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Permeability and selectivity are two important parameters for evaluating membrane separation 
performance. In this work, the polysaccharide-functionalized gold nanoparticles (DexDTM-AuNP) are 
synthesized by one-step reduction with NaBH4 and used as additive for modification of PES membrane 
to improve the hydrophilicity of the membrane. In comparison with the pristine PES membrane, the 
water contact angle (WCA) of the DexDTM-AuNP-modified membrane significantly decreases. When the 
content of DexDTM-AuNP is 3 wt%, the WCA of the modified membrane decreases from 89.3° to 61.1°, 
indicating excellent hydrophilicity. The modified membrane shows high pure water flux of up to 134.5 L 
m−2 h−1, and the rejection ratio for bovine serum albumin, congo red, and methyl blue are 98.8, 99.3, and 
93.6%, respectively. DexDTM-AuNP-modified membrane exhibits excellent hydrophilicity, anti-fouling 
ability, and separation performance. Therefore, the strategy has great potential for practical applications 
in water purification and other separation fields.

Introduction
With the progress of society and the continuous development 
of industrialization, environmental pollution has become 
increasingly serious, especially water pollution [1, 2]. In general, 
domestic wastewater and industrial wastewater are important 
sources of water pollution [3]. These wastewaters often contain 
large amounts of proteins/bacteria and oils. If they are directly 
discharged, they will cause serious environmental pollution and 
aggravate the water crisis [4–6]. Contaminated water contains 
pathogenic microorganisms that may cause waterborne diseases 
through direct contact or oral administration [7–9]. Therefore, 
it is particularly important to efficiently treat these wastewa-
ters containing bacteria and oil, and it has gradually become 
an important research area involving environmental, economic, 
and social issues [10, 11]. Membrane separation technology has 
become the preferred technology in the field of water treatment 
[12–14].

In recent years, the application of polymer membrane sepa-
ration technology in the field of water treatment has received 
increasing attention [15, 16]. Compared with traditional sep- 
aration technologies (distillation and extraction), polymer 
membrane separation technology has the advantages of high 
separation efficiency, no phase change in the separation pro-
cess, separation at room temperature, small footprint, and 
simple operation [17–19]. The most commonly used polymer 
membrane materials are polyethylene, polypropylene, polyvi-
nylidene fluoride, polysulfone, and polyethersulfone [20–22]. 
Among many polymer membrane materials, polyethersulfone 
(PES) is widely used in the field of water treatment due to its  
excellent mechanical properties, good thermal stability, excellent 
chemical stability, and excellent membrane forming properties 
[23, 24]. However, PES membrane still has problems in water 
treatment. On the one hand, due to the strong hydrophobicity 
of PES, the water flux of the membrane is low in the filtration 
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process. On the other hand, PES membrane has poor anti-foul-
ing performance, which is easy to absorb organic pollutants 
such as proteins [25, 26]. During the filtration process, it is easy 
to be polluted by proteins and other organic substances in the 
water, resulting in the membrane pore being blocked and the 
water flux seriously decreasing. Therefore, how to improve the 
water flux and anti-fouling performance of PES membranes is 
a research hotspot in the field of membrane separation [27, 28]. 
Hydrophilic modification of PES membrane is the most effective 
method to improve the permeation flux, separation performance 
and anti-fouling performance of PES membrane.

Currently, widely used polymer membrane modification 
methods include physical methods and chemical methods [29, 
30]. In the physical modification method, the polymer mono-
mer used to prepare the separation membrane does not undergo 
chemical reaction, and the physical modification method 
includes blending modification and surface coating modifica-
tion [31, 32]. However, in the chemical modification method, 
the polymer monomers for preparing the separation membrane 
undergo a chemical reaction. And common chemical methods 
for membrane modification include interfacial polymerization 
modification, bulk modification, graft modification, and plasma 
modification. Among these modification methods, blending is 
the simplest and most commonly used membrane modification 
method [33, 34].

The blending modification of the PES membrane is to 
blend a hydrophilic polymer or functionalized nanoparticles 
with PES and prepare a modified membrane by a phase inver-
sion method [35, 36]. Blending modification has the following 
advantages: modification and membrane formation are carried 
out simultaneously, the process is simple, and no complicated 
subsequent processing steps are required; the modifier can 
cover the membrane surface and the inner wall of the mem-
brane pores at the same time and will not damage the structure 
of the membrane [37, 38]. For example, the introduction of an 
appropriate amount of hydrophilic additives not only improves 
the mechanical strength of the composite membrane but also 
greatly improves its hydrophilicity, which has better anti-fouling 
ability. The additives commonly used in PES blend modification 
currently include inorganic nanoparticles, hydrophilic polymers, 
amphiphilic polymers, etc. [39, 40].

In this study, the polysaccharide-functionalized gold 
nanoparticles (DexDTM-AuNP) are synthesized by one-step 
reduction with NaBH4 and used as additive for modification 
of PES membrane to improve the hydrophilicity of the mem-
brane. First, dextran-based macromolecular chain trans-
fer agent (DexDTM) was synthesized via esterification of 
2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid 
(DTM) with the hydroxyl groups of dextran. Subsequently, 
the dextran-based macromolecular chain transfer agent and 
the gold nanoparticles were combined together by Au–S bond 

using a one-step reduction method of NaBH4 to prepare a 
polysaccharide-functionalized gold nanoparticle. As a natural 
polysaccharide, dextran has excellent biocompatibility, excel-
lent hydrophilicity, and anti-fouling properties. And gold nano-
particles have an effective inhibitory effect on bacteria, fungi, 
and other microorganisms in water. Grafting dextran onto gold 
nanoparticles can combine the advantages of gold nanoparti-
cles and polysaccharides to obtain complementary functions. 
When DexDTM-AuNP is blended with PES to prepare a modi-
fied membrane by phase inversion, the hydrophilic segments in 
the DexDTM-AuNP will spontaneously migrate to the mem-
brane surface and be enriched on the membrane surface, which 
makes the hydrophilicity of the modified membrane signifi-
cantly improved.

Results and discussion
The polysaccharide-functionalized gold nanoparticles are 
synthesized by one-step reduction with NaBH4, as shown in 
Scheme 1. Briefly, 2-(dodecylthiocarbonothioylthio)-2-meth-
ylpropanoic acid (DTM) is esterification reacted with dextran 
hydroxyl group to synthesize dextran-DTM (DexDTM). Sub-
sequently, DexDTM is used as nucleating agent and stabiliz-
ing agent, and chloroauric acid as gold precursor is dissolved in 
deionized water in order. After being stirred in an ice-water bath 
for 30 min, the strong reducing agent NaBH4 is added to reduce 
the trithiocarbonyl group in DexDTM to a mercapto group and 
reduce the chloroauric acid to gold nanoparticles (AuNP). Then, 
the gold nanoparticles and the mercapto group in DexDTM self-
assemble form Au–S bond to obtain the DexDTM-functional-
ized gold nanoparticles (DexDTM-AuNP). Grafting hydrophilic 
polymer chains of DexDTM to gold nanoparticles can signifi-
cantly improve the hydrophilicity and dispersibility of gold.

1H-NMR spectrum of DexDTM is displayed in Fig. 1a. It 
can be observed that there are two chemical shifts at 1.24 and 
1.03 ppm, which attribute to -CH3 (H-a and H-b). The peaks 
distributed in 3.17–3.77 ppm belong to the H-c of dextran. In 
addition, the peaks in 4.46–4.92 ppm ascribe to -OH (H–d). 
Figure 1b shows FTIR spectra of DexDTM and DexDTM-AuNP. 
The strong and wide absorption peak at 3397.9 cm−1 is caused 
by the stretching vibration of O–H group from dextran, while 
the peak at 2921.6 cm−1 attributes to the asymmetric stretching 
of C–H bond of –CH2 group. The peak at 1031.7 cm−1 belongs 
to the O–H group angular vibration of dextran. The results of 
FTIR and 1H-NMR characterizations confirm that DexDTM is 
successfully synthesized by esterification reaction of dextran and 
DTM. In addition, it can be seen from the FTIR spectra that the 
peak positions of DexDTM and DexDTM-AuNP have a high 
degree of matching, demonstrating that DexDTM is successfully 
grafted onto AuNP.
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The functionalized gold nanoparticles are fabricated and 
further used as additive for modification of PES membrane by 
blending method. The morphology of DexDTM-AuNP is char-
acterized by TEM as shown in Fig. 2. It can be observed that 
the functionalized gold nanoparticles are uniform in size, uni-
formly distributed, and there is no agglomeration. Among them, 
Fig. 2b is a partial enlarged view of Fig. 2a. It can be seen that 
DexDTM-AuNP has a granular structure with a size of about 
5 nm. DexDTM is connected to the gold particles through Au–S 
bonds, which can significantly improve the hydrophilicity and 
dispersibility of Au nanoparticles. Therefore, DexDTM-AuNP 
as an additive for PES membrane modification will be uniformly 

distributed in the membrane matrix, which can greatly improve 
the hydrophilicity of the membrane.

The functional groups introduced on the surface of PES 
membrane are investigated by FTIR as shown in Fig. 3. From 
the FTIR spectra, it can be found that all membranes show the 
characteristic peaks at 1, 151.2 and 1, 298.2 cm−1 assigned to 
symmetric and asymmetric O = S = O stretching vibrations of 
PES. The band at 1, 243.1 cm−1 can be attached to the asym-
metric C–O–C stretching vibration of the PES substrate. More-
over, three new bands presented at 3, 400.3, 2, 928.5, and 1, 
040.6 cm−1 in the spectrum of the DexDTM-AuNP-modified 
membrane, which attribute to O–H stretching vibration, C-H 

Scheme 1:   Synthesis process of DexDTM-AuNP.

Figure 1:   (a) 1H-NMR spectrum of DexDTM, and (b) FTIR spectra of DexDTM and DexDTM-AuNP.
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asymmetric stretching, and O–H angular vibration in DexDTM-
AuNP. The results demonstrate that DexDTM-AuNP has been 
successfully introduced into the modified membrane.

Figure 4 shows the top surface morphology and structure 
of the membranes characterized by SEM at different mag-
nifications. It can be seen that the surface of the pristine PES 
membrane is relatively flat and smooth. When DexDTM-
AuNP is used as additive to blend to PES membrane, the sur-
face morphology of the modified membrane becomes denser 
and the overall morphology changes little. As the content of 
DexDTM-AuNP further increases, uniformly distributed fine 
particles appear on the surface of the modified membrane, 
and the amount increases with the increase of the amount of 
the modifier. The main reason is that when the casting solu-
tion is immersed in the coagulation bath for phase conversion 
into a membrane, the hydrophilic segments in the modifier will 

migrate to the surface of the membrane and enrich on the sur-
face of the membrane, forming a hydrophilic molecular brush 
structure. However, the hydrophobic segment dodecyl in the 
modifier has excellent compatibility with the substrate mem-
brane molecule, which can significantly improve the stability of 
the modifier in the membrane. The hydrophilic molecular brush 
enriched on the surface of membrane can significantly improve 
the hydrophilicity, anti-fouling ability, and permeability of the 
modified membrane.

The surface chemical compositions of the membranes were 
investigated by XPS. Figure 5 shows the XPS spectra of the 
upper surface of modified membrane with DexDTM-AuNP-3. 
As shown in Fig. 5a, the surface of the modified membrane 
contains C, O, S, and Au elements. The C 1 s peaks are shown 
in Fig. 5b, and the spectra are fitted into three peaks; a major 
peak is located at 284.7 eV ascribed to C–C/C–H bonds, an 

Figure 2:   TEM images of DexDTM-AuNP with different magnifications and (b) is 2.5 times of (a).

Figure 3:   FTIR spectra for the modified membranes.
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intermediate peak appeared at 286.4 eV ascribes to C–O bond, 
and a minor peak at 291.5 eV corresponds to the C–S bond. 
The S 2p peaks as shown in Fig. 5c and the peaks at 167.4 and 
168.4 eV belong to the S–O bond, and a minor peak at 163.2 eV 
attributes to S–Au bond. And from Fig. 5d, the binding energy 
of 83.4 eV corresponds to the Au 4f7/2, while the other located 
at 87.0 eV is attributed to the Au 4f5/2. The XPS spectra results 
further prove that DexDTM-AuNP has been successfully intro-
duced into the modified membrane.

The surface chemical composition of the modified mem-
brane and the elemental distribution in the membrane matrix 
are further confirmed by EDS mappings. EDS mappings on the 
upper surface of DexDTM-AuNP-3-modified membrane are 
shown in Fig. 6. It can also be observed that the modified mem-
branes contain C, O, S, and Au elements. The figure shows that 

Au evenly distributes on the surface of the modified membrane, 
demonstrating that DexDTM-AuNP are uniformly distributed 
in the modified membrane. Therefore, grafting DexDTM to 
gold particles through Au–S bond can significantly improve the 
stability and dispersibility of gold nanoparticles. The uniform 
distribution of DexDTM-AuNP on the surface of the modified 
membrane will greatly improve the hydrophilicity and anti-
fouling ability of the modified membrane surface.

Figure 7 illustrates the cross-sectional morphologies of pris-
tine and modified PES membranes. It can be observed that the 
cross-sectional images of all the membranes exhibit asymmetric 
finger-like porous structure similar to the most modified mem-
branes prepared by NIPS method. The cross section of the modi-
fied membrane can be roughly divided into two parts: the top of 
the membrane cross section is a dense skin layer that acts as a 

Figure 4:   SEM images of the prepared membrane surface: (a, b, and c) M-PES, (d, e, and f ) M-DexDTM-AuNP-1, (g, h, and i) M-DexDTM-AuNP-2, and (j, k, 
and l) M-DexDTM-AuNP-3.
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selective barrier, while the middle and bottom are thicker finger-
like pore structures with a better mechanical strength. Com-
pared with the pristine PES membrane, the finger-like pores in 
the cross section of the modified membrane become wider and 
increases with increase of DexDTM-AuNP content. The main 
reason for this phenomenon is mainly because the hydrophilic 
chain segment in the modifier has a strong interaction with the 
non-solvent in the coagulation bath. This strong interaction 
will lead to a strong exchange of solvents and non-solvents in 
the coagulation bath, so that the hydrophilic segments in the 

modifier migrate to the surface of the membrane and enrich 
on the surface of the modified membrane to form a hydrophilic 
molecular brush. It also promotes the cross section of the mem-
brane to produce wider finger-like pore structures. The hydro-
philic molecular brush enriched on the membrane surface can 
significantly improve the hydrophilicity and anti-fouling perfor-
mance of the modified membrane.

The surface hydrophilicity of the membranes estimated 
by means of water contact angle (WCA) is depicted in Fig. 8. 
It can be observed that the pristine PES membrane has a high 

Figure 5:   XPS spectra of the upper surface of M-DexDTM-AuNP-3.

Figure 6:   EDS mapping of M-DexDTM-AuNP-3 surface.



Article

© The Author(s), under exclusive licence to The Materials Research Society 2021 

 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 V
ol

um
e 

36
 

 I
ss

ue
 4

 
 F

eb
ru

ar
y 

20
21

 
 w

w
w

.m
rs

.o
rg

/jm
r

931

WCA close to 90° due to the hydrophobicity nature of PES 
itself. In comparison with the pristine PES membrane, WCA 
of the DexDTM-AuNP-modified membrane significantly 
decreases. Moreover, WCA value of the modified membrane 
decreases with the increase of the amount of the DexDTM-
AuNP. When the content of DexDTM-AuNP is 3 wt%, the 
WCA of the modified membrane decreases from 89.3° to 
61.1°. The high hydrophilicity of the modified membrane is 
attributed to the excess of hydrophilic functional groups in 
DexDTM-AuNP such as -OH with higher hydrophilicity. In 
the phase inversion preparation of the modified membrane, 
there is a strong interaction between the hydrophilic segments 
in the additive and water molecules in the coagulation bath, 
which causes many hydrophilic segments to spontaneously 

migrate towards the membrane surface and increases its 
hydrophilicity.

It can be observed from the pure water fluxes of the mem-
branes as shown in Fig. 9(a) that the pristine PES membrane 
has a low permeation flux, because of the hydrophobic nature of 
PES. In comparison with the pristine PES membrane, the pure 
water flux of the DexDTM-AuNP-modified membrane increases 
significantly and also increases with the increase of additive 
amount. From the figure, one can be found that the increase 
trend of pure water flux is well matched with the improvement 
of hydrophilicity, indicating that the increase of hydrophilicity 
is positively correlated with the flux of pure water. When the 
content of DexDTM-AuNP is 3 wt%, the pure water flux of the 
modified membrane is up to 134.5 L m−2 h−1. Figure 9b records 

Figure 7:   SEM images of cross-sectional views of membranes: (a, b, and c) M-PES, (d, e, and f ) M-DexDTM-AuNP-1, (g, h, and i) M-DexDTM-AuNP-2, and 
(j, k, and l) M-DexDTM-AuNP-3.
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the time-dependent flux curves of water and BSA solutions for 
one recycles. It can be also found that the flux of the modified 
membrane has been significantly improved and increases with 
the increase of DexDTM-AuNP content. However, when the 
feed solution is changed from ultrapure water to BSA solution, 
the permeation flux of the membrane significantly reduces. The 
following two points can explain this phenomenon. On the one 
hand, BSA molecules block some pores on the surface of the 
membrane. On the other hand, the BSA molecule can increase 
the viscosity of water, and thus, reduces the permeability of the 
modified membrane. After rinsing the membrane contaminated 
with BSA for 1 h, the pure water flux test is performed again, and 
the pure water flux is almost completely restored to the initial 
state. The anti-fouling performance of membranes is shown in 
Fig. 9(c). The total fouling ratio (Rt) includes reversible fouling 
ratio (Rir) and irreversible fouling ratio (Rr). Among them, the 
Rir refers to that some pollutants adhering to the surface of the 
film cannot be cleaned down, while the Rr refers to that some 
pollutants with weak adhesion can be removed by cleaning. It 

Figure 8:   The average water contact angles on the top surface of 
membranes.

Figure 9:   Properties of M-DexDTM-AuNP with contents of 1, 2, and 3 wt%: (a) pure water flux, (b) time-dependent fluxes, (c) fouling ratio, (d) flux 
recovery ratios (FRR), and BSA Rejections ratios.
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can be observed that with the increase of additive content, the 
Rt of the modified membrane gradually decreased; the Rir of 
the modified membrane gradually decreased and then increased 
slightly. However, the Rr of the modified membrane first 
increased and then decreased slightly. The main reason is that 
the hydrophilic groups on the membrane surface have strong 
interaction with water molecules, which can hinder BSA mol-
ecules and other fouling agents’ adsorption on the membrane 
surface. Therefore, the excellent hydrophilicity would improve 
the membrane performance in terms of low fouling tendency 
and good water permeability. The flux recovery ratio (FRR) and 
BSA rejection ratio are shown in Fig. 9(d). Generally, the higher 
FRR indicates that the membrane has better anti-fouling perfor-
mance. It can be observed that the FRR of the pristine PES mem-
brane is only 56%. Compared with the pristine PES membrane, 
the FRR of the DexDTM-AuNP-modified membrane increases 
significantly, and FRR improves from 56 to 86%. This indicates 
that the DexDTM-AuNP-modified membrane has excellent 
anti-fouling properties. In addition, the BSA rejection ratio of 
the modified membrane also increased slightly compared to 
the pristine PES membrane, and the rejection ratio for BSA is 
always maintained above 98%. The above results indicate that 
the DexDTM-AuNP modified membrane has excellent perme-
ability, anti-fouling, and BSA rejection properties.

The rejection performance of M-DexDTM-AuNP-3 for BSA, 
MB, and CR is shown in Fig. 10a. It can be seen from the figure 
that the rejection ratios of the modified membranes for BSA, 
CR, and MB are 98.8, 99.3, and 93.6%, respectively. The results 
show that the DexDTM-AuNP-modified membrane has excel-
lent selective separation performance. The optical photographs 
of the CR, and MB solutions before and after filtrations are 
shown in Fig. 10b. From the optical photograph, it can be found 
that permeate of CR and MB changes significantly compared 
with the color of the feed solution, further indicating that the 

modified membrane has an excellent separation performance. 
The above results show that the DexDTM-AuNP-modified 
membrane has great potential in industrial production fields, 
such as food processing, wastewater treatment, seawater desali-
nation, etc.

Conclusions
In summary, the polysaccharide-functionalized gold nanopar-
ticles (DexDTM-AuNP) was synthesized by one-step reduction 
with NaBH4 and used as one novel additive to blend with PES 
to prepare ultrafiltration membranes via a non-solvent-induced 
phase separation technique. Compared with pristine PES mem-
brane, the hydrophilicity of the DexDTM-AuNP-modified 
membrane was significantly improved. When the content of 
DexDTM-AuNP was 3 wt%, the WCA of the modified mem-
brane decreases from 89.3° to 61.1°, and the pure water flux 
of the modified membrane has been increased up to 134.5 L 
m−2 h−1. In addition, the modified membrane had high rejection 
ratios of BSA, CR and MB, which were 98.8, 99.3, and 93.6%, 
respectively, indicating that the DexDTM-AuNP-modified 
membrane had excellent hydrophilicity and rejection properties.

Experimental
Chemicals and materials

Polyethersulfone (PES, Ultrason E6020P, Mw = 58, 000) was 
acquired from BASF, Germany. N, N-dimethylacetamide 
(DMAc, AR, 99.0%) was obtained from Sino-pharm Chemical 
Reagent Co., Ltd, China, and used as solvents. Chloroauric acid 
(HAuCL4, AR) was purchased from Nanjing Xianfeng Nano‑
materials Technology Co., Ltd.; 1-dodecanethiol (C12H26S, 
98%), methyltrioctyl ammonium chloride (97%), dextran 
(Mw ≈ 70, 000), and 2-dimethylaminopyridine (97%) were 

Figure 10:   Separation properties of the DexDTM-AuNP-3 modified membranes: (a) rejection ratios of BSA, CR, and MB; and (b) optical photograph of 
the different dye solutions before and after filtration.
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supplied by Shanghai Macklin Biochemical Co., Ltd. Sodium 
citrate (AR) was gained from Sinopharm Chemical Reagent 
Co., Ltd. Sodium hydroxide (NaOH, AR) and n-hexane were 
bought from Tianjin Baishi Chemical Co., Ltd. Sodium boro-
hydride (NaBH4, AR) was purchased from Shanghai Zhong‑
tai Chemical Reagent Co., Ltd. Bovine serum albumin (BSA), 
congo red (CR), and methyl blue (MB) were provided by 
Aladdin Reagent. Carbon disulfide (CS2, AR) was acquired 
from Chengdu Cologne Chemical Co., Ltd. Hydrochloric acid 
(HCl, 37%) was purchased from Guo Yao Chemical Reagent 
Company. All other reagents (analytical grade) were obtained 
from Sinopharm Chemical Reagent Co., Ltd, China, and used 
without further purification. Ultrapure water was made in 
laboratory.

Preparation of RAFT agents (DTM)

1-dodecythiol (12 mL), acetone (40 mL), and methyltrioctyl 
ammonium chloride (0.8 mL) were mixed in a three-necked 
round bottom flask under the atmosphere of N2, and the tem-
perature of the solution was controlled at 5–10 °C with ice-water 
bath. After bubbling with N2 for 30 min, a 50% NaOH solution 
(4 mL) was added dropwise to the mixture, and the reaction 
mixture was allowed to proceed at N2 atmosphere and stirred 
for 20 min; carbon disulfide (3 mL) was mixed in acetone (8 mL) 
and added dropwise to the solution, the reaction was stirred for 
an additional 30 min; after adding chloroform (4.5 mL) to the 
solution at one time, followed by the addition of a 50% NaOH 
solution (13 mL) drop by drop, and the reaction continued at 
room temperature for 12 h. The crude product was obtained by 
adding ultrapure water (65 mL) and concentrated HCl (33 mL) 
to the solution. The crude product was recrystallized from 
n-hexane, so 2-(dodecylthiocarbonothioylthio)-2-methylpro-
panoic acid (DTM) was finally synthesized.

Synthesis of dextran‑based macro‑chain transfer 
agent (DexDTM)

First, DTM (0.55 g) was dissolved in dichloromethane (5 mL) 
at room temperature, and oxalyl chloride (1.5 g) was added to 
the solution under N2 protection. Then the reaction was carried 
out under stirring at 50 °C for 2 h, dextran (1.0 g), 2-dimeth-
ylaminopyridinium (0.38 g), and triethylamine (0.31 g) were 
thoroughly mixed in dimethyl sulfoxide (10 mL) and added to 
the mixture. The reaction was continued at 80 °C for 24 h, and 
then ethanol was added to precipitate. The precipitated solid was 
washed several times with ethanol and centrifuged to obtain a 
pale yellow solid. Finally, DexDTM was obtained via esterifica-
tion of DTM with dextran hydroxyl group.

Self‑assembly of dextran on gold nanoparticles

The functionalized gold nanoparticles were prepared by one-
step reduction with NaBH4. The specific experimental steps 
are as follows: 0.25 g of DexDTM was dissolved in 100 mL of 
deionized water under N2 protection, and 10 mL of HAuC14 
solution (4 mg mL−1) was added to the mixture. After continu-
ous stirring in an ice-water bath for 30 min, 10 mL trisodium 
citrate (10 mg mL−1), and 10 mL NaBH4 solution (1.1 mg mL−1) 
were added to the mixture in this order. The color of the solu-
tion changed immediately, and the reduction reaction continued 
at room temperature for 3 h. After completion of reaction, the 
resulting solution was freeze-dried and functional gold nano-
particles (DexDTM-AuNP) were obtained.

Preparation of membranes

The modified membranes were prepared via the non-solvent-
induced phase separation (NIPS) method. In details, a certain 
mass fraction of DexDTM-AuNP was added into DMAc. After 
DexDTM-AuNP was completely ultrasonic dispersed, a certain 
mass fraction of PES was then added into the mixture, which 
was stirred at room temperature for 12 h to form a homogene-
ous solution. The casting solution was then degassed for 1 h at 
room temperature and coated on a clean glass surface, followed 
by spin casting and immersed in the coagulation bath for pre-
cipitation at room temperature to form the DexDTM-AuNP-
modified membranes. Finally, the synthesized membranes were 
repeatedly rinsed with ultrapure water to remove residual sol-
vent and dried at 40 °C for 24 h. In this study, the prepared PES 
membranes containing 0, 1, 2, and 3 wt% DexDTM-AuNP are 
named as M-PES, M-DexDTM-AuNP-1, M-DexDTM-AuNP-2, 
and M-DexDTM-AuNP-3, respectively.

Characterizations

The chemical structure of the additive (DexDTM and DexDTM-
AuNP) and the functional groups on the surface of membranes 
were characterized using a FTIR Nexus 670 (Nicolet American) 
instrument and an H-NMR spectrometer FT-80 (Varian Ameri-
can). The morphologies of the prepared DexDTM-AuNP were 
observed by transmission electron microscopy (TEM, TECNAI 
TF20). DexDTM-AuNP was ultrasonically dispersed in abso-
lute ethanol and then dropped on a micro-bashan mesh with a 
supporting film. After the liquid evaporating, the samples were 
observed by TEM. The surface chemical compositions of the 
membranes were investigated by X-ray photoelectron spec-
troscopy (XPS, XSAM800, KRATOS Co., Britain). The top sur-
face and cross-sectional morphologies of the membrane were 
characterized by field emission scanning electron microscopy 
(FE-SEM, JSM-6700F JEOL, Japan). Based on the principle of 
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secondary electron imaging, field emission scanning electron 
microscopy (SEM) can observe the microstructure of the sample 
at the nanoscale under low voltage and obtain the ultrastructure 
information of the sample surface with strong three-dimen-
sional sense. The membrane were fractured in liquid nitrogen 
to obtain their cross-sectional structure. Conductive glue was 
used to adhere the surface and section of the membrane to the 
copper column and then deposit a layer of gold on the surface 
of the sample with a vacuum coater to improve the conductiv-
ity of the polymer membrane. Then use the FE-SEM to observe 
the surface and cross-sectional topography. The wettability of 
the membranes was investigated by the contact angle analyzer 
(WCA, PHS-3C, Precision Science Co., Shanghai, China) at room 
temperature [41–43].

Membrane performance test

The performance of the membranes, including permeation flux, 
anti-fouling ability, water recovery ratio, and BSA/dye rejection, 
was investigated in a cross-flow filtration setup with a membrane 
effective surface area of 23.7 cm2. All the experiments were 
conducted at a pressure of 0.2 MPa, and the data of flux were 
recorded every 10 min. Before measurement, the membrane was 
pre-compacted for 30 min to obtain a steady permeation flux. 
The rejection performance of membrane was performed using 
BSA aqueous solutions (1 g L−1), CR solution (250 mg mL−1), 
and MB solution (250 mg mL−1). All the calculation formulas 
are used in this article according to our previous work [41, 44].
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