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A B S T R A C T

Inspired by biological membranes with charge-gated channels that allow the transport of water and ions but
restrict the undesired substances, various regulated nanofiltration (NF) membranes containing charge-gated
channels have been developed for water purification. However, most of these membranes are mono-charged
(positively or negatively) that show high rejection only to the corresponding co-ions but low rejection to the
counter-ions, which limits their wider applications. Herein, we report NF membranes with gas-tunable charge-
gated channels and high rejection to different salts on demand. The membranes are prepared by assembling a
CO2-responsive polymer, poly(N,N-dimethylaminoethyl methacrylate), on the surface of graphene oxide (GO).
As a result of CO2-induced reversal of the charge sign, the membranes exhibit “self-regulation” of their surface
charges. Upon bubbling CO2 into water, the membranes are positively charged, which shows high rejection to
MgCl2. After bubbling Ar to remove CO2, the membranes gradually transform to negatively charged, and high
rejection to Na2SO4 is obtained. This study demonstrates the gas-tunable charge-gated ion transport behavior of
the CO2-responsive NF membranes, and opens up new avenues for the design of on-demand NF membranes.

1. Introduction

As the newest of pressure-driven membranes, nanofiltration (NF)
membrane is playing an increasingly important role in water softening,
recovery of pharmaceutics, advanced treatment and concentration of
sewage because of its low energy consumption, high permeate flux and
low initial investment [1–7]. NF membranes typically have the average
pore size of 0.5–2.0 nm and are usually negatively or positively charged
[8–11]. Therefore, in addition to steric hindrance, the NF separation
mechanism is also significantly depended on the Donnan exclusion ef-
fect [12–15].

The Donnan exclusion theory reveals that a charged NF membrane
usually has high retention to divalent co-ions while relatively inferior to
counter-ions. Specifically, positively charged NF membranes exhibit
high rejection to divalent cations but relatively low rejection to divalent
anions, while negatively charged NF membranes show the opposite
behavior [16,17]. For example, polyelectrolyte membranes with poly

(acrylic acid) (PAA) as the top layer are negatively charged and show
high rejection to SO4

2−, while NF membranes based on poly-
ethyleneimine (PEI) are positively charged and show high rejection to
Mg2+ [18,19]. Thus, in conventional processes positively charged and
negatively charged NF membranes are separately required for the re-
moval of divalent cations and divalent anions, respectively [20–22].
Ideally, an NF membrane should have switchable charge states rather
than fixed ones, so that it can be used to remove either cations or anions
on demand. Recently, Tang et al. reported polyelectrolyte-intercalated
amine-reduced graphene oxide (PE@ArGO) NF membranes with tun-
able charge-gated ion transport [23]. Upon exposure to NaClO, the
membranes can alter their charge from positive to negative, exhibiting
high rejection to MgCl2 or Na2SO4. However, the charge regulation
through this method is not reversible, and the exposure to NaClO may
destroy the integrity of membrane to some extent. Wu et al. also pre-
pared polyelectrolyte NF membranes that could have either positive or
negative surface charge depending on the top polyelectrolyte layer
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deposited, resulting in high rejection to either divalent cations or anions
[20]. But likewise, the surface charge sign for a given membrane cannot
be reversibly altered for switchable removal of cations and anions.
Therefore, it remains challenging to design NF membranes with
switchable charge-gated ion transport via simple but efficient methods.
Compared with above strategies, CO2 gas is a green trigger with mild,
non-invasive and contamination-free characteristics for responsive
materials, which make it particularly appealing in membrane separa-
tion. Precious works mainly focused on CO2-regulated surface and CO2-
swithchable conformational [24,25]. However, constructing switchable
ion transport with positive and negative charge by utilizing CO2 has not
yet been explored. Herein, we demonstrate such a method for the first
time.

Our smart NF membranes are built up with GO sheets self-as-
sembled with a CO2-responsive polymer, namely, poly(N, N-dimethy-
laminoethyl methacrylate) (PDMAEMA). At the initial state of a NF
membrane in contact with aqueous solution, PDMAEMA is almost
electrostatically neutral while the GO is negatively charged, making the
membrane negatively charged. Upon bubbling CO2 into the solution,
the neutral PDMAEMA chains become positively charged due to the
protonation of tertiary amine groups [26–33], thus endowing the
membrane with positive charges so that it should exhibit high rejection
to divalent cations based [34,35]. When bubbling Ar to remove CO2,
the positively charged PDMAEMA chains recover to their original state,
making the membrane negatively charged again. Therefore, through
simple addition or removal of CO2, the same NF membrane can re-
versibly switch between high rejection to divalent anions and cations
on demand. A key design consideration is the use of PDMAEMA. The
fact that PDMAEMA chains tethered to the GO surface remain soluble in
water (i.e., with extended chain conformation) regardless of the addi-
tion or removal of CO2 ensures that an eventual changing steric effect is
minimized due to the absence of polymer-induced pore opening and
closure, and, consequently, a switchable rejection to cations and anions
arises from charging surface charge state of the membrane. Here, it
should be emphasized that this NF membrane design is inspired by but
different from a previous study on CO2-responsive GO membrane [25].
In that case, the used CO2-responsive polymer is poly(N, N-diethyla-
minoethyl methacrylate) (PDEAEMA) that switches between soluble
and insoluble in water upon addition and removal of CO2 respectively,
and the membrane functions mainly based on switchable pore opening
and closure. Although the effect of changing charge state was observed,
no switchable rejection to cations and anions using the same membrane
could be realized, because the membranes, prepared from dispersed
GO/PDEAEMA, could only switch between positively charged and
neutral state upon addition and removal of CO2. This is mainly because
the PDEAEMA chains are hydrophobic and will collapse after removal
of CO2, covering the surface of GO and then largely decreasing the
charge property and size exclusion effect of the membranes. The chosen
PDMAEMA solves above dilemma since the PDMAEMA chains are al-
ways hydrophilic and extended regardless of addition or removal of
CO2, which can make the membranes maintain well size exclusion ef-
fect and charge property.

2. Experimental

2.1. Materials

GO was obtained from The Sixth Element Materials Technology Co.,
Ltd, China. 1-Pyrenemethanol, N,N′-dicyclohexylcarbodiimide (DCC)
and 4-dimethylaminopyridine (DMAP) were purchased from Aldrich
and used without further purification. N,N-diethylaminoethyl metha-
crylate (DMAEMA, from Aldrich) was passed through an activated basic
alumina column to remove the inhibitory substances. 2,2′-Azobis(2-
methylpropionitrile) (AIBN) was recrystallized from methanol before
use. The chain transfer agent of Py-DDMAT (2-(dodecylthiocarbo-
nothioylthio)-2-methylpropionic acid) was synthesized according to

literature [36]. Polyvinylidene fluoride (PVDF) support membranes
(Mean pore size 220 nm, diameter 47mm) were purchased from
Shanghai Xingya Purification Material. Other chemical reagents were
all commercially available and of analytical grade.

2.2. Synthesis of Py-PDMAEMA

The synthetic route is shown in Scheme S1. DMAEMA (3.33 g),
AIBN (3.94mg), Py-DMTA (36.43 mg) and THF (3mL) were added into
a Schlenk tube with a magnetic stir bar, and air was eliminated by a
nitrogen flow for 20min. Next, the solution was degassed by three
freeze/vacuum/nitrogen cycles and then put into an oil bath at 70 °C for
12 h. Subsequently, the mixture was diluted with THF and precipitated
in cold hexane for three times. Finally, the obtained material was dried
under vacuum overnight.

2.3. Preparation of GO/Py-PDMAEMA composite solution

The GO aqueous dispersion (0.5 mg/mL) was prepared by adding a
certain amount of GO into ultrapure water (UPW) followed by 2 h
ultrasonication. 10mg of Py-PDMAEMA was added into 10ml of UPW
to form the Py-PDMAEMA aqueous solution (1mg/ml). Firstly, a trace
amount of NaOH (0.01M) were added to the GO aqueous solution to
adjust the pH to 7.5, subsequently the solution was placed in an ice-
water bath for 30 min for better dispersion. Then, 400 μL of the pre-
viously prepared Py-PDMAEMA solution were mixed with the GO
aqueous dispersion (0.5 mg/ml) at a desired mass ratio of GO to Py-
PDMAEMA (RG/P). Finally, the mixture was sonicated in an ice-water
mixing bath for 1 h.

2.4. Fabrication of CO/Py-PDMAEMA membranes

After the successful preparation of the GO/Py-PDMAEMA composite
dispersion, the mixture was diluted by UPW to a total volume of 20ml
(Table S1). In order to minimize membrane surface defects, we use
ultrasonication to improve the dispersion of the casting solution. The
evenly dispersed casting solution was filtered on PVDF microfiltration
membranes via vacuum filtration (effective membrane area is
13.1 cm2). After filtration, the samples were air-dried before use.

2.5. Characterizations

1H NMR spectra were recorded on a Bruker 400MHz using deut-
erated chloroform as the solvent and tetramethylsilane as the internal
standard. The zeta potentials of the solution were measured using a
Malvern Zetasizer Nano ZS ZEN3600 system with a helium-neon laser
(λ=633 nm), five positions of samples were tested to get the average
value. The zeta potentials of the resulting NF membranes were mea-
sured by an electrokinetic analyzer (SurPASS, Anton Paar, Austria)
using 1mmol/L potassium chloride (KCl) aqueous solution as an elec-
trolyte solution. Since it's difficult to directly measure the surface zeta
potential of membrane under alternating bubbling of CO2 and Ar ac-
cording to the measurement requirements of the instrument, we firstly
studied variation of pH value of electrolyte solution under CO2/Ar
stimulation, and then measured the surface zeta potential of membrane
under the corresponding pH value. Scanning electron microscopy (SEM,
Hitachi S4800) was performed at the operation voltage of 5 kV to ob-
serve the surface and cross-sectional morphologies of the membranes.
Membranes were soaked in liquid nitrogen for 30 s and then im-
mediately fractured to expose their cross-sections for SEM observations.
All samples were sputter-coated with a thin layer of Au/Pd alloy prior
to SEM examination to enhance their conductivity. Fourier transform
infrared spectroscopy (FTIR) was measured on a Nicolet 8700 infrared
spectrometer at attenuated total reflection (ATR) mode. The Energy
Dispersive X-ray Spectrometer (EDS) was used to detect the distribution
of the surface elemental quantification of the membranes (EMAX X-act).
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The X-ray diffraction (XRD) pattern of NF membranes were measured at
room temperature by Rigaku Smart Lab X-ray diffractometer with Cu
Kα radiation (λ=0.15418 nm) at 2θ of 5–40° with a step of 0.02°/s.
For XRD characterization, self-standing GO/Py-PDMAEMA NF mem-
branes were prepared by removing from the substrate after drying. The
average d-space within the GO layers was calculated by using the Bragg
equation: λ=2dsinθ, where λ is the wavelength of the X-ray beam, d is
the spacing between adjacent GO layers, and θ is the diffraction angle.

2.6. Measurements of pure water permeance and rejection under CO2/Ar
stimulation

The performance evaluation of the GO/Py-PDMAEMA NF mem-
brane was carried out on the dead-end filtration device (Fig. S1). Pure
water filtration was performed at 25 °C and 1 bar under CO2/Ar sti-
mulation. We first pre-press the membrane at a pressure of 1 bar for
30min to ensure a steady water permeance, and then start to collect the
filtrate with alternated treatment of CO2/Ar to the feed solution for 30
and 60min, respectively. Pure water permeance is generally calculated
according to the following equation:

=
× ×

V
A t P

J
(1)

where V is the total volume of filtered water in the t time (L); t is the
time required for measuring the permeance of pure water (h); A is the
effective filtration area of the membrane (m2); P is the transmembrane
pressure difference in the test (bar). The rejection rate R of the salt and
organic dye molecules in aqueous solution can be calculated as follows:

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×C
C

R 1 100%P

r (2)

where CP is the concentration of the permeate solution and Cr is the
concentration of the feed solution. UV–vis absorption spectrometer
(Thermo fisher, NanoDrop 2000c) was employed to measure the ab-
sorption spectra of organic dyes within the wavelength range of
200–700 nm using the standard absorbance, concentration calibration
curve (linear correlation coefficient was 0.9999). The salt concentration
in solution was determined by conductivity meter (Cole-Parmer,
1481–90) based on the standard calibration curve (linear correlation
coefficient was 0.9998).

3. Results and discussions

In order to obtain robust NF membranes with tunable charges,
PDMAEMA bearing a pyrene end group (Py-PDMAEMA) was synthe-
sized and used to self-assemble on the surface of GO through π-π
stacking and electrostatic interaction (synthesis and characterization
details in ESI, Scheme S1 and Fig. S2). Before making the NF mem-
branes, two factors should be considered. One is the stability of the GO/
Py-PDMAEMA dispersions used to prepare the membranes, and the
other is the reversibility of the surface charge change of GO/Py-
PDMAEMA in aqueous solution under the alternating stimulation of
CO2 and Ar. We firstly investigated the stability of the dispersions with
a range of mass ratios of GO to Py-PDMAEMA (RG/P). As shown in Fig.
S3, stable dispersions could be formed when the RG/P ranges from 1: 2
to 1:6 or from 5:1 to 6:1, while flocculation appeared when the RG/P

ranges from 1:1 to 4:1. This is mainly due to the multiple effects of
protonation of PDMAEMA and π-π stacking between the pyrene and
GO. On the one hand, the dissociation constant (pKa) of PDMAEMA is
~7.5 [37–39], which means that there are 50% of the amino groups in
the Py-PDMAEMA chains being protonated at pH=7.5 at which the
membranes are prepared. With the decrease of RG/P (from 1:2 to 1:6),
the mass of Py-PDMAEMA is much more than that of GO, leading to
larger charge numbers of Py-PDMAEMA than that of GO, which endows
GO/Py-PDMAEMA with excessive positive charges (Fig. S4a). On the
other hand, when RG/P is bigger than 4 (from 5:1 to 6:1), the mass of Py-

PDMAEMA is far less than that of GO, leading to lower charge numbers
of Py-PDMAEMA than that of GO and, consequently, negatively
charged GO/Py-PDMAEMA (Fig. S4b). Thanks to the electrostatic re-
pulsions and π-π stacking, the stable dispersions can be formed in these
ranges of RG/P. However, such stable dispersions could not reverse the
sign of their surface charge upon bubbling of CO2 or Ar due the initial
excessive amount of charges (Fig. S4), thus failing to exhibit a tunable
charge sign. On the basis of the above analysis, it can be deduced that
the Py-PDMAEMA and GO have similar charge density when RG/P is in
the range of 1:1 to 4:1, and the surface charge of GO/Py-PDMAEMA is
near the neutral state, which leads to flocculation. Interestingly, it was
observed that when bubbling CO2 into those flocculated dispersions at
0 °C, stable dispersions could be formed again (Fig. S5). This can be
explained by two reasons. On the one hand, 0 °C is far below the lower
critical solution temperature (LCST) of PDMAEMA [40–42], which
means enhanced solubility of PDMAEMA in water and thus improved
dispersibility of GO/Py-PDMAEMA assemblies in solution. On the other
hand, bubbling CO2 increases the protonation degree of amine groups
on Py-PDMAEMA and thus the positive charge density for the dis-
persibility of GO/Py-PDMAEMA. This observation implies that it would
be possible to decrease the protonation degree of Py-PDMAEMA to
make the charge density of GO bigger than that of Py-PDMAEMA to
promote a stable dispersion of GO/Py-PDMAEMA with their negatively
charged state, while subsequently, bubbling CO2 makes the charge
density of Py-PDMAEMA superior to that of GO, which switches the
stable dispersion to the positively charged GO/Py-PDMAEMA. Through
this way, the stable dispersion with gas-tunable charge state and charge
sign reversal can be successfully achieved. The gas-switchable charge
sign is depicted in Fig. 1a.

Fig. 1b depicts zeta potential change of the GO/Py-PDMAEMA dis-
persion with RG/P of 3 upon CO2 and Ar bubbling. At the initial state,
the zeta potential of the GO/Py-PDMAEMA dispersion was −18.5 mV,
indicating the negatively charged state. When bubbling CO2 into solu-
tion, the zeta potential showed a rapid increase within the first 30 s and
then reached an equilibrium value of about +17 mV after 3 min, in-
dicating that the dispersion was changed to the positively charged state.
Subsequently, Ar was introduced into the solution to remove CO2, and
the zeta potential indeed decreased continuously upon Ar bubbling to
recover the negatively charged state with a value of about −15 mV for
30min, indicating the charge sign reversal induced by the gases.
However, the zeta potential after bubbling Ar could not recover to the
initial value. This is likely caused by a small amount of CO2 remained in
the solution even under long Ar bubbling time, which partially coun-
teracts the negative charges of GO. The relative amounts of GO and Py-
PDMAEMA obviously are important in determining the charge sign
reversal. The effect of this parameter was then investigated by mea-
suring the zeta potential after alternating CO2 (5min) and Ar (30min)
bubbling for GO/Py-PDMAEMA dispersions of different RG/P. From
Fig. 1c, it can be seen that the gas-induced charge sign reversal could be
obtained for the dispersions with RG/P ranging from 2 to 4. However,
switch between positive and negative zeta potential of similar magni-
tude occurred only with RG/P= 3, while too much polymer or GO gave
rise to dominant positive or negative charge respectively, which is not
suitable to making the targeted NF membrane. Therefore, the GO/Py-
PDMAEMA dispersion at 3:1 ratio stood up as the best candidate for the
NF membrane. With this in mind, we further tested the variation of zeta
potential of different concentrations (denoted as C1, C2 and C3 with
C1<C2<C3, Table S1) of the GO/Py-PDMAEMA dispersion with RG/P

of 3 (Fig. 1d). By increasing the concentration, the dispersion shows
reversal of increased positive and negative charges under the same
stimulation of CO2 and Ar. Nevertheless, given that high concentration
of GO/Py-PDMAEMA was found to increase the defects on the edge of
the prepared membranes (Fig. S6), the concentration in C2 was used to
make the NF membrane with gas-switchable rejection to cations and
anions.

The membranes were prepared by vacuum filtration of the GO/Py-
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PDMAEMA dispersion on a poly(vinylidene fluoride) (PVDF) micro-
filtration substrate (Fig. S7), as schematically shown in Fig. 2a. The
presence of Py-PDMAEMA in the NF membrane can be confirmed by
FTIR spectra (ester group absorption at 1724 cm−1 from Py-
PDMAEMA) and Energy Dispersive X-ray Spectrometer (EDS), revealing
the nitrogen elements in the membrane (Fig. 3 and Table S2). Fig. 2b
shows that the excellent flexibility of the obtained membrane. The
dried membrane has a relatively smooth and uniform surface with some
nanoscale wrinkles, but without defects, pinholes and aggregates
(Fig. 2c). The cross-sectional SEM image indicates that the Py-
PDMAEMA and GO are tightly assembled to form a laminated structure
with an average thickness of ~155 nm (Fig. 2d).

We firstly investigated the pure water permeance of the obtained

membranes under the stimulation of CO2 and Ar. As controls, the water
permeance of the pure GO membrane prepared under the same con-
ditions was also tested. The water permeance of all membranes firstly
decreased quickly and then reached the stable state after 30min. The
same phenomenon was reported by others [9,35,37–39,43]. Therefore,
in this work, all water permeances were recorded after 30min. Com-
pared with the pure GO membrane whose water permeance is about
40.75 ⋅ ⋅ ⋅− − −L m h MPa2 1 1 (Fig. S8), the GO/Py-PDMAEMA membrane
exhibits a higher water permeance of 62.61 ⋅ ⋅ ⋅− − −L m h MPa2 1 1 (about
50% increase). This observation is no surprise because the assembly of
Py-PDMAEMA chains should enlarge the spacing between the GO
sheets. Afterwards, the water permeance of the GO/Py-PDMAEMA
membrane under alternating CO2 and Ar stimulation were measured, as

Fig. 1. Zeta potential of the GO/Py-PDMAEMA dispersion measured under stimulation of CO2 and Ar. a) Schematic illustration of the surface charge sign reversal of
the GO/Py-PDMAEMA membrane under alternating CO2 and Ar bubbling as a result of gas-controlled protonation of the amine groups on Py-PDMAEMA chains
tethered to the GO surface. b) Variation of zeta potential over time upon bubbling of CO2 and subsequent bubbling of Ar. In this case, the RG/P is 3, and the dispersion
is the C3 system (Table S1). c) Variation of zeta potential of GO/Py-PDMAEMA dispersion with different RG/P after CO2 bubbling (5min) and subsequent Ar bubbling
(30min). d) Change in zeta potential showing the reversible switching of the GO/Py-PDMAEMA dispersion (RG/P= 3) of different concentrations (Table S1) between
positive surface charge after CO2 bubbling (5min) and negative surface charge after subsequent Ar bubbling (30 min).

Fig. 2. a) Schematic illustration of the fabrication
process of CO2-reponsive GO/Py-PDMAEMA NF
membrane: Py-PDMAEMA can assemble on the GO
sheets in the ice water bath through π-π stacking
and electrostatic interaction and the membranes is
then fabricated through vacuum filtration of the
GO/Py-PDMAEMA dispersion on a PVDF micro-
filtration membrane. b) Photo of the resulting
membrane. c) Top and d) cross-section SEM images
of the membrane.
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shown in Fig. 4a, the water permeance remained essentially constant
during the whole CO2 and Ar bubbling process. This result is important
because it validates our NF membrane design aiming for switchable
rejection to cations and anions enabled only by surface charge altera-
tion (sign reversal). Since the Py-PDMAEMA chains tethered to the GO
surface are always hydrophilic regardless of the protonation degree,
they remain in the extended conformation state upon addition or re-
moval of CO2, which means unchanged average pore size of the
membrane under the alternating bubbling of CO2 and Ar, as indeed
revealed by the constant water permeance. X-ray diffraction (XRD)
measurements on the GO/Py-PDMAEMA membrane further confirmed
the above analysis without ambiguity. As seen in Fig. 4b, when the dry
membrane (d-spacing: 0.77 nm) is equilibrated in aqueous solution, the
absorption of water increases the space between the GO sheets (d-
spacing: 0.86 nm) due to the swelling of GO sheets. After bubbling CO2

for 30min and subsequently Ar for 60min into the solution, the un-
changed average pore size of the GO/Py-PDMAEMA membrane is in-
dicated by the almost unchanged d-spacing (0.87 nm). As we discussed
above, this is due to the PDMAEMA chains are always hydrophilic with
constant chain conformation regardless of the participation or de-
parture of CO2.

We then investigated the nanofiltration performance of the mem-
brane for organic dyes under CO2/Ar stimulation (Fig. 5a and b). Ne-
gatively charged Congo Red (CR) and positively charged Methylene
blue (MB) were chosen for the tests (Table S3). As shown in Fig. 5c, the

rejection to both dyes upon addition or subsequent removal of CO2

maintained above 95%. These results show that the charge change of
the membrane under CO2/Ar stimulation has negligible effect on the
rejection efficiency, since the physical sieving effect of nanochannels in
the membrane is the dominant factor for the dye rejection. Molecular
sizes of both dye molecules are above 9 Å, much bigger than the d-
spacing of the NF membrane, so that they cannot pass through the
membrane whatever the surface charge sign [36,44,45].

By contrast, the gas-switchable salt rejection of the membrane under
CO2/Ar stimulation was evidenced by the measurements.
Conventionally, salt rejection of NF membranes is governed by the
combined effect of steric hindrance and charge exclusion. A series of
four salts, namely, MgCl2, MgSO4, Na2SO4 and NaCl, were selected to
assess the impact of the gas-induced charge sign reversal on salt re-
jection. Their rejection results in response to four cycles of alternating
of CO2 and Ar stimulation are shown in Fig. 5d. After bubbling CO2 into
the solution, the salt rejection followed an order of R(MgCl2) > R
(MgSO4) > R(NaCl) > R(Na2SO4). The membrane exhibited high re-
jection to MgCl2 (66.8%) but low rejection to Na2SO4 (12.5%). In
contrast, after bubbling Ar to remove CO2, the salt rejection displayed a
different order of R(Na2SO4) > R(MgCl2) > R(MgSO4) > R(NaCl).
The rejection to Na2SO4 increased to 47.2% (nearly 4-fold increase),
while the rejection to MgCl2 decreased to 40% (almost 40% decrease).
These results are in accordance with the Donnan exclusion theory in
which salt rejection is mainly determined by the exclusion of co-ions
and highly related to the valence ratio of the cations (Z+) and anions
(Z−) of the salts [46–49]. According to the theory, the rejection of salts
can be expressed as:

⎜ ⎟= − = − ⎛
⎝ +

⎞
⎠

R
C
C

Z C
Z C C

1 1B
m

B

B B

B B
m

X
m

Z Z/B A

(3)

where ZA and ZB are the valences of the counter-ions and co-ions re-
spectively, with respect to the charge of the membrane; CB and CB

m are
the concentrations of the co-ions in solution and membrane phase, re-
spectively; and CX

m is the concentration of the membrane surface
charges. From the above equation, the value of the ZB/ZA ratio de-
termines greatly the rejection of salts. More specifically, after CO2

bubbling into the aqueous solution, the nanochannels of the membrane
are positively charged (Fig. 1). In this situation, Mg2+ and Na+ are co-
ions while SO4

2− and Cl− are counter ions. The ZB/ZA ratio is 2 for
MgCl2 and 0.5 for Na2SO4 is 0.5, so the membrane shows high rejection
to MgCl2 but low rejection to Na2SO4. After bubbling Ar to remove CO2,
the membrane is converted from positively charged to negatively
charged state (Figs. 1 and 6). As the co-ions are SO4

2− and Cl− while
the counter ions are Mg2+ and Na+, the ZB/ZA ratio becomes 2 for
Na2SO4 and 0.5 for MgCl2. Consequently, the membrane exhibits a
much higher rejection to Na2SO4 and a much lower rejection to MgCl2.
Among the tested salts, the rejection of the membrane towards MgSO4

Fig. 3. FTIR spectra of PVDF, Py-PDMAEMA, GO/Py-PDMAEMA/PVDF. The
absorption peak of the ester group appears at 1724 cm−1.

Fig. 4. a) Water permeance of the GO/Py-PDMAEMA membrane with RG/P= 3 under alternating CO2 and Ar stimulation. b) XRD patterns of the GO/Py-PDMAEMA
membrane recorded at the dry state, wet state (in aqueous solution) without and with gas stimulation.
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and NaCl is basically insensitive to the gas stimulation. This result ap-
pears to be explainable by the constant ZB/ZA ratio of 1 regardless of the
charge sign of the membrane and the corresponding co-ions and
counter-ions. Nevertheless, the rejection to MgSO4 is higher than NaCl,
which implies that the size exclusion effect plays the dominant role here
because the hydrated radius of Mg2+ (0.43 nm) and SO4

2− (0.38 nm)
are larger than those of Na+ (0.36 nm) and Cl− (0.33 nm) (Table S4)
[50–53]. Therefore, the gas-switchable rejection to cations and anions
of the GO/Py-PDMAEMA NF membrane is effective for salts whose

cation and anion have different valences. The mechanism of switchable
rejection of salts based on the Donnan exclusion theory is schematically
recapitulated in Fig. 5e. Compared to other NF membranes prepared by
other methods [54–61], the GO/Py-PDMAEMA NF membranes pre-
pared in this work exhibit excellent MgCl2 rejection and similar per-
meance. In addition, it is expected that the water permeability can be
improved by further optimizing the structures of the GO/Py-PDMAEMA
layers.

Fig. 5. Separation performance and gas tunable behavior of the composite NF membrane with RG/P= 3 under alternating CO2/Ar stimulation. UV–vis absorption
spectra of the feed, permeate of a) CR, b) MB solution under the bubbling and removal of CO2. Switchable rejection of c) dye molecules and d) salts in water. e)
Mechanism of CO2-responive GO/Py-PDMAEMA composite NF membrane with gas-induced charge sign reversal on the rejection of salts.

Fig. 6. a) Variation of pH with an electrolyte solution, 1mmol L−1 KCl aqueous solution with the participation of CO2 and Ar. b) Surface potential of GO/Py-
PDMAEMA NF membrane under different electrolyte acid-alkaline environments by streaming potential measurements.
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4. Conclusions

In summary, we have designed and prepared a new NF membrane
with gas-controlled charge-gated channels for switchable rejection to
both cations and anions. Different from known GO-based or other
commercial NF membranes, our GO/Py-PDMAEMA membrane can re-
versibly switch between positively charged and negatively charged
surface state of the nanochannels under alternating CO2 and Ar sti-
mulation. This gas-induced charge sign reversal is robust and can be
repeated without chemical contamination of the membrane. We show
that the GO/Py-PDMAEMA membrane can exhibit gas-switchable re-
jection, between high and low rejection rate, towards cations and an-
ions for salts like MgCl2 and Na2SO4 whose cations and anions have
different valences, which can be explained by the Donnan effect. This
type of smart NF membranes, the first of the kind, opens a new avenue
for the fabrication of future generations of stimuli-responsive NF
membranes with on-demand salt rejections.
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