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Abstract 

This study reports highly permeable ultrathin film composite (uTFC) membranes 

whose rejection layer was reinforced by polymer chains during the interfacial 

polymerization of trimesoyl chloride (TMC) and m-phenylenediamine (MPD) to 

achieve enhanced salt rejection. A rejection layer of approximately 20 nm was formed 

at an MPD concentration of 0.01 wt%. This reinforced membrane had a water 

permeability of about 16.7 L/(m
2
 h bar), while exhibiting an improved divalent salt 

(Na2SO4) to monovalent salt (NaCl) selectivity compared with the control TFC 

membrane without reinforcement (3.44 vs. 1.06). The role of the reactable polymer 

chains in interfacial polymerization was discussed as MPD adsorbent and reactant, 

according to the measurements by quartz crystal microbalance and X-ray 

photoelectron spectroscopy. This work provides a new pathway for the design and 

construction of uniform ultrathin layers as well as the preparation of high performance 

separation membranes. 
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1. Introduction 

Reverse osmosis (RO) and nanofiltration (NF) membranes are widely applied in 

desalination, wastewater reclamation, and water softening [1-4]. These membranes 

are typically composed of a thin polyamide rejection layer on top of a porous 

substrate (usually an ultrafiltration membrane). The polyamide rejection layer, formed 

by an interfacial polymerization reaction, largely determines the membrane separation 

properties [5-9]. Despite the great advancements achieved in the past decades, 

membranes with high permeability and high selectivity remain as a high priority 

research area [10-12]. 

 

One effective way to achieve high water permeability is to make an ultrathin rejection 

layer [13-16]. In principle, ultrathin film composite (uTFC) membranes can be 

prepared by reducing the concentrations of monomers used in the interfacial 

polymerization process (e.g., trimesoyl chloride (TMC) or m-phenylenediamine 

(MPD)) [17]. However, this approach often results in relatively low salt rejection due 

to its high propensity for defects formation [17, 18]. Some recent works report the use 

of an interlayer (e.g., cadmium hydroxide nanostrands [17], single-walled carbon 

nanotube (SWCNTs) [15], ZIF-8 [19] or tannic acid/Fe
3+

 complexes [20]) to minimize 

defects in the ultrathin rejection layer. Alternatively, molecular layer-by-layer 

deposition or stepwise interfacial polymerization [21, 22] can be employed. 

Unfortunately, the preparation process involves multiple steps of repeated coating, 
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which make the method difficult to scale up. 

 

In our recent work [23], we reported the use of a reactable substrate to prepare 

polyamide rejection layers with enhanced crosslinking degree. Here, we extend this 

approach for the first time to the preparation of uTFC polyamide membranes. In 

viewing the ultrathin nature of their rejection layers, the separation performance of 

uTFC membranes is expected to have greater dependence on the substrate, whose role 

needs to be systematically investigated.       

 

In the current study, uTFC membranes were prepared by a one-step interfacial 

polymerization on a substrate containing linear polymer chains that are designed to 

participate in the reaction and thus to reinforce the rejection layer. Separation 

performance tests showed greatly improved rejection of the polymer chain-reinforced 

uTFC membranes, revealing the critical importance of substrate design on the 

integrity of membranes with ultrathin rejection layers. The results in this study offer 

new views on the preparation of high performance uTFC membranes. 

 

2. Experimental 

2.1. Materials 

Poly (vinyl chloride) (PVC, Mn ~ 47,000, Sigma-Aldrich), lithium chloride (LiCl, 

anhydrous, 99%, Sigma-Aldrich), N,N-dimethylacetamide (DMAc, 99%, 
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Sigma-Aldrich), polyethylene glycol (PEG, Mn ~ 400, AR, Dieckmann Company) 

and methyl methacrylate and 2-hydroxyethyl methacrylate copolymer (PMcH, 

Mn~37,200, HEMA content ~54.9%, synthesized following a previous procedure [23]) 

were used for the preparation of substrates. 1,3,5-benzenetricarbonyl trichloride 

(TMC, trimesoyl chloride, 98%, Sigma-Aldrich), n-hexane (for HPLC, ≥95%, 

Sigma-Aldrich), m-phenylenediamine (MPD, 99%, Sigma-Aldrich) and trisodium 

phosphate dodecahydrate (Na3PO4·12H2O, AR, Dieckmann company, used as the acid 

acceptor) were used for the preparation of the rejection layers. Analytical Reagent 

Sodium chloride (NaCl) and sodium sulfate (Na2SO4) were obtained from Dieckmann 

Company. 

 

2.2. uTFC membrane synthesis 

uTFC membranes in this study were prepared through the interfacial polymerization 

method on PVC-based substrates. Compared to commonly used polysulfone and 

polyethersulfone, PVC is a much cheaper material with broad commercial prospect in 

ultrafiltration membrane preparation. In addition, PVC-based substrates can be easily 

modified by blending poly(methyl methacrylate) based amphiphilic copolymers. In 

this study, pure PVC substrates (PVC-0) and reactable polymer chains contained 

substrates (PVC-r) were prepared following the reported method and used as 

substrates [23]. The interfacial polymerization process was as follow. The substrate 

was immersed in a MPD solution (0.01 wt% ~ 0.1 wt%, and additionally 0.6 wt% 
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Na3PO4) for 1 min. Then the excess MPD solution was removed by rolling a rubber 

roller. Afterward, the soaked substrate was immersed in a 0.05 wt% TMC-n-hexane 

solution for 30 seconds. The resultant membrane was rinsed with n-hexane to remove 

excess TMC solution and stored in a deionized water bath at 50°C for 10 min. Finally, 

the obtained uTFC membrane was stored in deionized water until use. The uTFC 

membranes were named as uTFC-0-n or uTFC-r-n, where n referred to the MPD 

concentration in wt%. For example, uTFC-0-0.01 presents the uTFC membrane 

prepared by using PVC-0 as substrate and MPD solution with the concentration of 

0.01 wt%. 

 

2.3. Membrane characterization 

Membrane structure and morphology were characterized by field-emission scanning 

electron microscopy (FE-SEM, S-4800, Hitachi) and transmission electron 

microscopy (TEM, CM100, Philips). To measure the rejection layer thickness, 

cross-section images obtained from SEM or TEM were analyzed using Image-Pro 

Plus software provided by Media Cybernetics, Inc. The membrane surface chemical 

composition was determined by the X-ray photoelectron spectroscopy (XPS, PHI 

5000C ESCA system, PHI CO.). The X-ray source (Al Ká radiation, 1486.6 eV) was 

run at a power of 250W (14.0 kV, 93.9 eV). The special electron incidence angle was 

30°, 60° or 90°. The software AugerScan 3.2 (RBD Enterprises, Inc.) was employed 

to analyze the collected data. The surface charge properties of the membranes were 
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evaluated by SurPASS electrokinetic analyzer (SurPASS
TM

 3, Anton Paar) following a 

standard operation [24]. 

 

2.4. Filtration tests 

The filtration performances of the prepared uTFC membranes were evaluated by 

using a laboratory-scale cross-flow membrane filtration setup at around 25 °C [23]. A 

membrane sample was first pre-compacted at an applied pressure of 3.5 bar for about 

2 h with feed solution (deionized water, 5 mmol/L Na2SO4 or 7.5 mmol/L NaCl) and 

then tested at 3 bar. Pure water flux of the membrane sample was measured by 

weighing the collected permeate water in several minutes. The salt rejection of the 

membrane sample was calculated according to the salt concentration in the permeate 

and the feed. The Na2SO4 to NaCl selectivity (α) was calculated by Eq. (1): 

𝛼(𝑁𝑎𝐶𝑙/𝑁𝑎2𝑆𝑂4) =  
1−𝑅𝑁𝑎𝐶𝑙

1−𝑅𝑁𝑎2𝑆𝑂4
 × 100% (1) 

 

2.5. MPD adsorption experiment 

Quartz crystal microbalance (QCM, QCM E4, Biolin Scientitic) was used to evaluate 

the MPD adsorption capacity of PVC and PMcH. A thin PVC or PMcH layer was 

coated on an Au-coated resonator by 0.05 wt% PVC-DMF solution or PMcH-DMF 

solution, respectively. The prepared resonator was set up in a fluid cell with the coated 

side exposed to the testing solution. The measurement of MPD adsorption was 

initiated by switching the liquid exposed to the resonator. MPD solution (with the 
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concentration of 0.1 wt% or 0.01 wt%) was allowed to contact with the resonator for 

about 30 min. Then, deionized water was introduced for about 10 min to wash out 

nonspecific adsorption MPD. The MPD adsorption data were analyzed according to 

the Sauerbrey equation using the Qtools software provided by Biolin Scientitic. 

 

3. Results and discussion 

We prepared uTFC membranes by performing the interfacial polymerization of 

low-concentration TMC and MPD on a PVC substrate (Figure 1). In order to achieve 

improved membrane selectivity, amphiphilic copolymers of PMcH was blended into 

PVC for the preparation of a reactable PVC substrate (PVC-r) via non-solvent 

induced phase separation method [23, 25]. The hydroxyl groups (-OH) contained in 

PMcH is designed to react with TMC during the interfacial polymerization so that the 

polyamide rejection layer of the resulting ultrathin membrane (uTFC-r) is reinforced 

by the PMcH polymer chains. For comparison purpose, ultrathin membranes (uTFC-0) 

were also prepared on a control PVC substrate containing no PMcH (PVC-0).  

 

Figure 1 Schematic of the preparation process for uTFC-r membranes by interfacial 
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polymerization on a substrate containing reactable PMcH polymer chains. 

3.1. Characterization of uTFC membranes 

 

Figure 2 Morphologies of uTFC membranes: (A) uTFC-0-0.01; (B) uTFC-r-0.01; (C) 
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uTFC-r-0.02 and (D) uTFC-r-0.05. Panel 1 on the left shows the SEM micrographs of 

the membrane surfaces and Panel 2 on the right shows the TEM micrographs of the 

membrane cross-sections. 

 

Membrane morphologies of the uTFC membranes with or without reinforcement by 

PMcH polymer chains were characterized by scanning electron microscopy (SEM, 

Figure 2 left panel) and transmission electron microscopy (TEM, Figure 2 right panel). 

The membrane uTFC-0-0.01 formed on the control substrate PVC-0 had a smooth 

surface (Figure 2A1), and its rejection layer thickness was on the order of 10 nm 

(Figure 2A2). This ultrathin rejection layer had numerous defects (see the pinholes in 

Figure 2A1). In comparison, the membrane uTFC-r-0.01 prepared on the reactable 

substrate PVC-r under otherwise identical synthesis conditions had a thicker rejection 

layer of approximately 20 nm with no observable pinholes (Figure 2B1). The thicker 

rejection layer formed on the reactable substrate can be attributed to the strong affinity 

of MPD to PMcH polymers contained in PVC-r. Quartz crystal microbalance results 

show much higher sorption of MPD by PMcH compared to PVC (Figure 3), possibly 

as a result of the polar functional groups (e.g., -OH) present in PMcH and their ability 

to form hydrogen bonding with MPD [18, 23, 26, 27]. 

 

For the polymer reinforced uTFC-r membranes, increasing MPD concentration from 

0.01 to 0.05 wt% significantly increased the thickness of the resulting polyamide 
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rejection layer (Figure 2B-D). Meanwhile, the membrane surface became rougher due 

to the increased presence of nodular roughness features. These features are 

characteristic to polyamide membranes formed by the interfacial polymerization 

between MPD and TMC. According to the literature [28, 29], the surface roughness of 

polyamide membranes increases at higher monomer concentration. Some recent 

studies [7, 30, 31] further reveal that these nodular roughness structures are formed 

due to the degassing of CO2 nanobubbles as a result of heat and acid generation 

during the interfacial polymerization. Higher monomer concentrations lead to greater 

amount of heat and H
+
 generation and therefore rougher polyamide membrane 

surfaces. 

 

 

Figure 3 Sorption of MPD by (A) PVC and (B) PMcH. In a typical test, a thin PVC 

or PMcH layer was coated onto the Au resonator. The coater resonator was first 

exposed to deionized water for 10 min and then exposed to an MPD solution (0.1 wt% 
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or 0.01 wt%) to initiate the sorption measurement. After a 30-min sorption, the 

MPD-sorbed resonator was subject to a 10-min desorption using deionized water. 

 

Surface chemical compositions of the uTFC membranes were evaluated on the basis 

of XPS results (Figure 4, Table S2, Table S3, and Table S4). Compared to 

uTFC-0-0.01, the reinforced membrane uTFC-r-0.01 had a much weaker Cl 2p peak 

(17.3 ± 0.5 % vs. 2.1 ± 0.3 %), which is consistent with its thicker polyamide 

rejection layer that would mask the Cl signals from the PVC substrate. This Cl 2p 

became barely detectable with the thicker polyamide layers formed at greater MPD 

concentration (0.02 - 0.1 wt%). Compared with uTFC-0-0.01, the reinforced 

membrane uTFC-r-0.01 had a much stronger N 1s peak (Figure 4A and Table S2). It 

demonstrated that more polyamides should be formed on the substrate of PVC-r. This 

result can also be explained by the strong affinity of MPD to PMcH polymers 

contained in PVC-r. This N 1s peak became stronger with the thicker polyamide 

layers formation. 
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Figure 4 XPS spectra of prepared uTFC membranes (A), high resolution XPS spectra 

of O 1s foruTFC-0-0.01 (B) and uTFC-r-0.01 (C). The binding energy shifts of O=C 

(including O=C-O-H, O=C-O-C and O=C-N-C), O=C-O-C and O=C- O-H were 

532.3 ± 0.1 eV, 533.9 ± 0.1 eV and 534.5 ± 0.3 eV, respectively. 

 

To better understand the surface chemical compositions of the uTFC membranes, the 

high resolution O1s peak was deconvolved to carbonyl group (O=C, including 

O=C-O-H, O=C-O-C and O=C-N-C, 532.3 ± 0.1 eV), ester group (O=C-O-C, 533.9 

± 0.1 eV) and carboxyl group (O=C-O-H, 534.5 ± 0.3 eV) [32-34]. Based on the 

deconvolution, the content of carbonyl group, ester group, carboxyl group and amide 

group (O=C-N-C) were calculated (Table S2). Our analysis revealed a higher amide 

group content in the reinforced membrane uTFC-r-0.01 compared with uTFC-0-0.01 

(Table S2), which is consistent with its stronger N peak in Figure 4A. Moreover, the 

signals attributed to ester groups were only observed in the uTFC-r membranes 

(Figure 4B, 4C), which can be explained by the reaction between the acyl chloride 
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groups (O=C-Cl) of TMC and the hydroxyl groups (-OH) in the reactable substrate 

[23, 35, 36]. This result revealed the additional role of the reactable copolymers in 

participating in the interfacial polymerization. The formation of ester groups, together 

with higher adsorbed MPD concentration, resulted in a thicker and reinforced 

rejection layer. 

 

By adjusting the incident angle in XPS tests, the surface composition of the uTFC 

membranes in different depth can be collected [37]. The N content (amide group 

content) of uTFC-r-0.01 increased with the increasing of inspection depth (Table S3, 

Table S4). In contrast, the N content of uTFC-0-0.01 increased first (when inspection 

depth increased from 5 to 8.7 nm) and then decreased (when inspection depth further 

increased to 10 nm, Table S3). Since no N 1s signals were observed in PVC-0 and 

PVC-r (Figure S1A), these N content variations revealed that the rejection layer of 

uTFC-0-0.01 was really thicker than the one of uTFC-r-0.01 and its thickness was in 

the range of 10 nm. The content of carboxyl group of both the uTFC-r-0.01 and 

uTFC-0-0.01 decreased with the increasing of inspection depth (Table S4). It implied 

that more carboxyl groups were formed in the organic side (n-hexane solution) due to 

the excessive TMC [21, 38, 39]. At the smallest inspection depth of 5 nm, 

uTFC-r-0.01 had slightly higher carboxyl content than uTFC-0-0.01 (3.7 ± 0.2 % vs. 

3.3 ± 0.1 %), which explains the more negative zeta potential of the former (Figure 

5A). The more negatively charged membrane surface would benefit the rejection of 
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divalent anions (e.g. SO4
2-

) by the uTFC-r-0.01 as a result of enhanced Donnan 

exclusion [36, 40]. 

 

 

 

Figure 5 Zeta-potential curves of uTFC-0-0.01 and uTFC-r-0.01 (A) and water 

contact angle of the prepared uTFC membranes (B). 

 

The prepared uTFC-r membranes all showed negatively charged surfaces (Figure 5A 

and S3). With the increasing of CMPD, surface charge of uTFC-r membranes reduced 

slightly (Figure S3), implied a higher crosslinked rejection layer of the uTFC-r 

membrane with higher CMPD [38, 41]. Compared with uTFC-0-0.01, the water contact 

angles of uTFC-r-0.01 were slightly higher (Figure 5B), which can be explained by 

the formation of additional polyester groups in uTFC-r-0.01 that are less hydrophilic 

compared to polyamide groups [18, 42]. Except for the low CMPD condition, the water 

contact angles of the uTFC membranes were much lower than the ones of uTFC-0 
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membranes, due to their higher hydrophilic polyamide group contents (Table S2). The 

negatively charged surface properties and the variation on surface hydropilicities were 

consistent with the XPS results of the formation of amide groups, ester groups and 

carboxyl groups in rejection layer. 

 

3.2. Performance of the uTFC membranes 

 

Figure 6 Performance of the prepared uTFC membranes: (A) Water flux, (B) Na2SO4 

(black) and NaCl (gray) rejections, (C) Na2SO4 to NaCl selectivities (α(NaCl/Na2SO4)) 

and (D) Na2SO4 rejection versus water permeabilities of uTFC membranes prepared 

in this work, ultrathin graphene nanofiltration membrane (uGNM) 
[43]

, graphene oxide 

(GO) membranes 
[44]

, bio-polyphenols and transitional metals networks coated 
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membrane (TA/Cu II)
 [45]

, commercial TFC membranes: NF270, NF90, XLE (tested 

in this work and received from Dow FilmTec) and NFG (tested in this work and 

received from Synder Filtration, Inc.). 

 

The performance includes pure water flux, Na2SO4 rejection (RNa2SO4), NaCl rejection 

(RNaCl) and Na2SO4 to NaCl selectivity (α(NaCl/Na2SO4)) of the uTFC membranes 

are presented in Figure 6A, B and C. Compared to the uTFC-0-0.01, the polymer 

reinforced membrane uTFC-r-0.01 showed lower water flux but much higher salts 

rejection and greatly improved Na2SO4 to NaCl selectivity. This result can be 

explained by the formation of no observable pinholes contained (SEM in Figure 2) 

and much denser (XPS results in Figure 4 and Table S2) ultrathin polyamide rejection 

layer reinforced by the polymer chains in the reactable substrate (PVC-r).  

 

The influence of CMPD in interfacial polymerization process on the performance of the 

uTFC membrane was also investigated. For the control uTFC-0 membranes, with the 

increasing of CMPD, the water flux greatly reduced, the salts rejection significantly 

increased and the Na2SO4 to NaCl selectivity slightly increased. For the reinforced 

uTFC-r membranes, when CMPD increased from 0.01 wt% to 0.02 wt%, the water flux 

greatly reduced, while RNa2SO4, RNaCl and α(NaCl/Na2SO4) greatly increased. However, 

further increased the CMPD, the water flux and salts rejection changed slightly (the flux 
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were around 3 L/(m
2
 h), RNa2SO4 > 90% and RNaCl > 80%), α(NaCl/Na2SO4) even 

reduced (from 4.44 to 3.66). The formation of an ultrathin rejection layer due to the 

low CMPD in interfacial polymerization process was supposed to be the main reason 

for these performance variations [5, 13]. As mentioned in section 3.1, with the 

decreasing of CMPD, the rejection layer became thinner and looser (SEM in Figure 2, 

XPS results in Table S2, S3), which commonly resulted to the increase of water flux, 

greatly decreasing of RNaCl [13-15]. Compared with uTFC-0, the much higher RNa2SO4 

of the uTFC-r membranes can be explained by the higher crosslink degree of the 

rejection layer due to the reinforcement by polymer chains (XPS results in Table S2, 

S3) and partly the Donnan exclusion due to the negatively charged surface properties 

[36, 40]. 

 

The divalent salts rejection efficiency of the uTFC membranes were evaluated and 

displayed in Figure 6D. In comparison, the corresponding results of some commercial 

TFC membranes and reported membranes with ultrathin rejection layers were also 

calculated. Most of the prepared uTFC membranes with relatively high CMPD showed 

high Na2SO4 rejection (RNa2SO4 > 90%) but low water permeability (< 5 L/(m
2
 h bar)). 

The uTFC-0-0.01, uTFC-0-0.05 and some of the reported membranes with advanced 

functional materials (GO, tannic acid-copper complexes) constructed ultrathin 

rejection layer [43-45] exhibited much higher water permeability (> 10 L/(m
2
 h bar)), 

but lower Na2SO4 rejection (< 50%). Some of the commercial TFC membranes 
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(NF270, NF90 and XLE) showed high divalent salts rejection efficiency. The 

commercial NF270 membrane even showed both high Na2SO4 rejection (RNa2SO4 > 

95%) and high water permeability (> 12 L/(m
2
 h bar)). Considering the trade-off 

relationship [45], the reinforced membrane uTFC-r-0.01 also showed comparable 

divalent salts rejection efficiency with the highly optimized commercial TFC 

membranes. Its water permeability (16.7 ± 3.2 L/(m
2
 h bar)) was even about 3 times 

higher than the commercial NFG membrane (5.1 ± 1.4 L/(m
2
 h bar)). These separation 

properties of the reinforced uTFC membranes showed the application potential in 

desalination pretreatment and water softening with high efficiency [39, 47-50]. 

 

4. Conclusion 

uTFC membranes with polymer chains reinforced ultrathin rejection layer were 

designed and prepared based on reactable polymer chains contained substrates (PVC-r) 

by interfacial polymerization using MPD with very low concentrations as aqueous 

phase and TMC solution as organic phase. The resulting uTFC-r-0.01 membrane 

showed high water permeability, and greatly improved Na2SO4 to NaCl selectivity. 

Our study revealed that the esterification between TMC and PMcH and the great 

adsorption of MPD by PMcH chains were the main reasons for the formation of the 

dense and ultrathin layer. These findings have important implications for providing a 

facile way to design and construct uniform ultrathin layers as well as to prepare TFC 

membranes with ultrathin rejection layers by interfacial polymerization. The prepared 
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uTFC membranes exhibited the potential application in desalination pretreatment and 

water softening with high efficiency. 

 

Supporting Information 

Supporting Information includes the characterization for PVC-0 (XPS), PVC-r (XPS) 

and uTFC membranes (SEM, XPS and zeta potential). 
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S1 Characterization of substrates 

Surface chemical compositions of the prepared substrates were characterized and 

listed in Table S1 and Figure S1. A strong O 1s peak was observed in the XPS 

spectrum of PVC-r, due to the existence of PMcH in the substrate surface [1]. For the 

sake of a better understanding of the surface chemical compositions of PVC-r, 

AugerScan 3.2 software was employed to deconvolve the high resolution O1s peak. 

The O 1s peak was splited into O-C=O (532.3 eV), O-C=O (533.9 eV) and C-O-H 

(533.1 eV) [2, 3].  

 

Table S1 The surface compositions of substrates. 

ID C 1s (%)
[1]

 

O 1s  
Cl 2p 

(%)
[1]

 
O=C (%) O=C-O 

(%) 

C-O-H 

(%) 

Total (%) 

PVC-0 70.3 - - - - 29.7 

PVC-r 69.2 7.3 7.2 5.2 19.7 11.1 

 

 

Figure S1 XPS results: (a) XPS spectra of PVC-0 and PVC-r, (b) O 1s high resolution 

XPS spectra of PVC-r. The binding energy shift of O=C, O=C-O-C and C-O-H were 
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532.3 eV, 533.9 eV and 533.1 eV, respectively [2, 3]. The inspection depth is about 

8.7 nm. 

 

S2 Characterization of uTFC membranes 

Figure S2 shows the cross-section SEM images of uTFC-0-0.01, uTFC-r-0.01, 

uTFC-r-0.02, uTFC-r-0.05, uTFC-r-0.1 and the surface SEM images of uTFC-r-0.1. 

 

Figure S2 Cross-section SEM images of (a) uTFC-0-0.01, (b) uTFC-r-0.01, (c) 

uTFC-r-0.02, (d) uTFC-r-0.05 (e) uTFC-r-0.1 and surface SEM image of (f) 

uTFC-r-0.1. 

 

Table S2 The surface chemical compositions of prepared uTFC membranes
a
. 

ID uTFC-0-0.01 uTFC-r-0.01 uTFC-r-0.02 uTFC-r-0.05 uTFC-r-0.1 

C 1s (%) 71.3 ± 0.2 76.0 ± 0.2 75.8 76.1 76.0 

O 1s (%) 8.7 ± 0.3 15.6 ± 0.3 15.0 14.9 14.6 

N 1s (%) 2.7 ± 0.1 6.3 ± 0.1 7.1 7.2 7.7 

Cl 2p (%) 17.3 ± 0.5 2.1 ± 0.3 2.1 1.8 1.7 

O=C-OH
b
 (%) 3.0 ± 0.1 2.1 ± 0.1 2.0 1.9 1.7 
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O=C-O-C
b
 (%) - 2.6 ± 0.1 2.0 1.9 1.8 

O=C-N-C
b
 (%) 2.8 ± 0.1 6.3 ± 0.1 7.1 7.2 7.7 

a. The inspection depth is about 8.7 nm. 

b. The content of O=C-OH, O=C-O-C and O=C-N-C were calculated according to the O 1s high 

resolution XPS spectra. 

 

Table S3 The surface chemical compositions of uTFC-0-0.01 and uTFC-r-0.01 with 

different inspection depth. 

Inspection 

depth 

(nm) 

uTFC-0-0.01 uTFC-r-0.01 

C 1s 

(%) 

O 1s 

(%) 

N 1s 

(%) 

Cl 2p 

(%) 

C 1s 

(%) 

O 1s 

(%) 

N 1s 

(%) 

Cl 2p 

(%) 

5.0 
71.7 ± 

0.5 

8.9 ± 

0.1 

2.3 ± 

0.1 

17.1 ± 

0.5 

77.8 ± 

0.5 

15.5 ± 

0.5 

5.4 ± 

0.1 

1.3 ± 

0.1 

8.7 
71.3 ± 

0.2 

8.7 ± 

0.3 

2.7 ± 

0.1 

17.3 ± 

0.5 

76.0 ± 

0.2 

15.6 ± 

0.3 

6.3 ± 

0.1 

2.1 ± 

0.3 

10.0 
72.2 ± 

0.3 

7.8 ± 

0.4 

2.1 ± 

0.1 

17.9 ± 

0.3 

74.5 ± 

0.1 

16.2 ± 

0.3 

6.9 ± 

0.1 

2.4 ± 

0.3 

 

Table S4 The functional groups content in the surface of uTFC-0-0.01 and 

uTFC-r-0.01 with different inspection depth. 

Inspection 

depth 

(nm) 

uTFC-0-0.01 uTFC-r-0.01 

O=C-OH 

(%) 

O=C-O-C 

(%) 

O=C-N-C 

(%) 

O=C-OH 

(%) 

O=C-O-C 

(%) 

O=C-N-C 

(%) 

5.0 3.3 ± 0.1 - 2.3 ± 0.1 3.7 ± 0.2 1.3 ± 0.1 5.5 ± 0.2 

8.7 3.0 ± 0.1 - 2.8 ± 0.1 2.1 ± 0.1 2.6 ± 0.1 6.3 ± 0.1 

10.0 2.8 ± 0.1 - 2.2 ± 0.1 1.7 ± 0.1 3.0 ± 0.2 6.9 ± 0.2 

 

Table S2, Table S3 and Table S4 shows the surface chemical compositions of prepared 

uTFC membranes based on XPS measurements. It can be found from Table S2 that, 
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the amide group content increased and the carboxyl group content decreased with the 

thicker polyamide layers formation (the increasing of CMPD). It revealed that with the 

increasing of CMPD, the crosslink degree of polyamides increased and the rejection 

layer became denser. 

 

 

Figure S3 Zeta-potential curves of uTFC-r membranes. 

Figure S3 shows the zeta-potential curves of uTFC-r membranes with different CMPD. 
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