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Zwitterions show great superiority in the field of polymer membrane surface functionalization, as the synthesis process is
simple, the adaptability of functional groups is strong, and zwitterions with strong hydration capacity in aqueous solutions can
inhibit protein adsorption. In this study, a polyacrylonitrile ultrafiltration membrane was modified to improve anti-protein-
fouling capacity by grafting short-chain sulfonic type zwitterions. 3-Dimethylaminopropylamine was first grafted onto hydrolyzed
polyacrylonitrile (PAN) membrane by the activation of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC).
Subsequently, sulfobetaine zwitterions emerged on themembrane surface by quaternization of 1,3-propane sultone.The sulfobetaine
zwitterionic membranes were analyzed for surface chemical composition, hydrophilic properties, and surface and cross-sectional
structure of the membrane, by a combination of Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy,
contact angle measurement, and scanning electron microscopy. Static protein adsorption and dynamic filtration experiments were
undertaken to show that the modified membrane had excellent resistance to protein adsorption. It was found that the molecular
weight cutoff of the substrate membrane had great influence on the flux recovery rate of the modified membrane.

1. Introduction

Ultrafiltration technology is an environmentally friendly
separation method, with unique advantages for the field of
biomedicine. Membrane fouling, which results in reduction
of separation efficiency, shortening of device life, and increase
in cost [1], constitutes a bottleneck in the continuing devel-
opment of the technology. Therefore, improvement of the
anti-protein-fouling surface has become one of the most
important research topics in the field ofmembrane separation
[2].

Anti-protein-fouling materials are typically one of two
types: polyethylene glycol or zwitterions. Polyethylene glycol
is, in most biochemical solutions, readily oxidisable, and
high temperatures greatly reduce the antiprotein adsorption,
so the antifouling property is not maintained over a long
time [3]. Many scholars have begun to theoretically study
zwitterions for anti-protein fouling. The protein adsorption
resistance of zwitterions is related to the presence of a dense,
hydrated layer. Zwitterions have strong hydration capacity

by both ion solvation and hydrogen bonding and form a
hydrated layer. This is physical structure and energy barrier;
the proteins have to destroy the hydration layer by consuming
energy to pass the membrane [3–5]. Anti-protein fouling
of zwitterions is also associated with the uniformity of the
distribution of charge and the electrical neutrality. Charge
uniformity, close arrangement, small size, and polarity are
necessary for anti-protein fouling on the molecular level [6].
Charge uniformity not only can maximize the hydration
ability of the zwitterion but also can reduce the electro-
static interaction between membrane surface and protein
[5]. In addition, water molecules, zwitterionic structure, and
protein will affect the anti-protein-fouling property. The
larger number of alkyl groups in zwitterions increases the
distance between the positive and negative charges, which are
conducive to enhance the electrostrictive effect and hydration
and strengthen the zwitterionic antiprotein resistance [7, 8].

A zwitterion is a compound with both a positive and
a negative charge. Typical zwitterions are of the carboxylic
acid type, the sulfonic acid type, or the phosphoric acid
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Figure 1: Schematic diagram of the surface grafting of zwitterions onto the PAN-based membrane surface.

type. In the past two decades, sulfonic acid and phosphoric
acid type zwitterions have been applied to the surface of the
polymer membrane in functional modification, for exam-
ple, 2-methacryloyloxyethyl phosphorylcholine (MPC) or
sulfobetaine methacrylate (SBMA). Singer and Nicolson [9]
proposed the phospholipid double biomembrane structure
in 1972, which showed that similar phospholipids (PC)
structure can be used as the antiprotein adsorption surface.
PC zwitterionic monomers are difficult to synthesize, and the
single functional group limits their practical application [8,
10, 11]. During the past decade, many researchers have found
and confirmed that the SB zwitterionic functional group and
the PC group are extremely similar in structure and are both
electrically neutral. Thus, sulfonic acid zwitterions also have
the ability of antiprotein adsorption [12–14].

The aim of our current study was to graft short-chain
sulfonic type zwitterions to themembrane surface to improve
the antifouling capacity. The short-chain molecules could
reach and modify membrane surface and membrane pores
and have high grafting density. 3-Dimethylaminopro-
pylamine was first grafted onto the hydrolyzed polyacrylo-
nitrile (PAN) membrane by the activation of 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC). Subsequently, sulfonic zwitterions were grafted onto
the membrane surface by the quaternization of 1,3-propane
sultone. The antifouling property was evaluated by static
protein adsorption and dynamic ultrafiltration of protein
solution.

2. Experiment

2.1. Materials. 1-(3-Dimethylaminopropyl)-3-ethylcarbodi-
imide hydrochloride (EDC), 1,3-propane sultone, and 3-
dimethylaminopropylamine were purchased from Shanghai
Aladdin Co. (Shanghai, China). Bovine serum albumin
(BSA) was obtained from Aobo Star Biotechnology
Co., and the PAN-50 (MWCO, 20000) and PAN-350
(MWCO, 150000) membrane was purchased from Sepro Co.
Ethanol, hydrofuran (THF), sodium hydroxide, potassium
dihydrogen phosphate, disodium phosphate dodecahydrate,
sodium chloride, and all other reagents were purchased
from the Beijing Chemical Reagent Company and used as
received.

2.2. Preparation of the Modified Membrane. Figure 1 shows
a schematic diagram of the grafting of zwitterions to the
membrane surface. PAN-50 and PAN-350 virgin membranes
were hydrolyzed with 1mol/L NaOH solution at 60∘C. The
membrane was rinsed with deionized water for a while.
Then, hydrolyzed PANmembrane was soaked in 10 g/L EDC
buffer solution to be activated for 4 h. After preparing
50mL 3-dimethylaminopropylamine solution (the modifier)
at concentrations of 2 g/L, 5 g/L, and 10 g/L, the hydrolyzed
PAN membranes reacted at room temperature for 24 h. The
PAN-50 and PAN-350 membranes, which were modified by
the 2 g/L modifier, are referred to as PAN-50-M1 and PAN-
350-M1, respectively. Likewise, themembranesmodifiedwith
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5 g/L modifier are referred to as PAN-50-M2 and PAN-
350-M2, and those modified with the 10 g/L modifier are
referred to as PAN-50-M3 and PAN-350-M3. After com-
pletion of the reaction, the membranes were cleaned to
remove impurities.Thegraftedmembranewas placed into the
reaction vessel containing 2 g of 1,3-propane sultone in 50mL
tetrahydrofuran (THF).The reaction lasted 24 h at 50∘C; then
the membrane was washed to remove impurities from the
surface.

2.3. Characterization of Modified Membranes. The surface
chemical composition of the membranes was analyzed by
X-ray photoelectron spectroscopy (XPS) (ESCALAB 250,
USA), using Al as the radiation source. Fourier transform
infrared (FTIR, Nicolet-560, Shimadzu Corporation) spec-
troscopy showed functional groups over the scanning range
of 4000 cm−1 to 400 cm−1. The surface and cross-section
morphologies of themodifiedultrafiltrationmembraneswere
observed by scanning electron microscopy (SEM) (S-4700,
Hitachi). The static contact angle of membranes was mea-
sured at room temperature using a contact angle goniometer
(JC2000C Contact Angle Meter, Powereach Co., Shanghai,
China).

2.4. Static Protein Adsorption Experiments. PAN modified
membranes were cut into a circle and put into a tube
containing 10.0mL of 1mg/mL BSA aqueous solution at 30 ±
1
∘C. After incubation for 6 h, protein concentrations in the
solutions were analyzed with a UV-vis spectrophotometer
(Labtec UV, China), and the amount of BSA adsorbed onto
the membranes was calculated.

2.5. Dynamic Ultrafiltration Experiments. The antifouling
properties under dynamic flow conditions were evaluated via
protein ultrafiltration experiments at ambient temperature.
A schematic diagram is shown in Figure 2. A dead-end
stirred cell with effective membrane area 38.5 cm2 was used
for the ultrafiltration study. All ultrafiltration experiments
were carried out with continuous stirring at 25 ± 1∘C. Each
membrane was initially compacted with deionized water for
30min at 140 kPa. The pressure was then lowered to the
operating pressure of 100 kPa; the water flux (𝐽) and retention
rate (𝑅) were calculated by the following equation:

𝐽 =
𝑉

𝐴Δ𝑡
,

𝑅 = (1 −

𝐶
𝑝

𝐶
𝑓

) × 100%,
(1)

where 𝑉 is the volume of permeated water (L), 𝐴 is the
membrane area (m2), and Δ𝑡 is the permeation time (h). In
this case, the measured water flux is referred to as 𝐽

𝑤1
. After

switching the feed solution to 1.0mg/mL BSA solution, BSA
filtration was conducted for 40min, and the flux (𝐽

𝑝
) was

measured. Finally, themembrane was cleaned with deionized
water for 30min, and the pure water flux (𝐽

𝑤2
) was measured.
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Figure 2: Schematic diagram of ultrafiltration device.
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Figure 3: FTIR spectra of PAN membrane: (a) the modified
membrane, (b) the hydrolyzed membrane, and (c) the virgin PAN
membrane.

Flux recovery rate (𝑅FR) represents membrane fouling
index

𝑅FR =
𝐽
𝑤2

𝐽
𝑤1

. (2)

3. Results and Discussion

3.1. FTIR and XPS Analyses. The chemical composition
of modified membrane was characterized by FTIR spec-
troscopy; the spectra for PAN membrane are shown in
Figure 3. PAN-50 and PAN-350 membrane had similar IR
spectrum. The characteristic absorption band of –CN was
present at 2242 cm−1, and the sulfonic acid group of symmet-
ric and asymmetric stretching vibration absorption peakswas
observed at 1039 cm−1, indicating the successful grafting of
zwitterions onto the surface of the membrane (see Figure 4).

The chemical composition of the membrane surface
was also characterized by XPS, by analyzing the change of
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Figure 5: XPS spectra of (a) virgin PAN-350 membrane and (b) PAN-350-M3 membrane.

elements onmembrane surface at various steps of the grafting
process. As can be seen in Table 1 (PAN-50), the –CN of
the PAN blank membrane generated –COO− by alkaline
hydrolysis, leading to an increase in O from 10.9% to 13.96%
and a decrease of N from 14.69% to 12.14%. The N content
of the PAN-50 zwitterionic modified membrane increased
by different degrees, from 13.12% to 13.8%, depending on
grafting concentration, caused by the –NH bond generated
by the reaction between –COO− from the membrane surface
and the quaternary ammonium bond by quaternarization.
In addition, S content was detected for the PAN mem-
brane modified with the SB zwitterion, which suggested that

the sulfobetaine zwitterion was successfully grafted onto the
PANmembrane. Moreover, the S content also increased from
0.54% to 0.97% with increasing grafting solution concentra-
tion. It was observed from the element percentage change
that the sulfonic zwitterionic group was successfully grafted
onto the PAN-50 membrane. PAN-350 had a similar pattern,
which was shown in Table 2 and Figure 5. After hydrolyzing,
O increased from 8.6% to 11.03%, and N decreased from
14.28% to 13.32%. The S content appeared and increased, to
some degree, by further modification. S content increased
from 0.46% to 0.52% when the modifier concentration
changed from 2 g/L to 10 g/L.
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Figure 6: Sectional structure and surface structure of PAN-50membrane. (a) and (b) PAN, (c) and (d) hydrolyzed PAN, (e) and (f) PAN-M1,
(g) and (h) PAN-M2, and (i) and (j) PAN-M3.

Table 1: The date of XPS of PAN-50 membrane.

C O N S
PAN-50 74.14 10.9 14.69 0
Hydrolyzed PAN-50 75.71 13.96 12.14 0
PAN-50-M1 74.57 11.77 13.12 0.54
PAN-50-M2 75.5 11.47 12.37 0.66
PAN-50-M3 75 10.23 13.8 0.97

Examination of the impact of modification on the mem-
brane surface and the internal structure was carried out via

Table 2: The date of XPS of PAN-350 membrane.

C O N S
PAN-350 76.85 8.6 14.55 0
Hydrolyzed PAN-350 75.66 11.03 13.32 0
PAN-350-M1 74.36 11.61 13.57 0.46
PAN-350-M2 74.24 11.89 13.41 0.47
PAN-350-M3 72.98 11.79 14.72 0.52

SEM. As can be seen in Figures 6 and 7, the membrane
structure contained a dense epidermal layer and a porous
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Figure 7: Sectional structure and surface structure of PAN-350membrane. (a) and (b) PAN, (c) and (d) hydrolyzed PAN, (e) and (f) PAN-M1,
(g) and (h) PAN-M2, and (i) and (j) PAN-M3.

support layer. The cross-sectional structure of the PAN
membrane was finger-like (Figures 6(a) and 7(a)). The dense
epidermal layer played a major factor in protein separation.
In order to avoid increasing the mass transfer resistance from
support layer, it was expected that the grafting of short-
chain sulfobetaine zwitterions had insignificant effects on the
finger-like structure. It can be seen in the figures that the
skin layer and the support layer did not change dramatically,
indicating that the modified membrane structure was not
damaged. Modification only changed the chemical compo-
sition of the membrane surface and the membrane pores.

The contact angle of the membrane is considered to
be the main performance characteristic of the membrane
surface hydrophilicity. As can be seen from Figure 8, the
hydrolysis process decreased the contact angle, the PAN-
50 contact angle decreased from 60∘ to 36∘, and the PAN-
350 contact angle decreased from 64∘ to 40∘. The decrease
in contact angle indicates an increase in the hydrophilicity
of the PAN membrane, which is due to the formation of
hydrophilic carboxylic groups.The contact angle of the PAN-
50 membrane increased from 36∘ for the hydrolyzed case
to 51∘ for the zwitterionic modified case, and, similarly,
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Figure 8: Contact angle of PAN membrane.

the PAN-350 contact angle increased from 40∘ to 53∘.
Compared to the short-chain –COO− of the hydrolyzed
membrane, the hydrophilicity of long-chain SB zwitterions
was relatively poor, so the contact angle increased. However,
the zwitterion with positive and negative charges could
combinewithwater and formed a hydrated layer, resisting the
contraction between the membrane surface and the protein,
and, thus, the zwitterionic membrane had better fouling
resistance.

3.2. Static Adsorption and Dynamic Filtration of Protein
Solutions. As can be seen from Figure 9, after hydrolysis,
the amount of protein adsorption of the PAN-50 mem-
brane decreased to 51% and that of the PAN-350 mem-
brane decreased to 55%. The membrane surface gener-
ated hydrophilic carboxylic groups; carboxyl groups on the
membrane surface appeared negatively charged, and BSA
appeared negatively charged in the buffer solution with pH =
7.4. So, both charge repulsion and hydrophilicity reduced the
degree of protein adsorption of the hydrolyzed membrane
surface. The BSA adsorption of the PAN-50 and PAN-350
zwitterionic modified membranes decreased with increasing
concentration of 3-dimethylaminopropylamine in the graft-
ing solution. This is mainly due to the zwitterions on the
membrane surface. The more zwitterions grafted onto PAN
membrane, the less protein adsorption took place. Zwitte-
rions have strong hydration capacity, by both ion solvation
and hydrogen bonding, and form a hydrated layer preventing
protein adsorption. Uniform charge maximized the hydra-
tion capacity of the zwitterions. Therefore, the zwitterionic
modified membrane had better antifouling performance.

In subsequent experiments, dynamic filtration of the
protein solution was also conducted to investigate the anti-
protein-fouling capacity of PAN-based zwitterionic mem-
branes. The pure water flux of the PAN-50 blank membrane
decreased from 551.24 L/(m2⋅h) to 374 L/(m2⋅h) after hydrol-
ysis and that of the PAN-350 blank membrane decreased
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0

100

200

300

400

500

600

 (min)

 PAN-50
 Hydrolyzed PAN-50
 PAN-50-M1

 PAN-50-M2
 PAN-50-M3

0 20 40 60 80

(L
/m

2 ·
h)

T

Q

Figure 10: The flux of the PAN-50 modified membrane.

from 740.59 L/(m2⋅h) to 423.24 L/(m2⋅h). This was because
the carboxylic chains of the hydrolyzed PAN membrane
easily swelled and segregated on the surface of themembrane,
causing narrowing of themembrane pore size. As can be seen
in Figure 10, the flux recovery rate of the PAN-50 zwitterionic
modified membrane reached more than 98.4%, which was
much higher than that of the blank PAN membrane (33%).
This was because more zwitterionic groups could combine
with water near the surface of the membrane and form
a thicker hydration layer. The rejection rate of BSA was
maintained at around 99%, but pure water of the PAN-50
zwitterionic modified membrane was lost largely.
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As can be seen in Figure 11, the water flux and protein flux
of the PAN-350 zwitterionic modifiedmembranemaintained
high water flux. PAN-350 zwitterionic modified membrane
reached more than 98.4%, which was much higher than that
of the blank PAN membrane (33%). However, compared
with the PAN-50 membrane, the flux loss of zwitterionic
modified membrane was less than that of PAN-50 under the
same operation conditions; furthermore, the flux recovery
rate maintained a high level of more than 83%. The larger
MWCO meant larger pore size of the substrate membrane.
When the zwitterions grafted onto PAN substratemembrane,
the short-chain SB had less influence on the change of pore
size of PAN-350 membrane. This indicated that the relatively
larger pore membrane also achieved better results.

The reusability of the membrane is an important factor
in the separation performance. Figure 12 shows the variation
of the flux recovery rate of the PAN-50 membrane over
three operation runs. Between cycles, the membrane was
washed with pure water for 0.5 h. The figure shows that, after
three runs, the flux recovery rate of the PAN-50 zwitterionic
modified membrane was 93%, while the flux recovery rate
of the PAN-50 unmodified membrane was 22%. The PAN-
50 zwitterionic modified membrane therefore had good anti-
protein-fouling performance.

As can be seen in Figure 13, the PAN-350 modified
membrane three-cycle stability test results show that water
flux of PAN-350 modified membrane decayed to 77.4% of the
original membrane, while the blank membrane reduced to
22% of the original membrane.The water flux of the unmod-
ified PAN-350 reduced to 28.8% of the original membrane,
while modified PAN-350 membrane only decayed to 77.4%.
These results show that the modified PAN-350 membrane
also effectively reduced the irreversible fouling effects, with
good flux recovery performance.
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Figure 12: The three-cycle flux data for the PAN-50 membrane.
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4. Conclusions

An approach to construct protein fouling ultrafiltration
membranes surface by grafting short-chain sulfobetaine
zwitterionic molecules as modifiers has been presented.
Grafting concentration had no obvious effect on the water
flux of the PAN-350 membrane, which had larger pores, but
significantly affected the water flux of the PAN-50membrane
with smaller pores. Protein static adsorption and dynamic
filtration experiments showed that the modified membrane
had excellent resistance to protein adsorption and good anti-
protein-fouling capacity. This is because zwitterions form a
hydrated layer by both ion solvation and hydrogen bonding,
preventing protein adsorption. Uniform charge distribution
maximized the hydrated capacity of the zwitterions. It is con-
cluded that zwitterions can play a crucial role in membrane
surface anti-protein fouling.
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Symbols and Abbreviations

Symbols

PAN-50-M1: Modified PAN-50 membranes prepared
using 2 g/L 3-dimethylaminopropylamine

PAN-50-M2: Modified PAN-50 membranes prepared
using 5 g/L 3-dimethylaminopropylamine

PAN-50-M3: Modified PAN-350 membranes prepared
using 10 g/L 3-dimethylaminopropylamine

PAN-350-M1: Modified PAN-350 membranes prepared
using 2 g/L 3-dimethylaminopropylamine

PAN-350-M2: Modified PAN-350 membranes prepared
using 5 g/L 3-dimethylaminopropylamine

PAN-350-M3: Modified PAN-350 membranes prepared
using 10 g/L 3-dimethylaminopropylamine

𝐽
𝑤
: Flux of water
𝐽
𝑝
: Flux of protein
𝑅FR: Recovery rate of flux
𝑅: Rejection rate
𝐶
𝑝
: Penetrating concentration
𝐶
𝑓
: Retentating concentration
𝑉: Volume of the permeated solution
𝐴: Membrane area
𝑡: Permeation time
𝐽: Flux.

Abbreviations

MPC: 2-Methacryloyloxyethyl
phosphorylcholine glycol

SBMA: Sulfobetaine methacrylate
MWCO: Molecular weight cutoff
PC: Phospholipids
PAN: Polyacrylonitrile
BSA: Bovine serum albumin
THF: Tetrahydrofuran
EDC: 1-Ethyl-(3-3-dimethylaminopropyl)-

carbodiimide
hydrochloride

SEM: Scanning electron microscopy
FTIR: Fourier transform infrared
XPS: X-ray photoelectron spectroscopy
UV: Ultraviolet.
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