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Abstract: Liposome vesicle is an ideal carrier for carbon nanotube (CNT) to serve as the water 

channel that allows the fast transport of water molecules, and thus enhancing the membrane 

permeability. However, low quantity of the inserted CNT in the liposome vesicle is an important 

factor that limited further improvement of the membrane flux. In present study, positively charged 

lipids (2,3-dioleoyloxy-propyl)-trimethylammonium-chloride (DOTAP) was introduced to the 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamineon (DOPE) liposome vesicles to tailor the vesicle 

charge, so as to evaluate the effect of positively charged DOTAP on the insertion of CNT into 

liposomes and separation performance of thin-film nanocomposite (TFN) membranes. The results 

showed that addition of DOTAP induced more quantity of CNT inserted into the liposome vesicles, 

since the shrinkage rate (k) and permeability (Pf) of liposome vesicles present obvious increase with 

increased content of DOTAP in the liposome vesicles. Besides, it contributed to 252.3% higher water 

flux for TFN membranes containing DOPE/DOTAP2:1-CNT liposomes (the mass ratio between 

DOPE and DOTAP was 2:1) than TFC membranes. More important, it presented 106.7% higher 

water flux for TFN membranes containing DOPE/DOTAP4:1-CNT liposomes (the mass ratio between 

DOPE and DOTAP was 4:1), which was originated from the more water channels that the CNT 

provided in the liposome vesicles. In all, positively charged DOTAP effectively tailored the vesicle 

charge, which provided a better carrier for the insertion of more quantity of CNT, and contributed 

to higher permeability of TFN membranes. 

Keywords: thin-film nanocomposite; carbon nanotube; liposomes; DOTAP; desalination 

 

1. Introduction 

With the continuous increase of population and the serious water pollution, the shortage of fresh 

water is gradually becoming an important problem that need to be addressed urgently[1,2]. 

Nowadays, reverse osmosis (RO) technology has developed to be one of the main methods to solve 

the freshwater crisis because of its great separation efficiency and low energy consumption, which 

has showed great application value in the fields of seawater desalination, brackish water desalination 

and wastewater reuse[3]. As the core of RO technology, the properties of RO membrane directly affect 

the separation efficiency and the quality of water production, and development of high-performance 

RO membrane has been the research hotspot in the membrane field at home and abroad. Polyamide 

composite membranes (PA-TFC) prepared by interfacial polymerization method is now occupying 

the dominant position in the RO membrane market[4,5]. However, due to the mutual restriction-

"trade-off" effect (balance between water flux and salt rejection), TFC membranes always show low 

permeability but high rejection of salt ions[6,7].  

In 2007, Hoek et al. first proposed the concept of "thin-film nanocomposite membrane (TFN)", 

which gradually developed into one of the effective means to break through the "trade-off" effect[8]. 

On the one hand, incorporation of nanomaterials in the polyamide layer (PA) could provide low-

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 January 2024                   doi:10.20944/preprints202401.0120.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202401.0120.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

resistance water channel that promotes the permeation of water molecules. On the other hand, 

nanomaterials could induce the improvement of surface physical and chemical properties. Among 

the various nanomaterials, carbon nanotubes (CNT) are deemed as the most valuable nanofillers in 

overcoming the inherent limitation of "trade-off" effect due to the physical and chemical properties, 

especially for its ultra-fast rate for water transportation through the inner wall[9,10]. Currently, 

physical blending is the most commonly used method in preparing CNT-based TFN RO membranes, 

in which CNT is added in aqueous phase or organic phase. Johnson et al. incorporated zwitterion 

modified CNT in the PA layer, and the membrane flux increased from 11 L/m2·h for TFC membranes 

to 48 L/m2·h for TFN membranes with unchanged salt rejection[11]. Besides, Zhang et al. first graft 

OH group to the surface of CNT and then was added in aqueous phase to prepare the TFN 

membrane. Resultantly, two times higher water flux obtained compared to TFC membrane[12]. Up 

to now, several research groups have proved that CNT was indeed played an important role in 

enhancing the membrane permeability and the antifouling capacity[13–15].  

In 2023, our group first reported the effect of CNT nanochannel on the permeability of TFN 

membranes, in which COOH-SWCNT was inserted in the 1,2-dioleoyl-sn-glycerol-3-phosphocholine 

(DOPC) liposomes and then embedded in the PA layer. The resultant membrane showed 71.4 % 

enhancement of water flux compared to TFC membranes, but merely 25.6 % was induced by the CNT 

nanochannel[16]. The relative lower contribution of CNT nanochannel was mainly caused by the low 

content of the inserted CNT. Therefore, increase the content of the inserted CNT in the liposomes is 

important to further enhance the membrane flux. Inspired by the aquaporin (AQP)-based biomimetic 

membranes, liposome charge is an important factor in influencing the quantity of the inserted water 

channel in the liposomes[17]. For instance, by introducing positively charged (2,3-dioleoxy-propyl) 

trimethylammonium chloride (DOTAP) phospholipid molecules into the neutral phospholipid 

molecules (DOPE), Wang et al. found that the phospholipid vesicles penetration rate increased from 

1561.5 μm·s−1 to 2537.7 μm·s−1, which was due to the regulation of the electrical properties of 

phospholipid vesicles, thereby improving the loading ratio of water channels[18]. Whether the 

positively charged DOTAP could promote the insertion of more CNT in the liposomes and further 

contribute to higher water flux of the TFN membranes, that deserves further comprehensive study.  

In current study, four types of liposomes (DOPE/DOTAP4:1, DOPE/DOTAP2:1 DOPE/DOTAP4:1-

CNT and DOPE/DOTAP2:1-CNT liposomes) were synthesized and then incorporated in the selective 

layer to fabricate TFN membranes. Both the liposomes and TFN membranes were characterized by 

several advanced techniques including Stop-Flow, XPS, SEM, etc., to determine the effect of 

positively charged DOTAP on the insertion of CNT into liposomes and micro-structure of PA layer. 

What’s more, the influence of positively charged DOTAP on the separation and antifouling 

performance was also evaluated. In all, the current work was in an attempt to increase the quantity 

of inserted CNT in the liposomes and contribute to higher water flux of TFN membranes. 

2. Experimental 

2.1. Preparation of liposomes and CNT-liposomes 

Liposomes and CNT-liposomes were synthesized through a combined rehydration and 

extrusion method according to the previous work. Of note, prior to the fabrication of CNT-liposomes, 

length shorten of CNT was needed. Detailed procedure can be found in Text S1 and Text S2. Finally, 

DOPE/DOTAP4:1, DOPE/DOTAP2:1 DOPE/DOTAP4:1-CNT and DOPE/DOTAP2:1-CNT liposomes 

were prepared with the final concentration about 1.0 mg/mL. 

2.2. Fabrication of TFC and TFN membranes 

TFC and TFN membranes were prepared through traditional IP reaction. Briefly, the top surface 

of the ultrafiltration membrane was first contacted with aqueous solution (containing 2 w/v% MPD 

and 0.1 w/v% SDS) for 2 min. After removing the aqueous solution, the top surface was contacted 

with organic phase (containing 0.1 w/v% TMC/n-hexane) for another 1 min. Then, the resultant TFC 

membranes were heat-treated in an oven for 5 min at 80 °C to complete the IP reaction. For TFN 
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membranes, various types of liposomes under different loading concentration (ranging from 0.1 

mg/mL to 1.0 mg/mL) was mixed with aqueous solution, followed by the same preparation procedure 

as TFC membranes. To distinguish the different TFN membranes, the membrane containing 

DOPE/DOTAP4:1 was denoted as TFN4:1-x, the membrane containing DOPE/DOTAP2:1 was denoted 

as TFN2:1-x, the membrane containing DOPE/DOTAP4:1-CNT was denoted as TFN4:1-CNT-x and the 

membrane containing DOPE/DOTAP2:1-CNT was denoted as TFN2:1-CNT-x, where x represents the 

mass concentration (mg/mL) of liposomes or CNT-liposomes.  

2.3. Membrane separation performance 

Water flux and salt rejection of all the membranes were determine by a cycle cross-flow filtration 

setup (FlowMen-0021-HP, Figure S1). The effective membrane area was 24 cm2 and 2000 ppm NaCl 

was used as the feed solution. The membrane should be pre-compressed under 18 bar until a stable 

permeance achieved. Then, the operation pressure was adjusted to 16 bar to determine the water flux 

(J, L/m2⋅h) and salt rejection (R, %), which were calculated by the following equations[19,20]:  𝐽 = ∆𝑉𝑆 ∙ ∆𝑡 (1) 𝑅 = 1 − 𝐶ଶ𝐶ଵ (2) 

where ΔV (L), S (m2), Δt (h), C2 (g/L), C1 (g/L) represent the permeate volume, the effective membrane 

area, the operation time, and the permeate and feed concentration, respectively. Other 

characterization method can be found in Text S3. 

2.4. Antifouling performance 

The fouling test contained two cycles, and each cycle consisted fouling-rinsing process. In the 

fouling process, 500 ppm HA and 2000 ppm NaCl was first used as the feed solution to conducted 

the fouling filtration for 9 h. After fouling process, the membrane underwent 2 h rinsing with DI 

water under high-flow rate without pressure input. Finally, the cleaned membrane was retested to 

obtain the recovered flux. The flux recovery rate (FRR, %), and all antifouling parameters were 

calculated by the following equations[3,16]:  𝐹𝑅𝑅 = 𝐽ଵ𝐽଴ ∗ 100% 
(3) 

𝑅௧ = 𝑇𝑀𝑃𝜇𝐽 = 𝑅௠ + 𝑅௥ + 𝑅௜௥ 
(4) 

𝑅௠ = 𝑇𝑀𝑃𝜇𝐽଴  
(5) 

𝑅௧ = 𝑇𝑀𝑃𝜇𝐽ଶ  
(6) 

𝑅௥ = 𝑇𝑀𝑃𝜇𝐽ଶ − 𝑇𝑀𝑃𝜇𝐽ଵ  
(7) 𝑅௜௥ = 𝑅௧ − 𝑅௠ − 𝑅௥ (8) 

where J0 (L/m2·h) is the initial flux, J1 (L/m2·h) is the permeate flux at the end of fouling process, J2 

(L/m2·h) is the recovered water flux after rinsing, Rt (m-1) is the total membrane fouling resistance, Rm 

(m-1) is the intrinsic membrane resistance, Rr (m-1) is the hydraulic reversible resistance, Rir (m-1) is the 

irreversible fouling resistance, TMP (Pa) is the trans-membrane pressure and μ (Pa·s) is the dynamic 

viscosity for the feed water.  

3. Result and discussion 

3.1. Characterization of liposomes 

The FTIR spectra of different liposomes were shown in Figure 1a. Both DOPE/DOTAP liposomes 

and DOPE/DOTAP-CNT liposomes exhibited typical absorption peaks of lipids. In detail, the peaks 

at 1062 cm−1 belongs to the CN stretching of the primary amine. The peaks at 1228 cm−1 and 1372 cm−1 

were assigned to the P=O stretching of phosphates provided by the DOPE lipid[21]. Besides, a major 
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peak at 1641 cm−1 was originated from the NH bending and abundance of DOTAP lipid in the DOPE-

DOTAP[22]. After insertion of CNT, two new peaks appeared at 1512 cm-1 and 1249 cm-1, which were 

attributed to the C=C vibration in the backbone of the carbon nanotube and C–C vibration mode of 

CNT. It was noticed that insertion of CNT induced red/blue shift of the absorption peaks of the lipids, 

indicating the complex interactions between lipids and CNT[23,24]. Raman spectra of DOPE/DOTAP 

liposomes and DOPE/DOTAP-CNT liposomes were displayed in Figure 1b,c. The characteristic 

signals of G-band and D-band for CNT were observed clearly at 1590 cm-1 and 1340 cm-1, and the 

signal intensity of G-band and D-band for DOPE/DOTAP2:1-CNT liposomes were higher than that for 

DOPE/DOTAP4:1-CNT liposomes, which suggested that more CNT nanotubes were combined with 

DOPE/DOTAP2:1 liposome[25]. Besides, Near Infrared (NIR) absorbance (Figure 1d) in the 980 nm 

region corresponding to the S22 transitions in CNT further demonstrated that positively charged 

lipids (DOTAP) increased the quantity of CNT inserted into the liposomes, since DOPE/DOTAP2:1-

CNT exhibited higher signal intensity[26,27]. 

 

 
Figure 1. Physical and chemical properties of liposomes and CNT-liposomes. 

Table 1 summarized the physical properties of four different liposomes. For DOPE/DOTAP4:1 

liposome, the average size was 73.66 nm with a low PDI value about 0.124 and the morphology 

characterized by TEM can be found in Figure S2. Besides, it showed slight positive charge about 10.60 

mV due to the incorporation of the positively charged DOTAP[18]. When increasing the amount of 

DOTAP to the mass ratio of DOPE/DOTAP to 2:1 (DOPE/DOTAP2:1), the average size and PDI value 

showed tiny changes while the zeta potential increased obviously to 25.03 mV, which was believed 

to be benefit for the insertion of more CNT into liposomes due to the stronger electrostatic 

interaction[28]. Compared to DOPE/DOTAP pure liposomes, insertion of CNT induced the increase 

of the average size of the DOPE/DOTAP-CNT liposomes (93.16 nm for DOPE/DOTAP4:1-CNT and 

100.70 nm for DOPE/DOTAP2:1-CNT). Meanwhile, the PDI value also showed apparent increase, 

suggesting that DOPE/DOTAP-CNT liposomes were less uniform than DOPE/DOTAP pure 
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liposomes[16]. Of note, DOPE/DOTAP2:1-CNT liposomes exhibited more decline extent of zeta 

potential from 25.03 mV to -2.45 mV than DOPE/DOTAP4:1-CNT liposomes from 10.60 mV to -7.13 

mV due to the more negatively charged CNT inserted in the liposomes.  

Table 1. Physical properties of different liposomes. 

Liposomes type Average size (nm) PDI Zeta potential (mV) k (s-1) Pf (µm/s) 

DOPE/DOTAP4:1 73.66 0.124 10.60 21.48 50.52 

DOPE/DOTAP4:1-CNT 93.16 0.228 -7.13 206.17 616.21 

DOPE/DOTAP2:1  77.18 0.131 25.03 23.47 57.84 

DOPE/DOTAP2:1-CNT 100.70 0.237 -2.45 221.73 712.91 

What’s more, Table 1 also displayed the shrinkage rate (k) and the water permeability (Pf) of 

DOPE/DOTAP and DOPE/DOTAP-CNT liposomes and the relevant Figure was shown in Figure S3. 

As observed, DOPE/DOTAP pure liposomes showed small k values (21.48 s-1 for DOPE/DOTAP4:1 

liposome and 23.47 s-1 for DOPE/DOTAP2:1 liposomes) and low water permeability (50.52 μm·s-1 for 

DOPE/DOTAP4:1 liposome and 57.84 μm·s-1 for DOPE/DOTAP2:1 liposomes). However, it was 

interesting to find that pure liposomes were not thoroughly impermeable and addition of DOTAP 

induced slight increase in the permeability of liposomes[29]. On the contrary, DOPE/DOTAP4:1-CNT 

liposomes presented sharp increment with higher k value (50.52 s-1) within a short period, 

accompanied by twelve-times higher permeability (616.21 μm·s-1), which resulted from the fast 

transport of water molecules through the inner wall of CNT. More important, higher content of 

DOTAP in the mixed liposomes contributed to higher permeability (712.91 μm·s-1), which further 

proved the positive effect of DOTAP in the insertion of CNT into liposomes. 

3.2. Characterization of TFC and TFN membranes 

Surface functional groups of TFC and TFN membranes 

FTIR spectra of TFC and TFN membranes were displayed in Figure 1a. All the TFC and TFN 

membranes exhibited typical absorption peaks of polyamide membranes. In detail, the peaks at 1662 

cm−1 and 1607 cm-1 were originated from the C=O stretching vibrations (amide I), and the peak at 1542 

cm−1 was assigned to the N–H and C–N stretching vibrations (amide II), respectively. In addition, the 

peak at 1449 cm−1 was caused by the C=O stretching and O–H bending of carboxyl group, which was 

formed by the transformation of the residual acyl chloride group[30–32]. Compared to TFC 

membranes, all the TFN membranes showed new peak at 1041 cm-1, which was caused by the P–O–

C group of phosphates provided by the DOPE lipid and proved the successful incorporation of 

liposomes[17,33]. Figure 2b showed the XRD pattern of TFC and TFN membranes. It was found that 

no obvious difference between TFC and TFN membranes since the liposomes possessed no typical 

crystal structure and the content of CNT in the liposomes was tiny.  
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Figure 2. Surface functional groups of TFC and TFN membranes. 

Figure 2c–f displayed the surface functional groups through fitting the C1s peak characterized 

by XPS. As obtained, the C1s can be deconvoluted into C–C/C=C (284.6 eV~284.8 eV), C-O/C-N (285.3 

eV~285.7 eV), N-C=O (287.9 eV~288.1 eV) and O-C=O (288.5 eV~289.4 eV), which were typical 

functional groups of PA layer[34,35]. It should be emphasized that the content of surface COOH that 

transformed from the residual acyl chloride group was essential in influencing the membrane 

hydrophilicity and membrane permeability. As analyzed by the XPS results, compared to TFN4:1 and 

TFN4:1-CNT membranes, TFN2:1 and TFN2:1-CNT membranes presented slightly higher content of 

COOH on the membrane surface, which was mostly caused by the more positively charged DOTAP 

that interfered the IP process. Of note, insertion of CNT induced further slight increase of content of 

COOH on the membrane surface (2.38% for TFN2:1 membrane to 2.57% for TFN2:1-CNT membrane).  
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Table 2 summarized the element content, RO/N and D of four TFN membranes. Generally, the 

lower D value was, the loosener structure of PA layer formed, which may contribute to the 

enhancement of the water permeation[3]. As obtained from Table 2, the cross-linking degree was 

negatively correlated to the content of COOH and DOTAP played a significant role in decreasing the 

cross-linking degree. In detail, the cross-linking degree of TFN4:1 and TFN4:1-CNT membranes were 

above 70%, which implied a relative dense PA layer formed on the membrane surface. Besides, the 

influence of CNT on the cross-linking degree can be roughly ignored. When increase the content of 

DOTAP in the liposomes to 2:1, it was seen that the cross-linking degree of TFN2:1 and TFN2:1-CNT 

membranes declined from 70% to 50%, which demonstrated that the PA layer of TFN2:1 and TFN2:1-

CNT was much loosener than TFN4:1 and TFN4:1-CNT membranes. It was speculated that DOTAP 

provided more positive charge and it was more easily to form hydrogen bond between liposomes 

and not only amine but also benzene ring provided by MPD molecules, therefore limited the diffusion 

of MPD molecules into reaction zone to react with TMC and formed a relative loosen PA layer[36,37]. 

Structure and surface function group changes of the PA layer was believed to be benefit the water 

permeation. 

Table 2. Surface elemental composition of TFN membranes. 

Membrane 
 Surface elemental composition   

C (%) N (%) O (%) P (%) RO/N D (%) 

TFN4:1 76.35 10.63 12.59 0.43 1.18 74.7 

TFN4:1-CNT 74.22 11.73 13.66 0.38 1.16 77.2 

TFN2:1 71.84 11.82 15.95 0.39 1.35 55.4 

TFN2:1-CNT 74.81 10.74 16.3 0.15 1.33 57.3 

3.3. Surface morphology and roughness of TFC and TFN membranes 

Figures 3 and S4 showed the surface morphology of TFN and TFC membranes. Rather than the 

traditional “ridge-and-valley” structure of TFC membranes, TFN membranes presented “leaf-like” 

structure due to the incorporation of liposomes and CNT-liposomes in the selective layer, and higher 

loading concentration induced larger “leaf-like” structure[7,16]. It has been reported that hydrophilic 

nanoparticles could enhance the miscibility of organic and aqueous phases, thus expanding the IP 

reaction zone and interfering the chemical reaction between MPD and TMC[38]. It should be 

mentioned that for TFN2:1 and TFN2:1-CNT membranes, slight difference can be found compared to 

TFN4:1 and TFN4:1-CNT membranes. Specially, under same loading concentration of liposomes or 

CNT-liposomes, TFN2:1 and TFN2:1-CNT membranes seemed to present larger “leaf-like” structure on 

the membrane surface. Besides, rougher surface for TFN2:1-CNT membranes can be observed from 

the cross-section image in Figure 4. It was speculated that the initial formed PA layer limited amine 

monomer permeant into the reaction region to react with TMC molecules due to the lower diffusion 

of amine monomer as discussed above, therefore ununiform and larger ‘leaf-like’ structure occurred 

on the membrane surface[19]. Of note, insertion of CNT in the liposomes induced obvious 

aggregation under higher loading concentration (1.0 mg/mL), and TFN2:1-CNT membranes exhibited 

the most serious aggregation among the four different TFN membranes, which was likely caused by 

the nano-effect of CNT since TFN2:1-CNT membrane possessed more quantity of inserted CNT in the 

liposomes. Table 3 summarized the surface roughness of TFC and TFN membranes under 0.6 mg/mL 

loading concentration of liposomes and CNT-liposomes, and the relevant AFM images were 

displayed in Figure S5. It can be clearly found that all the TFN membranes exhibited higher 

roughness than TFC membranes, which was resulted from the large “leaf-like” structure. Besides, 

TFN2:1-CNT-0.6 membranes exhibited the roughest surface, which was in accordance with the 

observation from the cross-section images. As discussed above, positively charged DOTAP brought 

more quantity of inserted CNT in the liposomes and higher surface roughness of the TFN 

membranes, which was no doubt to be benefit for the membrane permeability. 
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Figure 3. Surface morphology of TFN membranes under different loading concentration of liposomes. 

 

 

Figure 4. Cross-section images of TFN membranes under 0.6 mg/mL loading concentration of 

liposomes and CNT-liposomes. 
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Table 3. Surface roughness of TFC and TFN membranes. 

Membrane 
Roughness parameters 

Ra (nm) Rq (nm) Rmax (nm) 

TFC 87.4 111 812 

TFN4:1-0.6 143 177 1129 

TFN2:1-0.6 145 187 1307 

TFN4:1-CNT-0.6 151 191 1457 

TFN2:1-CNT-0.6 158 211 1724 

3.4. Membrane potential and surface hydrophilicity of TFC and TFN membranes 

Figure 5a displayed the membrane potential of TFC and TFN membranes. Generally, 

protonation of amine groups leads to positive membrane charge at low pH, while deprotonation of 

carboxylic acid groups leads to negative charge at high pH[39]. As observed from Figure 5a, all the 

membranes showed decrease trend of membrane potential from pH=3 to pH=10. The membrane 

potential of four TFN membranes under 0.6 mg/mL loading concentration followed the order TFN2:1-

CNT-0.6<TFN2:1-0.6<TFN4:1-CNT-0.6<TFN4:1-0.6, which was mainly related to the surface COOH 

content as analyzed by XPS. Figure 5b–d reflected the hydrophilicity of TFN4:1 membrane, TFN2:1 

membrane and TFN2:1-CNT membrane under different loading concentration. For the PS membrane, 

the contact angle was 76.3°. After formation of PA layer on the membranes surface, the contact angle 

decreased from 76.3° to 55.3°, which was originated from the changes of the surface function groups 

and micro-structure. Incorporation of liposomes or CNT-liposomes induced further decline of contact 

angle, and the more liposomes or CNT-liposomes incorporated, the smaller contact angle obtained, 

which suggested that surface hydrophilicity was further improved. For the TFN4:1 membrane and 

TFN2:1 membrane, little difference was found in the contact angle. However, insertion of CNT in the 

liposomes caused relatively obvious decline of contact angle for TFN2:1-CNT membranes compared 

to TFN4:1 membrane and TFN2:1 membrane. For example, under 0.6 mg/mL loading concentration, 

the contact angle of TFN2:1-CNT membrane was 27.7°, while the contact angle of TFN4:1 membrane 

and TFN2:1 membrane was 30.1° and 30.3°. Although the decline degree was small, it would still 

contribute to the fast spreading of water molecules on the membrane surface[2,6]. Except for the 

changes of surface functional groups and structure (such as COOH content and surface roughness) 

for all TFN membranes, the presence of CNT in TFN2:1-CNT-0.6 membranes also played a vital role 

in improving the surface hydrophilicity, since it can provide extra hydrogen bond between CNT and 

water molecules and further accelerate the spreading of water molecules on the membrane 

surface[9,40].  
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Figure 5. Membrane potential and surface hydrophilicity of TFC and TFN membranes. 

3.5. Separation performance of TFC and TFN membranes 

Figure 6a displayed the separation performance of TFN membranes, and the change trend of the 

water flux and salt rejection of TFN membranes under different loading concentration can be found 

in Figure S6. For TFC membrane, it exhibited 25.2 L/m2·h water flux with 98.6% NaCl rejection and 

incorporation of liposomes and CNT-liposomes brought remarkable increase in water flux. More 

important, the salt rejection of TFN membranes maintained almost unchanged compared to TFC 

membranes, which suggested that liposomes or CNT-liposomes did not destroy the integrity of the 

PA layer and introduced little defects in the selective layer[41,42]. For TFN4:1 and TFN2:1 membrane, 

no obvious difference in water flux, but both of them exhibited 1.67 times higher than TFC 

membranes. The enhancement of the membrane flux was mainly account for the improved surface 

properties, such as hydrophilicity and surface roughness, which provided better affinity surface for 

water molecules to adsorb and further penetrate across the membrane[43]. Moreover, as determined 

in the Stop-Flow test, DOPE/DOTAP liposomes was not thoroughly impermeable for water molecules, 

therefor it can also serve as the low-resistance water channel and contribute to the increased water 

permeability. After insertion of CNT in the liposomes, further increment of water flux was detected 

in TFN-CNT membranes. For TFN4:1-CNT membranes, it showed 36.7% increment compared to 

TFN4:1 membrane and 136.5% compared to TFC membranes, which was originated from the fast 

transformation of water molecules through the inner wall of CNT[44]. For TFN2:1-CNT membranes, 

higher water flux (63.6 L/m2·h) obtained than TFN4:1-CNT membranes. As discussed above, the 

surface hydrophilicity and roughness of TFN4:1-CNT and TFN2:1-CNT membranes showed nearly no 

difference, and 1.1 times higher water flux for TFN2:1-CNT membrane than TFN4:1-CNT membrane 

was mainly caused by the more quantity of CNT that provided more water channels. Above 

observation further demonstrated that positively charged DOTAP was of great significance in 

increasing the quantity of the inserted CNT in the liposomes and then contributing to the better 

permeability of TFN membranes. 
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Figure 6. Separation performance of TFC and TFN membranes (a), and stability of TFN2:1-CNT-0.6 

membranes during 48 h RO test (b). 

The stability of long-term RO test was essential for the practical application of TFN membranes. 

Figure 6b displayed the change trend of water flux and salt rejection of TFN2:1-CNT-0.6 membranes 

during the 48 h RO test. It was satisfied to find that the salt rejection for NaCl maintained unchanged 

during the long-term RO test, which suggested that TFN2:1-CNT-0.6 membrane possessed great 

stability, not only for the stability of PA layer that could endure the high operation pressure, but also 

for the stability of CNT-liposomes that could exist stably in the PA layer. The water flux of TFN 

membranes exhibited slight fluctuant during the long-term RO test. At the first 9 h, the water flux 

present obvious decline, which was mainly caused by the concentration polarization occurred on the 

membrane surface that weakened the effective transmembrane pressure[45]. Then the water flux 

gradually went up and stayed relative stable until the RO test ended up. The excellent stability of the 

current TFN membranes can be attributed to the great compatibility between CNT-liposomes and 

PA layer. Besides, liposomes provided extra active amine that could also react with TMC molecules, 

thereby further enhanced its stability in the PA layer. 

3.6. Antifouling performance of TFC and TFN membranes 

Figure 7 showed the change trend of water flux and flux recovery rate of TFC and TFN 

membranes during the fouling test. As seen in Figure 7a, compared to the sharp decline of water flux 

for TFC membranes, both TFN and TFN-CNT membranes exhibited a relative slower decrease trend 

and lower pollution level in cycle 1 and cycle 2, which was due to the improved surface properties. 

The final flux recovery rates (FRR) were 72.7%, 85.7%, 87.5%, 90.2% and 91.0% for TFC and TFN 

membranes, respectively. Of note, TFN2:1-CNT-0.6 membranes presented the best antifouling 

capacity, which was believed to be devoted to the best hydrophilicity and lowest surface negative 

charge that reduced the absorption capacity of the organic foulant molecules and led to a loosen 

boundary layer than that on the TFC membrane[46]. Table 3 summarized four antifouling parameters 

(Rt, Rm, Rr and Rir) of TFC and TFN membranes. For TFC membranes, it suffered the most severe 

membrane fouling with the total resistances of 3.52×1013 m−1. The irreversible fouling occupied the 

dominated position with the resistance about 9.60×1012 m−1, which was mainly caused by the pore 

blocking and formation of dense boundary layer that was hardly removed by the simple hydraulic 

backwash, thus inducing the severe flux decline and low flux recovery rate[47]. On the contrary, 

TFN2:1-CNT-0.6 membrane showed obvious decline in fouling resistance. More important, the 

irreversible fouling occurred on the membrane surface gradually changed into reversible fouling. 

Specially, the irreversible fouling resistance decreased from 9.60×1012 m−1 to 1.07×1012 m−1, which the 

reversible fouling resistance increased from 6.07×1012 m−1 to 6.94×1012 m−1. In other words, the foulants 

on the membrane were more easily flushed away through physical clean method, which contributed 

to the highest FRR. Best antifouling capacity of TFN2:1-CNT-0.6 membrane was attributed to the 

improved surface properties, such as surface hydrophilicity and surface charge. Besides, more 

quantity of CNT in the liposomes was also an important factor in enhancing the antifouling 
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performance. Since the CNT provided extra exclusion to HA molecules, and the inner wall was not 

easily blocked by HA, therefore it could always supply the water channel after physical cleaning and 

the more the better, which was benefit for the recovery of the water flux. 

 

Figure 7. Decline of water flux under antifouling test (a), FRR of TFC and TFN membranes (b). 

Table 4. Antifouling parameters of TFC and TFN membranes. 

Membrane Rt (×1013 m-1) Rm (×1013 m-1) Rr (×1012 m-1) Rir (×1012 m-1) 

TFC 3.52 2.56 6.07 9.60 

TFN4:1-0.6 1.46 1.25 1.24 2.09 

TFN2:1-0.6 1.39 1.22 1.30 1.74 

TFN4:1-CNT-0.6 1.12 1.01 6.46 1.10 

TFN2:1-CNT-0.6 1.19 1.08 6.94 1.07 

4. Conclusions 

In present study, four types of liposomes (DOPE/DOTAP4:1, DOPE/DOTAP2:1 DOPE/DOTAP4:1-

CNT and DOPE/DOTAP2:1-CNT liposomes) were synthesized and then incorporated in the selective 

layer to fabricate TFN membranes. Stop-flow results showed that higher content of DOTAP in the 

liposome vesicles (DOPE/DOTAP2:1-CNT liposomes) induced higher permeability than the liposome 

vesicles containing lower content of DOTAP (DOPE/DOTAP4:1-CNT liposomes), which was resulted 

from the more quantity of inserted CNT in the liposome vesicles. Addition of DOPE/DOTAP2:1-CNT 

liposomes in the PA layer brought the lowest contact angle, surface charge and highest surface 

roughness of TFN membranes, which contributed to the best separation performance. 152% flux 

enhancement than TFC membranes and further 7% flux enhancement than TFN membranes 

containing DOPE/DOTAP4:1-CNT liposomes were obtained. Besides, addition of DOPE/DOTAP2:1-

CNT liposomes in the PA layer led to 91.0% flux recovery rate with the highest reversible fouling 

resistance (6.94×1012 m−1) and lowest irreversible fouling resistance (1.07×1012 m−1). In a word, the 

present work demonstrated that positively charged DOTAP possesses great potential in increasing 

the quantity of the CNT inserted in the liposome vesicles, and thus contributing to the better 

separation and antifouling performance of TFN membranes. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org, Supplementary material including (Materials and chemicals, Preparation of 

liposomes and CNT-liposomes, Characterization of liposomes and membranes, Experimental setup of RO, TEM 

images of liposomes, Stopped-flow light scattering curves and osmotic water permeability of liposomes, Surface 

morphology of TFC membranes, AFM images of TFC and TFN membranes, Water flux and salt rejection of four 

TFN membranes). 
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