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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• CTAT-induced intervention in interfa-
cial polymerization (IP) was verified. 

• Effect of CTAT contents on the forma-
tion of polyamide layer were studied. 

• Incorporation of CTAT during IP leads to 
a uniform and dense polyamide layer. 

• Resultant TFC-FO membranes show 
improved water flux and reduced 
reverse salt flux.  
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A B S T R A C T   

Thin-film composite (TFC) membrane capable of superior permeability contributes to the industrial imple-
mentation of forward osmosis (FO) technology, but it is plagued with some bottlenecks including the unsatis-
factory selectivity. Herein, the surfactant-induced intervention in interfacial polymerization was performed by 
incorporating hexadecyltrimethylammonium toluene-p-sulphonate (CTAT) into the amine aqueous solution for 
developing the highly-permeable TFC membrane with exceptional selectivity. The effect of CTAT incorporation 
on the physicochemical properties of polyamide (PA) layer was systemically investigated by conventional 
characterizations, so as to unravel the mechanism for the improved performance of resultant TFC-FO membrane. 
Besides, three typical surfactants of Tween 80, sodium dodecyl sulfate (SDS) and hexadecyltrimethylammonium 
chloride (CTAC) were also introduced and studied contrastively for comparison. Amongst the fabricated mem-
branes, the optimized TFC-CTAT membrane achieves the improved water fluxes (JV) of 31.8 and 21.7 L.m-2.h− 1 

accompanied with the reduced specific reverse salt fluxes (JS/JV) of 0.05 and 0.04 g⋅L− 1 in active layer facing the 
draw solution (AL-DS) and active layer facing the feed solution (AL-FS) orientations respectively, using 1 M NaCl 
solution and deionized water as draw and feed solutions. Therefore, this work provides a new perspective for 
constructing TFC-FO membrane with high perm-selectivity by employing suitable surfactant at the relatively low 
concentrations.  
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1. Introduction 

Forward osmosis (FO), as one of the promising membrane separation 
technologies, has attracted the unprecedented attention during the past 
decades and it has exhibited promising potential in the industrial 
application fields of seawater desalination, power generation, waste-
water enrichment, food processing and etc., because the osmotic pres-
sure gradient is employed as the driving force to realize the transport of 
water molecules from the feed solution (with low osmotic pressure) to 
the draw solution (with high osmotic pressure) unidirectionally [1–6]. 
Accordingly, FO possesses the distinct merits of low fouling propensity, 
low energy consumption and high recovery rate of the freshwater in 
comparison with those of the traditional pressure-driven membrane 
processes such as nanofiltration and reverse osmosis [7–9]. However, 
the lack of desirable FO membrane is still the main bottleneck confined 
its further advancement and industrial applications [10,11]. State-of- 
the-art approach for the preparation of FO membrane is the thin-film 
composite (TFC) membrane since it is capable of particular advan-
tages including easy preparation, low-cost, outstanding separation per-
formance and pH tolerance [12–14]. However, the typical TFC 
membranes fabricated by m-phenylenediamine (MPD) and trimesoyl 
chloride (TMC) are also plagued with several bottlenecks including the 
permeability-selectivity trade-off, high fouling tendency and poor 
membrane stability [15]. Accordingly, numerous researches have been 
performed innovatively to address above bottlenecks, such as the design 
of highly-permeable substrate [15–17], construction of the polyamide 
(PA) layer with specific architecture [18], in-situ modification and post- 
treatment of the PA layer [12,19–21], the employment of the functional 
interlayer between substrate and PA layer [22–24], development of the 
biomimetic FO membranes [25–28] and etc. [29]. In addition to the 
promoted membrane permeability and stability of resultant TFC mem-
branes, a great challenge lies in the construction of the TFC-FO mem-
brane with excellent selectivity which still calls for novel approaches to 
ameliorate, because the FO membrane with satisfactory selectivity is the 
critical prerequisite for reducing the chemical, energy and cost effi-
ciency gains as well as ensuring the high quality of freshwater and in 
terms of the actual large-scale applications [30]. 

A vast number of investigations demonstrate that the in-situ regu-
lation of the PA layer by incorporating functional components in the 
aqueous and/or the organic phases during the interfacial polymerization 
(IP) reaction process is favorable for improving the membrane 

selectivity by changing the reaction kinetics, altering the diffusion rate 
of amine monomer from the aqueous to the organic phase and/or 
participating in the formation of PA layer [22,31]. In comparison with 
the ultrafine particles [32], nano-materials [33], polymeric additives 
[34], co-reactants [13] and co-solvents [35,36], the incorporation of 
phase transfer catalyst (e. g. surfactants [37,38]) to conduct the modi-
fication of PA layer is generally economic, environmental-friendly and 
easy to scale-up. Several familiar surfactants of Sorbian monolaurate 
(Span 20) [37], sodium dodecyl sulfate (SDS) [38], cetyl-
trimethylammonium bromide (CTAB) [39] and cetyl-
trimethylammonium chloride (CTAC) [40] have been adopt and the 
resultant TFC-FO membranes were endowed with exceptional proper-
ties, because the incorporation of surfactants effectively reduces the 
surface tension of the amine aqueous solution which is favorable for the 
improved wettability of the substrate layer and therefore the higher 
adsorption amount of amine monomers [37,41]. Meanwhile, the exis-
tence of surfactants facilitates the transport of amino monomers across 
the water/hexane interface during the IP reaction by reducing the 
associated Gibbs free energy barrier, resulting in the spatially homoge-
neous polymerization [38]. However, the immoderate promotion of the 
amine monomer towards the organic phase during IP might lead to the 
synchronous decrease of membrane permeability and selectivity, 
because the stronger Marangoni effect adversely leads to the formation 
of the much thicker and more multilayered PA layer with defects [41]. In 
addition to above beneficial effect, pioneering work by Tang's group also 
demonstrates that the incorporation of surfactant at a certain concen-
tration during IP process was advantageous to the stabilization of 
generated nanobubbles at the reaction interface, resulting in the for-
mation of the defect-free PA layer with the apparent nanovoids struc-
ture, whereas the stabilization effect was negated and accordingly 
resulted in the deteriorated membrane performance, due to the exces-
sive loading of the surfactant [42]. Generally, the added surfactants 
were in the form of micelle in some cases because the loading amounts 
were higher than their critical micelle concentrations (CMC). It might 
lead to the formation of linear PA molecular chains with the relatively 
lower crosslinking degree [31]. Moreover, the formed micelles would be 
washed away and left the PA layer with defects [38,43]. These factors 
lead to the decreased membrane selectivity inevitably. To the best of our 
knowledge, there still have room to further improve the selectivity of 
fabricated TFC-FO membrane by simply incorporating suitable surfac-
tants with relative low concentration. Our previous work has verified 

Nomenclature 

Abbreviations 
TFC membrane thin-film composite membrane 
FO forward osmosis 
CMC critical micelle concentration 
NIPs non-solvent induced phase separation 
CTAT hexadecyltrimethylammonium toluene-p-sulphonate 
SDS sodium dodecyl sulfate 
CTAC hexadecyltrimethylammonium chloride 
PA polyamide 
FESEM field emission scanning electron microscopy 
AFM atomic-force microscopy 
ATR-FTIR attenuated total reflectance Fourier transform infrared 

analysis 
WCA water contact angle 

Symbols 
Ra average surface roughness (nm) 
Rq root mean square roughness (nm) 
A water permeability coefficient (L⋅m− 2⋅h− 1⋅bar− 1) 

B salt permeability coefficient (L⋅m− 2⋅h− 1) 
Vd the volume of draw solution (L) 
Vf the volume of feed solution (L) 
Cf 

0 the initial concentration of feed solution (mol⋅L− 1) 
Cf 

1 the final concentration of feed solution (mol⋅L− 1) 
Cd 

0 the initial concentration of feed solution (mol⋅L− 1) 
Cd 

1 the final concentration of feed solution (mol⋅L− 1) 
R the rejection of solute (%) 
JW pure water flux (L.m-2.h-1.bar− 1) 
Am the effective membrane area (m2) 
t the operation time (h) 
Cf the salt concentration of feed solution (mol⋅L− 1) 
CP the salt concentration of the permeate solution (mol⋅L− 1) 
C0 the initial salt concentration (mol⋅L− 1) 
C1 the final salt concentration (mol⋅L− 1) 
V1 the final volume during FO process (L) 
V0 the initial volume during FO process (L) 
JV FO water flux (LMH) 
JS reverse salt flux (gMH) 
ΔV the volume change of the solution (L)  
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that the strengthened interaction between substrate and amine mono-
mers effectively enhances the loading of MPD and results in the uniform 
and smooth PA layer with the improved selectivity, as indicated by the 
parameter of specific reverse salt flux (JS/JV) decreased from 0.84 to 
0.24 g⋅L− 1 [44]. Therefore, we envision that the uniform distribution of 
amine monomer at the interface, the accelerated kinetic reaction of 
interfacial polymerization might be conductive to develop the TFC-FO 
membrane with the superior selectivity. 

In this work, hexadecyltrimethylammonium toluene-p-sulphonate 
(CTAT) composed of a cationic part of linear alkane chains, co- 
existence of the anionic part of toluene-p-sulphonate was introduced 
in MPD aqueous phase as additive to regulate the structure and chemical 
properties of resultant TFC-FO membrane with the merit described in 
Section 1 of the Supporting Information in detail. In addition to the 
conventional merit of the decreased surface tension by surfactant, the 
incorporation of CTAT may have the additional interplays including the 
π-π interaction between the aromatic groups of CTAT and MPD [36], the 
electrostatic interaction between the negatively charged sulfonic acid 
group and slightly charged MPD monomers [45], as well as the 
hydrogen bonding. There interaction might favor the enrichment and 
uniform distribution of MPD molecules at the water/hexane interface 
and the subsequently the formation of a dense, thinner and defect-free 
PA layer, therefore improving the perm-selectivity of the modified 
TFC-FO membrane. To verify above inferences, obvious changes in TFC 
membranes in terms of the microstructure morphology, hydrophilicity, 
crosslinking degree of the modified PA layer are comprehensively 
studied according to the membrane performance test and many con-
ventional characterizations. Besides, three common surfactants at the 
optimized content were also introduced and studied contrastively for the 
purpose of elaborating the underlying modification mechanism. In 
addition to the decreased surface tension of amine solutions, this work 
demonstrates that the employment of surfactants with intense interac-
tion to amine monomers could be a straightforward and simple experi-
mental strategy for designing highly-selective TFC membrane in forward 
osmosis. 

2. Experimental 

2.1. Materials 

Polyvinylidenefluoride (PVDF) flat-sheet substrates with the porosity 
and mean pore size of 65.4 ± 1.7 % and 34.3 ± 0.1 nm respectively, 
were prepared through the traditional non-solvent induced phase sep-
aration (NIPs) method in advance, as described in our previous work 
[46]. N-hexane (AR, ≥97.0 %) and sodium chloride (NaCl, AR, ≥99.5 %) 
were purchased from Shanghai Chemical Agent Company (China). 
Polyvinylpyrrolidone (PVP) with the molecular weight of 58 kDa, 1,3,5- 
benzenetricarbonyl trichloride (TMC, 98 %) and m-phenylenediamine 
(MPD, 99.5 %) were purchased from Shanghai Aladdin Chemical Agent 
Co. Ltd. (China). Deionized (DI) water was self-produced by a lab-scale 
reverse osmosis (RO) system. The surfactants of hexadecyl-
trimethylammonium toluene-p-sulphonate (CTAT, 98 %), Tween 80, 
sodium dodecyl sulfate (SDS, 99 %), hexadecyltrimethylammonium 
chloride (CTAC, 97 %) and other chemicals were also acquired from 
Shanghai Aladdin Chemical Agent Co. Ltd. (China). The chemical 
structures of surfactants used in this study were shown in Fig. S1 of the 
Supporting Information. 

2.2. Preparation of TFC-FO membranes 

The polyamide (PA) selective layer of the TFC-FO membranes was 
formed by the conventional interfacial polymerization (IP) reaction 
between the monomers of MPD and TMC atop the PVDF substrates. 
Briefly, MPD aqueous solutions according to the predetermined recipes 
were poured onto the top surface of PVDF substrate. The detailed 
compositions and concentrations of surfactants in MPD solutions are 

summarized in Table 1 respectively. After 2-min contact, the redundant 
MPD solution was drained off by using a rubber roller. Then, the top 
surface of the MPD-saturated substrate was contacted to the 0.15 wt% 
TMC/n-hexane solution for 1 min to accomplish the IP reaction. Finally, 
the as-obtained TFC membrane was stored in DI water before use. As 
labeled in Table 1, TFC membranes were denominated as CTAT-x, where 
‘x’ represents the content (mg⋅L− 1) of CTAT in MPD aqueous solutions. 
The denotation of ‘TFC-surfactant’ is representative of the particular 
component of the surfactant employed in the amine solutions. Herein 
TFC-0 indicates the pristine TFC membrane since no surfactant added 
into the amine solution. 

2.3. Characterizations 

2.3.1. Membrane characterization 
Attenuated total reflectance Fourier transform infrared (FTIR-7600, 

Lambda Scientific Pty. Ltd., Australia) and X-ray photoelectron spec-
troscopy (XPS, Thermo fisher Scientific K-Alpha, Germany) were 
employed to verify the change of chemical properties of fabricated 
membranes. Wide-angle X-ray diffraction (WXRD, D/Max-2000, Rigaku 
Reagent Co. Ltd., Japan) was also performed to calculate the inter-chain 
spacing distance (d-spacing) of the PA layer of fabricated TFC mem-
branes through the Bragg's Law. The detailed information referred to our 
previous work [12] was described in the Supporting Information. The 
top surface and cross-sectional morphological structure of the fabricated 
membranes were observed by a field emission scanning electron mi-
croscopy (FESEM, S-4800, Hitachi Co., Japan). The dried membrane 
samples were fractured in liquid nitrogen to get a clear observation of 
the cross-sections. All of the samples were posted onto a copper holder 
and sputtered with gold before taking FESEM images. Besides. the sur-
face roughness of all membranes was also detected by atomic-force 
microscopy (AFM, 5500AFM, Agilent Technologies, USA) under the 
tapping mode. The parameters of average surface roughness (Ra) and 
the root mean square roughness (Rq) are indicative to verify the 
roughness change of fabricated membranes. All samples were tested at 
room temperature with the scanning area of 3 × 3 square micrometers at 
a speed of 2 Hz. The water contact angle (WCA) was detected by using a 
Goniometer (DSA30, KRÜSS, Germany) for the purpose of evaluating 
the surface wettability of as-fabricated membranes. At least 3 samples 
with >10 testing points were measured for each TFC membrane to 
minimize the artificial error. 

2.3.2. Other characterizations 
The difference of the surface tension of amine solutions containing 

different surfactants was clarified by an automatic surface tension meter 
(BZY-1, Shanghai Hengping Instrument and meter Factory, China). The 
results were averaged on at least 5 parallel tests of each sample to 
minimize the artificial error. An UV–Vis spectrophotometer (UV-3600, 

Table 1 
Detailed composition of amine aqueous solution for the preparation of TFC-FO 
membranes.  

Membrane 
code 

Composition of amine aqueous solution during IP process 

Tween 80 
(mg⋅L− 1) 

SDS 
(mg⋅L− 1) 

CTAC 
(mg⋅L− 1) 

CTAT 
(mg⋅L− 1) 

MPD 
(wt%) 

TFC-0 (CTAT- 
0)     

3 

CTAT-20    20 
CTAT-40    40 
CTAT-80 

(TFC- 
CTAT)    

80 

CTAT-120    120 
TFC-Tween 

80 
80    

TFC-SDS  80   
TFC-CTAC   80   
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Shimadzu, Japan) was employed to probe the change of the MPD 
diffusion rate according to the pioneering work [42]. Specifically, 0.5 
mL MPD solution at the concentration of 3 wt% was injected into the 
bottom side of the cuvette, and 3 mL of n-hexane was gently supple-
mented atop the MPD solution. After 1 min, the MPD diffusion from the 
aqueous to the hexane phase could be recorded by UV spectrophotom-
eter at the wavelength of 294 nm, since the MPD concentration in the 
hexane phase is proportional to the absorbance intensity. Similarly, 
MPD solutions with surfactants (referred to Table 1) were also parallelly 
tested. 

2.4. Performance evaluation of TFC-FO membranes 

2.4.1. Intrinsic separation properties 
A lab-scale cross-flow filtration equipment was employed to conduct 

the filtration test for the measurement of water permeability coefficient 
(A, L⋅m− 2⋅h− 1⋅bar− 1) according to Eq. (1). The nascent TFC membrane 
was pre-pressured at 2.0 bar for 1 h, followed by performing the tests at 
1.0 bar [17], 

A = ΔV/Am • ΔP • t (1)  

where ΔV is the volume (L) of collected permeate solution during the 
testing period time (t). The parameters of ΔP and Am represent the 
applied hydraulic pressure (bar) and effective membrane area (m2) 
respectively. 

The solute permeability coefficient (B) was examined by a lab-scale 
FO devices in PRO mode (active layer facing the draw solution orien-
tation, AL-DS), using 1 M NaCl aqueous solution and DI water as the 
draw and feed solutions respectively. Under the assumption that the 
concentration of the draw solution was constant during the testing 
period time, the value of B was calculated by Eq. (2) according to the 
previous work [47], 

B =
1

Amt
(

1
Vd

+ 1
Vf

)ln

(
C0

d − C0
f

C1
d − C1

f

)

(2)  

where Vd and Vf represent the volumes (L) of the draw and feed solutions 
respectively. The change of NaCl concentration in the draw (Cd) and feed 
(Cf) solutions as a function of testing time (t) were measured using a 
conductivity meter (FE38 Standard, Mettler Toledo, Switzerland). 

2.4.2. FO performance 
The FO test was performed under both of the active layer faced the 

feed solution (AL-FS, FO mode) and active layer faced the draw solution 
(AL-DS, PRO mode) orientations at 25 ± 1 ◦C, using the 1 M NaCl 

aqueous solution and DI water as the draw and feed solutions respec-
tively. The detailed operation was described in our previous works 
[17,44]. The parameters of water flux (JV, L⋅m− 2⋅h− 1, abbreviated as 
LMH) and reverse salt flux (JS, g⋅m− 2⋅h− 1, abbreviated as gMH) deter-
mined by Eqs. (3) and (4) were used to evaluate the FO performance of 
fabricated TFC membranes [48], 

JV = ΔV ′

/(Am • Δt) (3)  

JS = Δ(CtVt)/(Am • Δt) (4)  

where ΔV’ is the volume change resulted from the water delivery from 
the feed solution to the draw solution at the determined time intervals 
(Δt). The parameters of Ct and Vt stand for the concentration and volume 
of the solution at the testing points. Specifically noted that the FO tests of 
each membrane sample were lasted for over 3 h for stabilization. The 
NaCl rejection (R) of TFC membrane in PRO mode was measured by 
detecting the concentration change of the feed and permeate solutions 
during the FO tests, and calculated by Eqs. (5) and (6) [47], 

R =
(
Cf − Cp

)/
Cf × 100% (5)  

Cp = (CtVt − C0V0)
/
(Vt − V0) (6)  

where C0 and V0 represent the initial concentration and volume of draw 
solution respectively. 

3. Results and discussion 

3.1. Effect of CTAT content on the surface tension and diffusion behavior 
of MPD solutions 

To verify the change of the physicochemical properties on the for-
mation of PA selective layer, the effect of CTAT incorporation on the 
surface tension and diffusion behavior of MPD solutions was evaluated 
in advance. It can be seen from Fig. 1 (a) that the incorporation of 
surfactants in MPD solution effectively decreases the surface tension of 
aqueous solutions, which correspondingly favors the higher stocking 
and better distribution of the amine solution on membrane substrate, 
resulting in the increased quantity of amine in the reaction zone 
accordingly [49], and therefore the facilitated transport of MPD into the 
organic phase. It could be demonstrated by the results in Fig. 1 (b), since 
that the diffusion of MPD molecules was accelerated gradually with the 
increase of the CTAT content. However, as the content of CTAT increase 
up to 120 mg⋅L− 1, the surface tension of MPD-CTAT aqueous solution 
could not further decrease and reach the platform, but the excess loading 
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Fig. 1. (a) Effect of CTAT contents on the surface tension of the corresponding aqueous solutions, and (b) effect of CTAT incorporation on the diffusion of MPD into 
the organic phase (n-hexane). 
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of CTAT adversely leads to the decrease of MPD diffusion to some extent. 
Such decrease of the diffusion rate might be due to the hindered effect by 
surfactants as a result of the combined interactions of the electrostatic 
interaction, π-π interaction and hydrogen bonding [37,50]. In a 
conclusion, the kinetics of MPD diffusion from the aqueous to the 
organic phase were determined by the two combined factors of the 
surface tension and the interaction between the surfactant and MPD. 

3.2. Effect of CTAT content on physicochemical properties of resultant PA 
layer 

ATR-FTIR technique was employed to detect the change of chemical 
properties of as-fabricated TFC membranes. As depicted in Fig. 2 (a), 
characteristic peaks at 1402, 1275, 1180, 1075, 876 and 841 cm− 1 

ascribed to the dominating beta-phase of PVDF were revealed for all 
membrane spectra, which is also in accordance with those observation 
in our previous works [17,44,51]. In addition to the beta-phase of PVDF, 
the peaks with relatively low intensity at 614, 760 and 975 cm− 1 

correspond to the alpha-phase of PVDF [52]. The adsorption peaks and 
their assignments of PVDF membranes were specified and the detailed 
information was shown in Table S1 of the Supporting Information. In 
terms of the TFC membranes with PA layer, the appearance of intensive 
peaks at 1661, 1610 and 1547 cm− 1 are observed, corresponded to the 
C––O stretching vibration of amide I, aromatic ring breathing and in- 
plane C–N stretching vibration of amide II [17,31,35]. In comparison 
with the spectrum of PVDF substrate, above evident change in mem-
brane spectra demonstrates the successful growth of PA layer atop the 

substrate. 
Moreover, it also can be surveyed that the intensity of characteristic 

peaks of PA gradually strengthened with an increase in the content of 
incorporated CTAT in MPD solution, accompanied with the attenuated 
intensity of those characteristic peaks for PVDF. Since the effective 
detection depth of ATR-FTIR technique reaches to about 1 μm, the 
characteristic features of PA layer and PVDF substrate were both 
revealed in the spectra [53]. To further discuss the chemical property of 
PA layer, the comparison of the absorbance at the specific wavenumbers 
was performed since FTIR is considered as a semi-quantitative approach 
to evaluate the crosslinking degree of resultant PA layer as demonstrated 
by previous works [12,35,44,54]. Because the formation of C–N bond is 
solely resulted from the crosslinking reaction between MPD and TMC 
and all the carbonyl groups come from TMC monomer, the absorbance 
ratio of the crosslinked part of PA at 1547 cm− 1 and amide I at 1661 
cm− 1 (denoted as Abs. (1547) / Abs. (1661)) is indicative to the cross-
linking degree of resultant TFC membranes [44,55]. Furthermore, the 
absorbance ratio of crosslinked part of PA at 1547 cm− 1 to that of PVDF 
at 1180 cm− 1 (denoted as Abs. (1547) / Abs. (1180)) could be employed 
to represent the amount of PA polymer because the absorption of C–F 
bond originated from the PVDF substrate can be considered as an 
invariant [35]. The results of the calculated absorbance ratios of Abs. 
(1547) / Abs. (1661) and Abs. (1547) / Abs. (1180) are shown in Fig. 2 
(b) and the detailed information was summarized in Section S3 of the 
Supporting Information. The results show that the ratio of Abs. (1547) 
/ Abs. (1661) exhibits an up-and-down trend, demonstrating that the 
incorporation of CTAT in MPD aqueous solution is favorable for 
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Fig. 2. (a) ATR-FTIR spectra of PVDF substrate and fabricated TFC membranes with different contents of CTAT in MPD solution, (b) the corresponding absorbance 
ratios of Abs. (-CONH-) / Abs. (-COOH) and Abs. (-CONH-) / Abs. (C–F) and (c) the calculated values of the crosslinking degree of the formed PA layer based on the 
element ratios of O/N by XPS analysis. 
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enhancing the crosslinking degree of resultant PA layer. Besides, the 
value of Abs. (1547) / Abs. (1180) rises from 0.05 of the pristine TFC 
membrane to 0.20 of CTAT-40 obviously and then slightly increases 
until reaching the platform of around 0.23 for CTAT-80 and CTAT-120 
membranes. Moreover, results in Fig. S2 of the Supporting Informa-
tion demonstrate that the d-spacings of the modified TFC membranes 
range from 5.00 to 5.38 Å, much lower than that (5.72 Å) of the pristine 
TFC membrane. The decrease of the d-spacing of the PA layer is highly 
consistent with the increase of the crosslinking degree of resultant TFC 
membranes. Besides, results in Fig. 2 (c) also demonstrate that the TFC 
membranes with the incorporation of CTAT in IP process exhibit the 
overall higher crosslinking degree of resultant PA layer than that of the 
pristine TFC membrane. And the crosslinking degree of fabricated TFC 
membranes also show an up-and-down trend with the increase in the 
CTAT content, which is roughly consistent with the results of ATR-FTIR 
characterization. Above results not only confirm that more PA polymer 
was immobilized on the top surface of PVDF substrate with the increase 
of CTAT content incorporated in MPD during the IP process, but also 

verifies that the addition of CTAT in amine solution during interfacial 
polymerization is beneficial for the formation of a more compacted PA 
layer as a result of the higher crosslinking degree. 

The top surface morphology of as-fabricated TFC membranes char-
acterized by SEM are shown in Fig. 3. Generally, all the TFC membranes 
roughly show the typical ‘ridge-and-valley’ surface features, originated 
from the migration of amino monomer (MPD) towards to the organic 
phase and further crosslinked by TMC through the IP reaction as widely 
reported [41]. It can be found that the pristine membrane of CTAT-0 has 
a relatively smooth PA surface, which is composed of the nodular 
structure in a relatively lower density and the irregular leaf-like struc-
ture closely sticked atop the nodular surface, probably due to the 
inadequate adsorption and uneven distribution of MPD monomers 
resulted from the relatively poor hydrophilicity (with the WCA of 84◦

[46]) of PVDF substrate. The boundary between these two surface 
configurations is not obvious. With the content of CTAT increases from 
0 to 80 mg⋅L− 1 in the MPD solutions, the nodular-like structure gradu-
ally dominates the top surface with the larger dimensions, accompanied 

Fig. 3. Top surface morphologies of as-fabricated TFC membranes as a function of the increased concentration of CTAT incorporated to amine solution. The scale bar 
in the picture represents the length of 2.0 μm. 

Fig. 4. AFM images of the TFC FO membranes with different concentrations of CTAT incorporated in aqueous solution.  
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with the randomly distributed leaf-like structure in a larger and rougher 
configuration. Such obvious change should be reasonably ascribed to the 
change of surface tension of amine solutions and the MPD diffusion rate 
brought by the incorporation of CTAT. As discussed before, the reduced 
surface tension (Fig. 1 (a)) resulted from the incorporation of CTAT fa-
vors the higher stocking and better distribution of the amine solution on 
membrane substrate, resulting in the increased quantity of amine in the 
reaction zone [49]. Accordingly, the MPD monomers not only shows the 
higher tendency for the migration from the aqueous to the organic 
phase, but also be inclined to spread to the deep region of the organic 
phase. Therefore, at the initial stage of the IP reaction, the adequate 
MPD monomers favors the uniform and intense reaction, thereby pro-
ducing a relatively dense incipient PA layer at the water-organic inter-
face. Meanwhile, the spread of MPD into the deep region of the organic 
phase induces the formation of PA fragments above the nascent PA 
layer. Afterwards, the accelerated migration of MPD towards the organic 
phase (Fig. 1 (b)) intensifies the IP reaction and consequently shortens 
the reaction time for the MPD solution incorporated with CTAT, which 
could hardly bring any obvious change of the nascent smooth PA layer. 
Meanwhile, the PA fragments formed above the dense PA layer ulti-
mately form the loosely aggregated, roof-like structure atop the dense 
PA layer [56]. In comparison with CTAT-80, the thicker and rougher PA 
layer of CTAT-120 might be ascribed to the reduced MPD diffusion as a 
result of the interaction between CTAT and MPD, since it prolongs the IP 
reaction process and left enough time for the growth of the multi-layer 
PA layer as well as a more pronounced leaf-like structure above the 
nodular like PA surface. Consequently, the membrane of CTAT-120 ex-
hibits the larger thickness of PA layer. In addition, as inspired by the 
pioneering work by Tang's group [42], the incorporation of CATA might 
also contributes to the larger nanovoids structure by mitigating the 
dissolution and escape of the nanobubbles and therefore the formation 
of the leaf-like structure in a relatively larger dimension. 

AFM images of the fabricated TFC membranes are depicted in Fig. 4. 
In comparison with the relatively smooth surface of the pristine TFC 
membrane, the top surfaces for the modified TFC as a function of the 
concentration of CTAT incorporated to the amino solution become 
rougher, as indicated by the gradually increased value of the surface 
roughness. Even though the incorporation of CTAT intensifies the 
interfacial polymerization reaction in the initial stage by decreasing the 
surface tension and leads to the formation of a denser and more compact 
nascent PA layer with the relatively smooth surface, the formation of the 
PA fragments in relative larger dimensions might be responsible for the 
rougher surface of PA. 

Based on above results and analysis, the changes of the chemical 
properties and the surface configuration have direct impact on the 

hydrophilicity of membranes. Accordingly, the water contact angles of 
as-fabricated TFC membranes were further measured and the results of 
the WCA values are shown in Fig. 5. In comparison with the high WCA of 
84◦ for PVDF substrate, TFC membranes exhibit the lower WCA values, 
demonstrating again the immobilization of relatively hydrophilic PA 
layer atop the substrate. Besides, the modified TFC membranes show the 
gradually reduced trend of WCA values except the membrane of CTAT- 
120. The gradually reduced WCA could be ascribed to the hydrophilic 
membrane surface with the higher surface roughness according to the 
Wenzel model [57] and herein the surface roughness might make more 
contribution to the decrease of WCA. For CTAT-120 membrane with the 
rougher surface and the relatively lower crosslinking degree of the PA, 
the water contact angle should be lower than that of CTAT-80 in theory. 
Herein, the abnormal WCA of CTAT-120 might be ascribed to the in-
fluence that the roughness can increase WCA if air remains trapped 
between the solid surface rugosities and the liquid droplet as reported by 
others [58,59]. The gradually reduced WCA demonstrates the enhanced 
membrane hydrophilicity which is favorable for the adsorption and the 
subsequent transport of water droplets across the membrane, and 

Substrate
CTAT-0

CTAT-20

CTAT-40

CTAT-80

CTAT-120
0

20

40

60

80

100
W

at
er

 c
on

ta
ct

 a
ng

le
 (

)

Fig. 5. Water contact angles of as-fabricated membranes.  

Table 2 
Intrinsic separation properties of CTAT-modified TFC FO membranes.  

Membrane 
No. 

Rejection of 
NaCl (%) 

A 
(L⋅m− 2⋅h− 1⋅bar− 1) 

B 
(L⋅m− 2⋅h− 1) 

B/A 
(bar) 

TFC-0 85.59 ± 4.00 0.71 ± 0.08 0.49 ± 0.01 0.69 ±
0.01 

CTAT-20 89.93 ± 1.56 1.59 ± 0.24 0.56 ± 0.18 
0.35 ±
0.07 

CTAT-40 92.59 ± 1.86 2.14 ± 0.21 0.78 ± 0.15 
0.36 ±
0.07 

CTAT-80 96.01 ± 1.67 3.11 ± 0.14 0.94 ± 0.14 0.30 ±
0.04 

CTAT-120 95.43 ± 2.13 2.75 ± 0.12 0.88 ± 0.23 0.32 ±
0.08  
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Fig. 6. FO performance of the TFC FO membrane in PRO and FO modes.  
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therefore the improvement of membrane permeability. 

3.3. Separation performance evaluation of TFC membrane 

The intrinsic separation properties of the fabricated TFC membranes 
were measured and the results are summarized in Table 2. With the 
increase of the CTAT content, the selectivity of resulted TFC membranes 
shows the increasing tendency as indicated by the higher rejection of 
NaCl, because of the higher crosslinking degree of PA layer as discussed 
before. It also can be found that the modified TFC membranes exhibit 
the overall higher water permeability coefficient and rejection of NaCl, 
demonstrating the beneficial impact of incorporating CTAT in the amino 
monomer. For the modified TFC membrane, the water permeability 
coefficient increases from 1.59 ± 0.24 L⋅m− 2⋅h− 1⋅bar− 1 of CTAT-20 
membrane to 3.11 ± 0.14 L⋅m− 2⋅h− 1⋅bar− 1 of CTAT-80 membrane 
which is roughly consistence with the variation trend of the improved 
membrane hydrophilicity (Fig. 5) and the rougher membrane surface 
(Fig. 4). Also, the thickness of the PA layer decreases from 230.1 ± 29.7 
nm of CTAT-20 to 190.1 ± 10.9 nm of CTAT-80 as marked in Fig. S4, 
which facilitates the transport of water molecules across the membrane 
to some extent as a result of the reduced permeation resistance. How-
ever, CTAT-120 membrane exhibits the diminished water permeability 
coefficient and the slightly lower salt rejection, mainly due to the thicker 
PA layer with a relatively lower crosslinking degree as demonstrated 
before. The salt permeation coefficient presents the similar trend with 
that of the water permeability. In addition, the variation trend of the B/ 

A ratio of the fabricated TFC membranes is roughly on the contrary with 
that of the NaCl rejection performance derived from the improved 
membrane selectivity. 

Accordingly, FO performance tests of TFC membranes was per-
formed and the results are shown in Fig. 6. Generally, the water fluxes 
and reverse salt fluxes of the pristine and modified TFC membranes in 
both FO and PRO modes are highly consistent with those variation trend 
of their intrinsic separation properties. TFC membranes with the in-
crease of CTAT content in amino solution exhibit the higher water flux 
and reduced reverse salt flux. In addition to the evidently improved 
water fluxes (JV) of 31.8 and 21.7 LMH, CTAT-80 membranes corre-
spondingly achieve the specific reverse salt fluxes of 0.06 and 0.04 g L− 1 

in PRO and FO modes respectively. Therefore, it can be concluded that 
the CTAT-80 membrane shows the excellent separation performance 
compared with others, and the addition of CATA at the concentration of 
80 mg L− 1 is preferred for the optimized preparation condition for the 
further comparative study. 

3.4. Comparative study on TFC membranes with different surfactants 

To elaborate the beneficial impact brought by the incorporation of 
CTAT during IP and further unravel the modification mechanism, the 
comparative study was also performed by using CTAC as additive since it 
comprises the same alkane group as the hydrophobic tail but different 
hydrophilic head as shown in Fig. S1, in comparison with those of the 
CTAT. Meanwhile, the ionic and nonionic surfactants of SDS and Tween 
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80 were also included. 
Because the addition of surfactant effectively reduces the surface 

tension of aqueous solutions and therefore facilitates the transport of 
amino monomers towards to the organic phase to some extent, the 
change of the surface tensions for MPD solutions incorporated with 
different surfactants was measured and the results are shown in Fig. 7 
(a). For comparison, the surface tensions of DI water and the pure MPD 
aqueous solution are also included. It can be seen that the surface ten-
sion of DI water is 71.7 mN/m, in accordance with the results as reported 
by others [41]. While the decreased surface tension for the pure MPD 
aqueous solution illustrates the surface-active characteristics of MPD. 
After adding different surfactants, the surface tensions of corresponding 
solutions overall decrease which follows the sequence of MPD > Tween 
80-MPD > SDS-MPD > CTAC-MPD > CTAT-MPD, and the MPD solution 
containing CTAT surfactant exhibits the lowest surface tension of 20.7 
mN/m. The decreased surface tension would be beneficial for the re-
action between MPD and TMC [38,45,60], and therefore favors the 
rougher and denser formation of PA layer as discussed before. Mean-
while, the incorporation of CTAT at the given experimental condition 
exhibits the most significant impact on the enhancement of MPD diffu-
sion behavior in comparison with those other surfactants. 

Similarly, the chemical properties of fabricated TFC membrane with 
different surfactants incorporated in MPD solutions were characterized 
by ATR-FTIR. As shown in Fig. 8 (a), characteristic peaks of PA can be 
found in the spectra of all the fabricated TFC membrane. The absorbance 

ratio of Abs. (1547) / Abs. (1661) and Abs. (1547) / Abs. (1180) was 
calculated and the results are presented in Fig. 8 (b). The original data 
are summarized in Tables S5 and S6 of the Supporting Information. 
Overall, the two absorbance ratios of the modified membranes are 
higher than those of the pristine TFC membrane (Fig. 2 (b)), attributed 
to the reduced surface tensions of amino aqueous solution with surfac-
tants as discussed before. Furthermore, it also can be found that the 
change of these two absorbance ratios of modified membranes follows 
the sequence of TFC-Tween 80 < TFC-SDS < TFC-CTAC < TFC-CTAT, 
which is highly in consistent with the change of the surface tension of 
solutions incorporated with different surfactants. These results demon-
strate again that the reduced surface tension is considered as the pre-
requisite for accelerating the interfacial polymerization process as 
reported elsewhere [31,38,41]. In addition, results in Fig. S5 in the 
Supporting Information also demonstrate that the variation trend of d- 
spacing of modified membranes follows the sequence of TFC-Tween 80 
> TFC-SDS > TFC-CTAC > TFC-CTAT under the given preparation 
conditions, which is roughly in accordance with those of their cross-
linking degree as discussed before. 

Since the IP reaction between MPD and TMC is a reaction-diffusion 
process far from thermodynamic equilibrium [31]. As a result of the 
combined factors of the reduced surface tension and the interaction 
between MPD monomers and surfactants, the stocking and distribution 
of MPD monomer and the diversity of the diffusion rate of MPD from the 
aqueous phase to the organic phase might dominantly determine the IP 

Fig. 9. Schematic of the beneficial impact of surfactant incorporation on the formation of resultant PA layer.  

Fig. 10. Top surface morphology of the pristine and modified TFC membranes. The scale bar in the picture represents the length of 2.0 μm.  
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reaction. In addition to the unremarkable impact on reducing the surface 
tension of MPD solution, the incorporation of Tween 80 also attenuates 
the MPD diffusion towards the organic phase. Therefore, it is assumed 
that the incorporation of Tween 80 might result in the formation of the 
thick PA layer with relative low crosslinking degree in comparison with 
those of CTAT, on the basis of the formation mechanism as discussed 
before. In addition, on the basis of the investigation by Jia et al. [40], the 
ionic interaction between MPD and the positively charged quaternary 
ammonium head in CTAC could regulate the uniform distribution of 
MPD molecules around CTAC surfactants and maintain the amine group 
of MPD away from CTAC. Therefore, it can be concluded that the 
enriched MPD molecules with uniform distribution at the water/hexane 
interface is beneficial for the formation of a nascent PA layer with high 
crosslinking degree in the initial stage of IP. Subsequently, the adequate 
crosslinking reaction is resulted by the significantly reduced surface 
tensions for the TFC-CTAC and TFC-CTAT membranes (Fig. 7 (a)). Such 
beneficial effect reasonably leads to the resultant PA layer with the 
higher crosslinking degree and less defects [61,62]. Besides, in com-
parison with the component of chloride ions (Cl− ) in CTAC, the toluene- 
p-sulphonate component in CTAT also exhibits the enhanced interaction 
with MPD through the π-π conjunction of the benzene ring structure and 
the electrostatic interaction between negatively charged sulfonated 
groups and the hydrolyzed -NH2H+ group in MPD. It might disorder the 
molecular chains of PA and favors the higher crosslinking degree since 
the regular formation of PA shows highly crystalline molecular segments 
in the polymer but low crosslinking degree [31]. Moreover, the exis-
tence of the toluene-p-sulphonate component in CTAT also imposes the 
larger steric hindrance which constrains the diffusion of PA fragments to 
water and therefore the unexpected hydrolysis of the PA [38], and 
thereby leads to the higher crosslinking degree of TFC-CTAT in com-
parison with that of TFC-CTAC. Fig. 9 depicts the benefits of the suitable 
surfactant (herein CTAT) incorporated in amine solution and its positive 
impacts on the formation of resultant PA layer with the reduced thick-
ness and the higher crosslinking degree. For TFC-SDS membrane with 
the presence of ionic surfactant in amine solution, the intensified Mar-
angoni convection promotes the MPD diffusion and reshapes the nascent 
PA layer, and consequently generates a thicker, rougher and stacked PA 
layer as widely reported elsewhere [41,63,64]. The proposed mecha-
nism would be further verified by the characterizations and performance 
tests as follows. 

It can be found from Fig. 10 that, in comparison with the pristine TFC 
membrane, the modified TFC membranes show the uniform and defect- 
free PA layer by taking advantage of the higher loading amount of MPD 

on membrane substate, resulted from the reduced surface tension of 
amine solutions with surfactants as aforementioned. While for TFC- 
CTAC and TFC-CTAT membranes with almost the equal surface ten-
sion of the amine solutions (Fig. 7 (a)), the more intensive interaction 
between CTAT and MPD might effectively achieve the accumulation and 
dispersion of MPD a the interface between the aqueous and organic 
phase, and therefore results in the formation of the nascent PA layer with 
the relatively high crosslinking degree. Besides, the migration of MPD 
molecules could hardly breakthrough the nascent PA layer and results in 
the more obvious nodule-like structure. For the surface features of TFC- 
SDS membrane, the formation of the larger dimensional leaf-like 
structure (also called the clumpy roof-like structure) could also be 
interpreted by the proposed modification mechanism, since SDS leads to 
the moderate decrease of surface tension and therefore the formation of 
a relatively loose PA nascent layer. Besides, the accelerated MPD 
diffusion behavior promotes the reshape process of the nascent PA layer 
and consequently leads to the crumply rough surface with big leaf-like 
structure. Besides, the difference in the surface roughness of as- 
fabricated TFC membranes was also characterized by AFM character-
ization and the images are delineated in Fig. 11. In comparison with the 
substrate membrane, the relatively smoother surface of TFC-0 originates 
from the immobilization of PA layer which fills the ravine on PVDF 

Fig. 11. AFM images of the substrate, pristine and modified TFC membranes with different surfactants.  
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substrate. The modified TFC membranes shows the relatively smoother 
surface and the values of the averaged surface roughness locate in the 
region between 17 and 22 nm, except for TFC-SDS membrane with the 
much rougher surface, as indicated by the abrupt higher surface 
roughness of 36.4 nm. Accordingly, above results of ATR-FTIR, SEM and 
AFM could be reasonably interpreted by the modification mechanism as 
proposed. 

Fig. 12 depicts the WCA results of the pristine and modified TFC 
membranes. Generally, the pristine TFC membrane exhibits a WCA of 
45.5 ± 4.5◦ which is much higher than those of the modified mem-
branes, indicating its relatively poorer hydrophilicity. Besides, there is 
no obvious difference between the WCAs of the modified TFC mem-
branes. It is widely acknowledged that the combined factors of the 
chemical property and roughness of the membrane surface affects the 

surface wettability. The lowest WCAs of TFC-Tween 80 might be 
ascribed to the less crosslinked PA layer and the accordingly the larger 
proportion of hydrophilic carboxyl groups resulted from the hydrolysis 
of un-reacted acyl chloride groups in TMC monomer. In addition to the 
similar surface roughness, the highly crosslinked PA layer for TFC-CTAT 
and TFC-CTAT membranes might be the possible reason for the overall 
higher WCA. 

The results of the intrinsic separation properties of the pristine and 
modified TFC membranes are summarized in Table 3. It can be found 
that the water permeability coefficient of four modified membranes 
(2.49 ± 0.23, 2.13 ± 0.15, 2.96 ± 0.65 and 3.11 ± 0.14) are all 
evidently higher than the pristine membrane (0.71 ± 0.08), which 
possibly ascribed to the lower permeation resistance and the higher 
permeation area resulted from the reduced thickness of PA layer 
(Fig. S6) and the rougher PA morphology (Fig. 11). Moreover, the 
variation of the NaCl rejection performance is roughly accordance with 
the calculated crosslinking degree based from the ATR-FTIR spectra of 
the fabricated TFC membranes, since the higher crosslinking degree of 
the fabricated TFC membrane exhibits the higher rejection rate of NaCl. 
The accordant results of salt permeability coefficient and the parameters 
of B/A are also accordingly observed, which are overall contrary to that 
of the solute rejection performance of correspondingly membranes. 
Based from above results, the incorporation of CTAT in amine solution 
not only improves the water permeance, but also promote the selectivity 
of the resultant TFC membrane (TFC-CTAT), which potentially shows 
the elevated operation efficiency as well as the improved selectivity in 
FO process compared with the others. 

Additionally, the FO performance tests of fabricated TFC membrane 
in both FO and PRO modes were performed in order to evaluate the 

Table 3 
Intrinsic separation properties of the pristine and modified TFC membrane with 
different surfactants incorporated.  

Membrane 
No. 

Rejection of 
NaCl(%) 

A (L m− 2 h− 1 

bar− 1) 
B (L m− 2 

h− 1) 
B/A (bar) 

TFC-0 85.59 ± 4.00 0.71 ± 0.08 0.49 ±
0.01 

0.69 ±
0.01 

TFC-Tween 
80 

90.10 ± 2.00 2.49 ± 0.23 1.21 ±
0.18 

0.48 ±
0.07 

TFC-SDS 94.90 ± 1.40 2.13 ± 0.15 
1.38 ±
0.14 

0.66 ±
0.06 

TFC-CTAC 95.15 ± 2.27 2.96 ± 0.65 
0.94 ±
0.05 

0.31 ±
0.02 

TFC-CTAT 96.01 ± 1.67 3.11 ± 0.14 0.93 ±
0.14 

0.30 ±
0.04  
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enhanced perm-selectivity of TFC membrane with the surfactants 
incorporated. It can be found in Fig. 13 that the water flux of TFC 
membranes is substantially in consistence with their water permeability 
coefficient as listed in Table 3 except for TFC-Tween 80. Additionally, 
the reverse salt flux of the fabricated TFC membranes is overall in 
keeping with those of their rejection performance towards NaCl. 
Amongst these modified membranes with different surfactants incor-
porated, TFC-CTAT is capable of the highest water flux as well as the 
best selectivity, as indicated by the lowest specific reverse salt fluxes of 
0.06 and 0.04 g⋅L− 1 in PRO and FO modes respectively. 

3.5. Performance benchmarking 

Table 4 summarizes the parameters of water flux, reverse salt flux 
and correspondingly the specific reverse salt flux of reported TFC 
membranes as a comparison with TFC-CTAT membranes. In comparison 
with those TFC-FO membrane with the in-situ modification of the PA 
layer, the TFC-CTAT membrane in this study achieves a comparable 
water flux accompanied with a much lower value of the specific reverse 
salt flux, indicating the obviously improved selectivity. Such improve-
ment suggests that the perm-selectivity of TFC membranes could be 
effectively promoted by taking advantage of the beneficial effects 
brought by suitable surfactants. 

4. Conclusions 

In this work, the surfactant-induced intervention in interfacial 
polymerization was performed for by incorporating hexadecyl-
trimethylammonium toluene-p-sulphonate (CTAT) into the amine 
aqueous solution for developing the highly-permeable TFC membrane 
with exceptional selectivity. The effect of CTAT content on the physi-
cochemical properties of PA layer and therefore the FO performance was 
systemically investigated by conventional characterizations and a series 
of performance tests. To further elaborate the underlying mechanism of 
performance improvement, three typical surfactants at the optimized 
concentration were also employed and studied for comparison. The 

results indicate the existence of toluene-p-sulphonate component in 
CTAT should be responsible for the improved perm-selectivity of 
resultant TFC membrane by taking advantage of the uniform distribu-
tion and accumulation of amine monomer at the interface between 
water and organic phase and the promoted interfacial polymerization 
reaction, as a result of the reduced surface tension. Consequently, the 
TFC-CTAT membrane prepared at the optimal condition exhibits the 
improved fluxes of 31.8 and 21.7 LMH, accompanied with the low 
specific reverse salt flux of 0.05 and 0.04 g⋅L− 1 in PRO and FO testing 
modes, using 1 M NaCl aqueous solution and DI water as the draw and 
feed solutions. The membrane performance is comparable with those 
pioneering works published in recent years. Therefore, this work offers a 
simple but promising strategy for developing TFC-FO membrane with 
high permeability and selectivity. 
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