
super-hydrophilic substrates was not beyond limit at this lower 

concentration FS. Thus, the super-hydrophilic substrates would be able 
to ensure the timely salt diffusion outside the substrates. And for the 
most permeable and selective eTFC0.5-0.125, it showed a quite high water 
flux (~54.0 LMH) and high ion rejections (>98.0%) for desulfurization 
wastewater desalination in FO mode. And the eTFC0.5-0.125 was also 
suitable for desalination of desulfurization wastewater in PRO mode, in 
which a higher water flux (~64.5 LMH) was achieved with similar high 
ions rejections (>98.0%), compared with its FO performance. The 
higher PRO water flux of eTFC0.5-0.125 confirmed that the 
super-hydrophilic nanofiber was able to facilitate the rejected salts 
diffusion and make it possible to apply PRO desalination process with 
higher performance. And the super-hydrophilicity of nanofiber sub-
strates would also benefit for the low ICP of the eTFC-FO membranes in 
FO mode. Besides, the high PRO water flux recovery of each membrane 
after real desulfurization wastewater desalination tests demonstrated 
that the good antifouling of the super-hydrophilic substrate [40,41]. 

According to the performance tests at the above three FSs, PA defects 
in eTFC-FO membranes with super-hydrophilic substrates could be 
alleviated by strategy of single PDA-GO modification in interlayer or PA 
layer. And the more effectiveness of combination of PDA-GO modifica-
tion in interlayer and PA layer was also proved by the highest desali-
nation performance of eTFC0.5-0.125 for real desulfurization wastewater 
desalination. Thus, high performance eTFC-FO membrane based on 
super-hydrophilic nanofiber substrate was applicable in this work. The 
PRO desalination of high salinity water has become possible for eTFC-FO 
membranes by the application of super-hydrophilic nanofiber substrate. 
The super-hydrophilic nanofiber substrate would also benefit the FO 
performance with a lower ICP for each membrane. Meanwhile, some 
guidelines should be emphasized during the desalination process of 
PDA-GO modified eTFC-FO membranes. First, FO mode was a better 

Fig. 12. Desalination performance of the eTFC0-0, eTFC0.5-0, eTFC0-0.125 and eTFC0.5-0.125 for real desulfurization wastewater: (a) FO water flux, (b) PRO water flux, 
(c) FO ions rejection and (d) PRO ions rejection (Each test was at a 2.0 M NaCl DS, and DS concentration was controlled every hour). 
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choice for eTFC0.5-0.125 than PRO mode, when FS salinity was higher 
than 0.5 M NaCl (~3 wt%, 44.0 mS/cm). Second, both FO and PRO 
modes were suitable for eTFC0.5-0.125 when lower concentration salinity 
water was used as FS, such as desulfurization wastewater (27.7 mS/cm). 
At last, further research on the membrane fouling is still needed for the 
super-hydrophilic nanofiber based eTFC-FO membranes before other 
kinds of wastewater was used as FSs, including wastewater with organic, 
inorganic and microbiological fouling, as well as with nanoparticles [42, 
43]. 

4. Conclusions 

In this study, addition of PDA-GO in interlayer or PA active layer was 
proved to effectively alleviate the formation of PA layer defects of super- 
hydrophilic nanofiber supported eTFC-FO membranes, of which the 
water permeability and selectivity were enhanced. To add PDA-GO 
simultaneously in interlayer and PA layer can further improve the 
water permeability and selectivity of the eTFC-FO membrane. Thus, 
highly permeable and selective eTFC-FO membranes could be fabricated 
on super-hydrophilic nanofiber substrate, which had proved to be 
effective for the ICP alleviation. And the effects of PDA-GO in interlayer 
and PA layer on PA defects alleviation were proved, which can prevent 
PA from forming deep inside pores of super-hydrophilic substrate. The 
desalination tests for 0.5 M NaCl solution and real desulfurization 
wastewater proved that all the three PDA-GO modified eTFC-FO mem-
branes can be applied for desalination of high salinity water. For the 
highly permeable and selective eTFC0.5-0.125, FO mode was preferred to 
PRO mode when FS salinity was higher than 0.5 M NaCl solution (~3.0 
wt%, 44.0 mS/cm), and both FO and PRO modes were suitable for 
eTFC0.5-0.125 when FS salinity was lower than the used desulfurization 
wastewater (27.7 mS/cm). 
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