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a b s t r a c t
A facile modification method of the aromatic polyamide (APA) thin-film composite (TFC) membrane 
consisted of two steps. First, the amide N–H group of the aromatic polyamides layer reacted with 
toluene diisocyanate, which not only eliminated some chlorine-sensitive sites but also left behind 
the unreacted NCO group on the nascent APA-TFC membrane (referred as to N-membrane) surface. 
Then, chloride N-(3-formyl-4-hydroxybenzyl)-N,N-dimethyl ammonium-terminated polyethylene 
glycol (QACs-PEG) was used as the multifunctional alcohol to have an addition reaction with the 
unreacted NCO group and esterification with the residual acyl chloride group on N-membrane 
surface. PEG chain terminated with quaternary ammonium cation and salicylaldehyde unit (QACs) 
was anchored on the APA-TFC membrane surface by these two reactions, and the renascent amide 
N–H group of carbamide also appeared at the same time. The test results of the modified membrane 
(M-membrane) performances revealed: (1) due to the abundance of the grafted hydrophilic groups 
(such as PEG chains and QACs), the surface was superhydrophilic. (2) Compared with the hydro-
lyzed membrane (H-membrane, prepared from the hydrolysis of N-membrane), the water fluxes 
of M-membranes significantly increased by nearly 40%. (3) The N–H group of the newly formed 
urethane was used as a sacrificial unit, which can prevent the aromatic polyamide layer from being 
corroded by 7 × 105 ppm h chlorine attacking at room temperature. (4) During incubation in the 
living bacterial suspension, adhesion and growth of gram-negative bacteria Escherichia coli and gram- 
positive bacteria Staphylococcus aureus on M-membrane surfaces had been effectively mitigated, 
which was due to the combination of the steric repulsion of the water-wetting hydration layer and 
the synergetic contact-killing capabilities of QACs.

Keywords:  Supehydrophilic surface modification; Quaternary ammonium cation; Salicylaldehyde; 
Aromatic polyamide thin-film composite membrane; N,N-Dimethylamino poly(ethylene 
glycol)

1. Introduction

Today the aromatic polyamide (APA) thin-film compos-
ite (TFC) membranes are widely used in the seawater desali-
nation technology because of its simple preparation process 
[1,2]. The required performances include high hydrophilic 

surface, high water flux, and high solute rejection, which 
are seriously affected by biofouling formed by the marine 
organisms adhering and growing on the membrane surface 
[3,4]. There are many strategies to control biofouling, such 
as pretreatment of influent seawater with chlorine of, add-
ing a certain amount of fungicide to the influent seawater, 
or periodic chemical and physical cleaning of the existing 
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membranes [5–9]. Among them, chlorine pretreatment is a 
standard method for controlling biofouling during seawater 
desalination [10]. However, the aromatic polyamides layer of 
the APA-TFC membrane is very susceptible to the residual 
free chlorine disinfectant in the feeding seawater. The chlo-
rination of amide N–H groups of the aromatic polyamides 
layer of free chlorine leads to the chemical degradation of 
APA-TFC membranes, resulting in increased water flux and 
the reduced salt rejection [11–14]. Therefore, the current 
operational attempts mainly focus on modifying the mem-
brane surface to enhance chlorine resistance [15–18].

Surface modifications by physical coating or chem-
ical grafting with the highly hydrophilic polymers (for 
example polyethylene glycol (PEG), polyethylene oxide, 
poly(methacrylic acid)), zwitterionic monomers (such as 
carboxybetaine, sulfobetaine and phosphorylcholine), and 
biocides (including triclosan and halamine) were consid-
ered to be the potential methods to prepare the membrane 
which has high hydrophilicity, high anti-biofouling prop-
erties or high chlorine-resistance [19,20]. Among the vari-
ous materials used for grafting, PEG is known for its high 
resistance to bacterial adhesion. The steric exclusion of 
the surface hydration layer is considered to be the key to 
achieve resistance to marine organisms adhering [21–24]. 
In addition, many reports have confirmed that removing 
the vulnerable active sites (that is, the amide N–H groups 
of the aromatic polyamides layer) is an effective method to 
improve the chlorine resistance of the membranes [25,26].

Inspired by the above-mentioned promising reports, the 
residual acyl chloride groups on the nascent APA-TFC mem-
brane (abbreviated as N-membrane) were converted into 
the tertiary amino groups with N,N-dimethylethanolamine 
and then had the quaternarization with 5-chloromethylsa-
licylaldehyde. Therefore, in our previous work, the mem-
brane surface was modified in the monomolecular layer 
with quaternary ammonium cations and salicylaldehyde 
units (abbreviated as QACs) [27]. In another research, QACs 
were tightly grafted to the surface of the N-membrane 
through the amidation of the residual acyl chloride groups 
[28]. We found that QACs, which are hydrophilic moi-
eties and bactericides, makes the membrane highly hydro-
philic and highly resistant to biofouling. Salicylaldehyde 
units enhanced chlorine resistance by serving as the sacri-
ficial materials. However, the number of the residual acyl 
chloride groups remaining on the surface of N-membrane 
is limited, which limits its improvement in hydrophilicity 
and resistance to chlorine and biofouling.

A facile method was presented to modify the surface 
of the APA-TFC membrane to synchronously improve 
the overall performances in this paper as shown in Fig. 1. 
The first step was the addition reactions of toluene diisocy-
anate with amide N–H groups of the aromatic polyamides 
layer on the N-membrane surface, which eliminated some 
vulnerable sites to free chlorine and leftover the unreacted 
NCO groups on the surface. Then, chloride N-(3-formyl-4-
hydroxybenzyl)-N,N-dimethyl ammonium-terminated poly-
ethylene glycol (QACs-PEG, subdivided into QACs-PEG-1, 
QACs-PEG-3 and QACs-PEG-20, corresponding to compounds 
the different PEG chains with the different lengths) was used 
as the multifunctional alcohol to perform addition reactions 
with the unreacted NCO groups and esterifications with 
the acyl chloride groups. The PEG chains and QACs were 
anchored on the surface, and the nascent amide N–H groups 
of carbamides appeared simultaneously.

2. Experimental section

2.1. Materials and reagents

The commercial APA-TFC reverse osmosis membrane 
(referred to as C-membrane as a reference) was offered by 
the Development Center of Water Treatment Technology 
(Hangzhou, China) with a typical salt rejection of 98.3% and 
the water flux of 60.0 L/m2 h for a feedwater solution contain-
ing 2,000 mg/L NaCl at 1.0 MPa. Toluene diisocyanate (TDI), 
di-n-butyltin dilaurate (DBTDL), triethylene amine (TEA), 
cyclohexane, dioxane and N,N-dimethylaminoethanol 
(DMAPEG-1) were purchased from Jingchun Chemical 
Reagent Co., Ltd., (Shanghai, China), and used with-
out further purification. N,N-dimethylamino triglycol 
(DMAPEG-3) and ω-dimethyl amino poly(ethylene glycol)-1000 
(DMAPEG-20) was prepared according to the literature [29]. 
5-chloromethylsalicylaldehyde was prepared according to 
the literature [30]. Sodium hypochlorite solution (NaClO, 
5.1 wt.%) used as the chlorine aqueous solution in the mem-
brane chlorination test was purchased from Family Happy 
Supermarket (Lianyungang, China).

2.2. Preparation process of the modified APA-TFC membrane

DMAPEG-1, DMAPEG-3 or DMAPEG-20 were dissolved 
into toluene solution, and cyclohexane solution containing 
5-chloromethylsalicylaldehyde was added. The mixture 
was stirred for 6 h at room temperature. The precipi-
tate of QACs-PEG (which is QACs-PEG-1, QACs-PEG-3 or 
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Fig. 1. Schematic illustration of the modified APA-TFC membrane.



B.H. Fan et al. / Desalination and Water Treatment 207 (2020) 20–2922

QACs-PEG-20, respectively) was separated from the toluene 
solution and washed with toluene and dissolved into diox-
ane for standby.

N-membrane, which was fabricated via the interfacial 
polymerization of m-phenylenediamine and trimesoyl chlo-
ride on the porous polysulfone support membrane accord-
ing to the reported method [22,27], and was immersed in 
dioxane solution containing TDI (0.5, 5.0 or 10.0 wt.%) and 
DBTDL (0.3 wt.%) as the catalyst at 60°C under nitrogen 
atmosphere for 6 h, and washed with dioxane to remove the 
unreacted TDI. And then the membrane (I-membrane) con-
taining acyl chloride groups and NCO groups on its surface 
were soon immersed in dioxane solution containing QACs-
PEG-1, QACs-PEG-3 or QACs-PEG-20 (0.5, 5.0 or 10 wt.%) and 
TEA (10 wt.%) and DBTDL (0.5 wt.%) at 60°C–65°C for 12 h, 
and washed with ethanol and water to remove the unre-
acted QAC-PEG, thus the modified APA-TFC membrane 
(referred to as M-membrane, subdivided into M-membrane-1, 
M-membrane-3 or M-membrane-20, respectively) with PEG 
chains and QACs on the surface were successfully prepared.

2.3. Membrane characteristics

2.3.1. Spectral analysis and physical characterization

The structural changes of the membrane surface were 
monitored during the modification process by using 
MAGNA-560 AT (USA) attenuated total reflectance- Fourier-
transform infrared spectroscopy (ATR-FTIR). Before test-
ing, the membrane samples including N-membrane, 
H-membrane (which was prepared from N-membrane 
after hydrolysis), and M-membranes were dried at 40°C. 
In order to characterize hydrophilicity, the water contact 
angle (WCA) of the membrane surfaces were measured 
using a sessile drop method with a contact angle analyzer 
using OCA15EC Dataphysics (Germany). The pure water 
was used as the probe liquid. Prior to the measurements, 
all membrane samples were conditioned at 40°C under 50% 
relative humidity for 24 h. At least three stabilized contact 
angles from different sites of each sample were obtained to 
calculate the average contact angle [31]. According to the 
previous report [32], the tangential streaming potential (ΔE) 
of the membrane surface was measured in 0.01 M potassium 
chloride aqueous solution at different pH. ΔE was mea-
sured at five different pressures (ΔP) ranging from 0.1 to 
0.5 bar. The zeta potential (ξ) was calculated by the classic 
Helmholtz–Smoluchowski Eq. (1).

ξ
µ η
ε

=
⋅ ⋅
⋅

∆
∆
E
P

 (1)

where ε is the dielectric constant, and μ and η are the viscos-
ity and conductivity of the solution, respectively.

Scanning electron microscopy (SEM) of the membrane 
surface was carried out using a field-emission scanning 
electron microscopy (FE-SEM) Hitachi S-4800 (Japan). 
Quantitative surface roughness analysis of the membrane 
was measured using an atomic force microscope (AFM, Park 
Systems XEI-100E, Korea) imaging and analysis in the tap-
ping mode. The root means square roughness was used to 
compare the surface roughness.

2.4. Evaluation of membrane anti-biofouling abilities

Mainly investigated the chlorine resistance and anti- 
biofouling properties of the modified membranes, and 
compared them with C-membrane and H-membrane. 
According to the reported procedure [33,34], the accelerated 
chlorination test was conducted to evaluate the chlorina-
tion resistance of the membrane samples. The procedure of 
the accelerated chlorination test was to soak the membrane 
samples in an aqueous solution of sodium hypochlorite 
with an effective chlorine concentration of 7,000 ppm at 
pH 7.0 for 20–100 h at room temperature. The water fluxes 
(Fw) and the salt rejections (R) of the membrane samples 
before and after the chlorination treatment was measured 
in terms of a liter per square meter per hour (L/m2 h) using 
2,000 ppm NaCl aqueous solution under 1.0 MPa at 25°C 
and at pH 7.0, and calculated from Eqs. (2) and (3).

F V
A tw = ⋅
∆
∆

 (2)

where A is the effective membrane area (m2), and ΔV is a per-
meating volume (L), Δt is the permeating time (h).

R
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C
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f

=
−

×100%  (3)

where Cf and Cp are the salt concentrations in the feed and 
permeate solutions, respectively, and determined by mea-
suring the electrical conductance using a conductance meter 
(DDSJ-308A, Cany Precision Instruments Co., Ltd., China).

Advocating the enhancement of the anti-bioadhesion 
ability and the capability to endow the contact-killing are 
the two main strategies for improving the anti-biofouling 
of the membrane surface [35,36]. Gram-negative bac-
teria Escherichia coli (E. coli) and gram-positive bacteria 
Staphylococcus aureus (S. aureus) were used as the model 
microorganisms to test the anti-biofouling properties of 
the membrane samples. A diluted bacterial suspension at 
proximately 1.0 × 106 colony-forming units per milliliter 
(CFU mL−1) concentration was dispensed onto the mem-
brane (2.5 cm diameter), and an inoculum containing 1 wt.% 
bacto tryptone, 0.5 wt.% yeast extract, and 0.1 wt.% NaCl 
was added to the suspension. After incubating at 37°C 
for 24 h, the contaminated was gently rinsed with water 
to remove the unattached bacteria and then evaluated for 
bacterial adhesion and contact- killing by the fluorescence 
microscope. The static water fluxes and salt rejections of 
the membrane samples were measured using 2,000 ppm 
NaCl aqueous solution before and after the pollution under 
1.0 MPa at 25°C. According to the reported procedure [37], 
the diluted living bacteria suspension was added into the 
feed NaCl aqueous solution at 1 mL/1 L once every 4 h.

3. Results and discussion

3.1. Preparation of M-membranes

The amide N–H groups of the aromatic polyamides layer 
are known to be sensitive sites to chlorine disinfectants, 
however, they can also have the addition reaction with TDI 
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on the APA-TFC membrane surface [38,39]. Therefore, in 
the experiment, one of two NCO groups in TDI used as the 
linking reagent was subjected to an addition reaction with 
amide N–H group of the aromatic polyamides layer. The aim 
is to eliminate some of the vulnerable sites to free chlorine. 
Another unreacted NCO group temporarily remained on the 
membrane surface. The reaction results of TDI on the surface 
of the N-membrane was expressed in term of the content of 
the unreacted NCO groups, which was determined by the 
back titration with di-n-butylamine [40], as shown in Fig. 2.

When the concentration of TDI was lower in dioxane 
solution, there were no enough TDI molecules to react 
with amide N–H groups of the aromatic polyamides, and 
the fewer NCO groups were anchored on the membrane 
surface. As the TDI concentrations in dioxane solution 
increased during the reaction, the content of the unreacted 
NCO groups increased distinctly on the surface. Meanwhile, 
with the extension of the reaction time, NCO content would 
also be increased on the surface. When the concentration of 
TDI was 10 wt.% in dioxane solution, NCO content on the 
N-membrane surface increased almost linearly with the reac-
tion time. This might mean that when amide N–H groups on 
the surface of the aromatic polyamides layer was exhausted, 
the addition reactions did not end. The excessive free TDI 
would react further with the nascent carbamate N–H group, 
leaving behind another unreacted NCO group, so the con-
tent of the unreacted NCO group will increase with the 
increase of reaction time, as shown in Fig. 3.

The above phenomenon showed that the content level 
of the unreacted NCO group on the surface was closely 
related to the concentration of TDI in dioxane solution and 
the reaction time, which might influence the permeation and 
filtration performances of the subsequent M-membranes. 
Therefore, in order to select the appropriate NCO content 
on the surface, the permeation and filtration performances 
of I-membranes were indirectly tested after treating with 
di-n-butylamine to optimized the reaction time and tem-
perature and the concentration of TDI in dioxane solution. 
The tested results are shown in Figs. 4 and 5.

The water flux of D-membrane produced from N- 
mem brane treated with di-n-butylamine was 43.4 L/m–2 h, 
which was about 8% smaller than 47.2 L/m–2 h for 
H-membrane [27]. H-membrane is similar to the commercial 
APA-TFC membrane (C-membrane), and its desalination 
was 99.1%, which is 0.3% lower than 99.4% of D-membrane. 
Compared with the H-membrane, the water flux of 
D-membrane was reduced, which was due to the reduced 
hydrophilicity of its surface. When the reaction temperature 
was between 20°C–50°C, the reaction rate of TDI with amide 
N–H groups was very small within the reaction period of 6 h. 
No fluctuation was observed in the water permeation and 
salt filtration of DD-membranes. When the temperature was 
above 60°C, TDI worked quickly. With the transformation of 
the amide N–H groups into the carbamides groups and the 
interchain hydrogen bonds of the aromatic polyamides layer 
was partially broken. The passing rate of DD-membrane in 
both water and salt was obviously increased. This was the 
similar results obtained by chlorination of the amide N–H 
groups of the aromatic polyamides layer [41,42]. When the 
temperature rising to 100°C, TDI would be penetrated into 
the interior of the aromatic polyamides layer to take the reac-
tions with the more amide N–H groups, resulting in the more 
losses of the interchain hydrogen bonds, and the stronger 
mobility and conformational alteration of the aromatic poly-
amide chains. Therefore, as shown in Fig. 4, a sharp increase 
in water flux and a significant decrease in the desalination 
rate were observed. Taken together, to ensure the enough 
NCO content on the membrane surface, and to inhibit the 
excessive consumption of the inter-chain hydrogen bonds in 
the aromatic polyamide layer, the suitable reaction tempera-
ture was selected at 60°C, the reaction time was 6 h, and the 
concentration of TDI in dioxane was 5 wt.%.

After the reaction of I-membrane with QACs-PEG, the 
modified membranes (abbreviated as M-membranes, subdi-
vided as to M-membrane-1, M-membrane-3, M-membrane-20, 
respectively) were finally prepared. As shown in Fig. 6, the 
densities of QACs anchored on the surfaces of M-membrane 
was calculated based on the potential titration analysis of 
AgNO3 chloride anions. It could be seen that the higher 
length of the PEG chain in QACs-PEG, the lower reac-
tivity of QACs-PEG, and the lower density of QACs on 
M-membrane surfaces. However, it was important that 
QACs densities on M-membranes were much higher than 
the results in our previous works [27,28]. This indicated that 
TDI-based modification of the membrane surface showed 
an advantage in grafting a higher density of QACs.

3.2. Spectral and morphology analysis

Throughout the modification process, the structural 
changes of the APA-TFC membrane surface were confirmed 
by ATR-FTIR. In Fig. 7, the characteristic adsorption bands 
of N-membrane appeared at 1,767; 1,665 and 1,608 cm−1 in 
the IR spectrum, which corresponded to the residual acyl 
chloride C=O, polyamide C=O stretching, and benzene-ring 
C=C stretching, respectively. After reacting with TDI, the IR 
spectrum of I-membrane showed the characteristic adsorp-
tion bands at 1,638; 1,733 and 2,270 cm−1, corresponding to 

the carbamide units (–NHCOO–), (–NHCONH–) and phenyl 
isocyanate (ph-NCO) units, respectively. After the reactions 
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of I-membrane with QACs-PEG-1, the peak at 1,767 cm−1 
decreased significantly, and the medium intensity peak 
belonged to the renascent ester C=O stretching appeared at 
1,726 cm−1 in the spectrum of M-membrane-1. The results of 
the AgNO3 titration analysis of the chloride anion and the 
characteristic adsorption bands in FTIR both proved that the 
preparation of M-membrane-1 was successful.

The surface morphology images of the membrane 
samples including H-membrane and M-membranes were 
recorded by FE-SEM Hitachi S-4800 (Japan) and AFM Park 
Systems XEI-100E (Korea). In Fig. 8, these photos exhibit 
that all of the tested membrane surfaces are the typical 
peak-and-valley morphology. The H-membrane surface 
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is relatively loose. After the modifications, M-membrane 
surfaces became denser with increasing the grafted QACs. 
Meanwhile, it could be clearly seen that M-membrane-20, 
M-membrane-3 and M-membrane-1 were roughened with 
the more slender ridges than H-membrane. The root mean 
square roughness values, such as 96.9, 107.6, 124.2 and 
126.3 nm corresponding to H-membrane, M-membrane-1, 
M-membrane-3 and M-membrane-20, respectively, indicated a 
tendency of the surface roughness increase with increasing 
the length of PEG chains.

3.3. Physical characteristics of membranes

Both of H-membrane and C-membrane have carboxylic 
acid groups on their surfaces. Therefore, as shown in Fig. 9, 
at pH above 5.5, their zeta potentials were below zero, which 
was due to the dissociation of carboxylic acid groups. Due 
to quaternary ammonium cations, all three M-membranes 
showed a positive zeta potential at pH 3~10. In addition, 
among these three M-membranes, because of the highest 
density of quaternary ammonium cations on its surface, 
M-membrane-1 showed the highest zeta potential. The pos-
itive zeta potentials of all three M-membranes decreased 
sharply as pH increased from 9 to 10, resulting from the 
deprotonation of phenol groups in salicylaldehyde units in 
the strong alkaline solution.

WCA of C-membrane was measured to be 57° ± 0.8°, 
agreeing with the technical parameter (58° ± 0.5°) from the 
membrane supplier, and the WCA of H-membrane was 
54° ± 1.3° about 3° smaller than C-membrane. The con-
tact angles of all three M-membranes dropped to 0°, which 
demonstrated that M-membrane surfaces were superhy-
drophilic in favor of binding the water molecules and gen-
erating a tight hydration layer [43,44]. This demonstrated 
that TDI-based surface modification is a facile method for 
preparing the super-hydrophilicity desalination membrane.

3.4. Anti-biofouling properties

The anti-biofouling performances were examined by 
cultivating the membrane samples in the living suspension 
containing E. coli or S. aureus for 24 h at 37°C. The adher-
ing, growing and death situation of bacteria on the mem-
brane surfaces were shown by the fluorescence microscope 
images as shown in Fig. 10. The living bacteria were stained 
by SYTO9 and showed in green, and the dead bacteria 
were stained by propidium iodide and showed in red.

In Fig. 10, the green fluorescence microscope photos 
showed that E. coli adhered to the carboxylate membranes 
and grew well. This suggested that both of C-membrane and 
H-membrane all lacked resistance to the bacterial adhesion. 
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In contrast, almost all bacteria attached to the surfaces of 
M-membrane died. This revealed that M-membranes had a 
strong contact-killing ability to E. coli bacteria, which was 
due to the synergistic disinfection from QACs and salic-
ylaldehyde units. In addition, no dead bacteria adhesion 
observation was made on the surface of the M-membrane-20, 
indicating that PEG reduced bacteria adhesion. In general, 
the hydrophilic PEG chains enhanced the resistance to bac-
terial adhesion, and QACs exhibited strong contact-killing 
capability. Furthermore, the living adhesion and growth den-
sity of S. aureus bacteria on C-membrane and H-membrane 
surfaces was higher than that of E. coli. S. aureus bacteria 
on M-membranes almost entirely dead, similar to E. coli. 
The above experiment results showed that the higher den-
sity of QACs and PEG chains on the M-membrane surface, 
the strong bacterial contact-killing capacity and the higher 
adhesion resistance to E. coli and S. aureus bacteria.

The dynamic simulation experiment on the biofouling 
permeation was performed on a laboratory scale. Before 
conducting the anti-biofouling test, the original membrane 
samples were first permeated to get a constant flux value 
as the references using 2,000 ppm NaCl aqueous solution 
under 1.0 MPa at pH 7.0 and 25°C for the first 8 h. Then 
the diluted E. coli suspension was added into NaCl aque-
ous solution in a ratio of 1 mL/L once every 4 h. Under the 
same conditions, the water fluxes were monitored over 
16 h. The water flux changes were listed in Table 1 for 

each membrane over time. The water flux changes were 
expressed by the water flux decline percentage (D). It could 
be calculated from Eq. (4):

D
V V
V

=
−

×1

1

100%  (4)

In Eq. (4), D was the declining percentage of the water 
flux, V was the permeate water value at a given time period, 
and V1 was the permeate water value during the first-hour 
permeation filtration.

It could be seen from Table 1 that the water flux of all 
membrane samples remained relatively constant during the 
first 8 h of filtration period before fouling occurred. All of 
the modified membranes displayed the higher water fluxes 
than H-membrane, which confirmed the previous result that 
improving the hydrophilicity of the membrane surface was 
a benefit to enhance the water flux [45,46]. After adding the 
diluted E. coli suspension to the feed NaCl aqueous solu-
tion, the water fluxes of all membrane samples decreased 
in varying degrees as the filtration continued. The water 
fluxes of C-membrane and H-membrane were 56% and 
53.6% of their initial values after 24 h permeation filtration, 
respectively. But the water flux decreases of M-membrane-1, 
M-membrane-3 and M-membrane-20 were 20.3%, 18.2% and 
6.2% respectively, as shown in Fig. 11.

Fig. 10. Fluorescence microscope images of E. coli (up) and S. aureus (down) living adhered, growing and died on the membrane surfaces.

Table 1
Water fluxes of membranes in dynamic simulate biofouling experiment

Permeation time (h)

Water flux (L/m2 h) 1 4 8 12 16 20 24

Membrane samples

C-membrane 59.7 60.0 60.0 54.3 49.6 36.9 26.2
H-membrane 47.2 47.2 47.4 43.2 41.7 30.7 21.9
M-membrane-1 66.3 66.5 66.5 62.7 60.5 57.7 52.8
M-membrane-3 66.4 66.5 66.5 65.1 64.0 59.2 54.3
M-membrane-20 65.9 65.9 65.9 64.3 63.8 62.3 61.8
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It is naturally supposed that the positively charged 
M-membranes should attract a large number of bacte-
ria with the negative charges to adhere to the surfaces by 
the electrostatic interaction, forming the biofouling, and 
resulting in sharp decline of the water fluxes. However, 
M-membranes showed a lower percentage of water fluxes 
than the carboxylate membranes. This was due to PEG and 
QACs on M-membranes had a strong contact-killing capac-
ity, which can prevent bacterial adhesion and growth. In 
particular, M-membrane-20 retained the more than 93% of 
its initial water flux value during the range of 24 h perme-
ation filtration. This also indicated that the PEG hydration 
layer is indispensable to prevent bacteria from adhering to 
and growing on the surface.

The salt rejections of the polluted M-membranes were 
generally smaller than that of the carboxylate membranes 
as shown in Fig. 12. This might be because grafting of QACs 
on M-membranes led to some breakdown of the interchain 
hydrogen bonds of the aromatic polyamides layer, which 
increased the chain mobility and caused the conformational 
alteration of the aromatic polyamides chains [13,47,48]. 
The increase in the number of QACs led to an increase in 
the passage of water and salt. Therefore, the interchain 
hydrogen bonds in the aromatic polyamide layer play an 
important role in the salt rejection of APA-TFC membranes.

3.5. Evaluation of chlorine resistance

The water fluxes and salt rejections of the chlorinated 
membrane samples were evaluated by filtration using 
2,000 ppm NaCl aqueous solution under 1.0 MPa at 25°C 
and at pH 7.0, as seen as Figs. 13 and 14. Because amide 
N–H groups of the aromatic polyamide layer on the car-
boxylate membrane surfaces were chlorinated to form N–Cl 
groups after treatment in the aqueous solution containing 
7,000 mg L−1 free chlorine at pH 7.0 for 20–100 h at room 
temperature. This led to the various degrees of damage 
to the pristine structure for the aromatic polyamide layer, 
which enhanced the peristalsis and mobility of the aromatic 

polyamide chains. Therefore, the increase of water and 
salt passages for the chlorinated carboxylate membranes 
were observed. Meanwhile, the increment of the water 
fluxes did not decrease for the carboxylate membranes 
with increasing chlorination time in 7,000 ppm chlorine 
aqueous solution during the testing. This indicated there 
were no protections for the carboxylate membranes. The 
water fluxes of H-membrane and C-membrane increased 
by 23.8% and 20.5%, while the desalination rate decreased 
by 4.7% and 5.6% after 7 × 105 ppm h chlorination, respec-
tively. However, under the same chlorination conditions, 
the water fluxes of all the chlorinated M-membranes 
exhibited slight changes in all the permeation test. After 
7,000 × 100 ppm h chlorination reaction, the water fluxes 
of M-membrane-1, M-membrane-3 and M-membrane-20 
increased by 8.6%, 12.6% and 12.3%, and their salt rejections 
decreased by 0.8%, 1.3% and 1.1%, respectively. This indi-
cated that M-membranes had high stability in the chlorine 
aqueous solution. We proposed two hypotheses to explain 
the phenomenon. Firstly, salicylaldehyde units as the sacri-
ficial materials preferentially reacted with the free chlorine 
to protect the aromatic polyamide layers of the modified 
membranes. The higher salicylaldehyde density anchored 
on the modified membrane surfaces, the higher resistance 
to the free chlorine attacking. Secondly, the renascent car-
bamides, which appeared at the same time when anchor-
ing QACs on the modified membrane surface, have the 
electron-donating methyl groups adjacent to amide N–H 
groups and show the higher reactivity with free chlorine 
than amides N–H groups of the aromatic polyamide layers. 
Therefore, the renascent amide N–H groups of carbamides 
can also be used as the sacrificial pendant groups to protect 
the modified membranes suffered from the free chlorine 
attacking [49,50]. To sum up, based on QACs serving as 
the highly hydrophilic groups and the strong bactericides, 
and PEG chains forming the tight hydration layer, and 
salicylaldehyde units and carbamides serving as the sacri-
ficial materials, the overall performances of the modified 
APA-TFC membrane were simultaneously improved.
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4. Conclusion

By using polyethylene glycol as a spacer in this work, 
quaternary ammonium cation and salicylaldehyde units 
and TDI were densely grafted onto the surface of the 
monomolecular layer APA-TFC membrane. The chemi-
cal compositions of the modified membrane surfaces were 
determined by instrumental analysis and chemical analysis. 
The WCAs of the modified membranes dropped to 0°. All 
of the three M-membranes showed the positive zeta poten-
tials at pH 3~8. During the permeation filtration tests, the 
modified membrane showed highly chemical stability in 
the chlorination under the condition of 7 × 105 ppm h. The 
high grafting density of QACs on the modified membranes 
showed positive effects on the water fluxes and the slightly 
negative effect on salt rejection. The long-chain poly(eth-
ylene glycol) formed a hydration layer to significantly 
reduce the adhesion of E. coli or S. aureus on the modified 
membrane surfaces, and QACs endowed the modified 
membranes with the strong contact-killing capacities. In a 

word, the super-hydrophilic APA-TFC membrane with PEG 
chains, the surface QACs presented high water flux, high 
anti-biofouling and excellent resistance to the free chlorine, 
which in the desalination technology has great potential.
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