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A B S T R A C T   

Separation of ions has wide applications both in industry and health care. Among them, the separation of mono-/ 
di-valent ions remains great challenging, even for highly efficient membrane separation technology. The 
emerging two-dimensional-material (typically, graphene oxide, GO) membranes have shown outstanding mo-
lecular separation performance such as for water desalination and gas separation, while unattractive permeance 
and/or selectivity for separating mono/divalent ions. In this work, we designed a new type of GO membranes to 
separate mono-/di-valent ions, in which rationally-selected polyelectrolyte coating was introduced to simulta-
neously tune the surface charge and interlayer channels of assembled GO laminate. The resulting positively- 
charged membrane surface showed stronger repulsive force towards divalent cations over monovalent cations 
according to the Coulomb’s law; meanwhile, the regulated interlayer channels rejected divalent cations over 
monovalent cations with smaller size. The ion transport mechanism was understood by mathematic models of ion 
diffusion and DLVO theory. By utilizing the synergistic effect of electrostatic interaction and size sieving, the 
designed GO membrane exhibited excellent separation performance for various mono-/di-valent ion pairs, 
including K+/Mg2+, Na+/Mg2+, Li+/Mg2+. Especially, the K+ transport rate of ~ 0.29 mol m− 2 h− 1 and K+/Mg2+

selectivity of ~ 116 are demonstrated in single-salt solution test, outperforming the-state-of-the-art 2D-material 
membranes. In mixed-salt solution test, the K+/Mg2+ selectivity reached 45 and good structural stability was 
displayed during 80 h continuous operation on the GO membrane. This facile polyelectrolyte coating approach 
provides a new avenue to develop high-performing 2D-material membranes for efficient separation of mono/ 
divalent ions.   

1. Introduction 

Separation of monovalent ions and divalent ions (mono-/di-valent 
ions) has significant applications in storage and conversion of energy, 
purification and recovery of industrial raw materials, production of 
fresh water resources and other related fields[1–4]. For example, by 
removing Mg2+ in saltlake brine through ion separation technology, 
lithium resources can be continuously obtained to meet the needs of 
energy development[5]. Compared with traditional processes, mem-
brane separation technology is efficient and environmentally friendly, 
showing great potential in separation of mono-/di-valent ions[4,6]. 
Extensive research has been devoted to size-sieving-based separation by 
the free volume cavities of polymeric membranes, and effective 

separation of ions can be achieved through extrusion deformation or 
even dehydration if have different hydration energies of hydrated ions 
[7–9]. Based on the solution-diffusion mechanism, there is a general 
trade-off between ion permeance and selectivity in polymeric mem-
branes[10,11]. Sata et al. found that PEI can effectively improve the 
selectivity of polymeric membrane to toward monovalent over divalent 
ions[12]. In recent decade, Novel material membranes based on nano-
channels transport have also been extensively investigated, such as two- 
dimensional-material membranes[13–16], metal-organic framework 
membranes[17,18], etc.. With adjustable sub-nanosize of the transport 
channels, these membranes are attracted increasing attention in ions 
separation field[19,20]. 

Two-dimensional materials are ideal building blocks for constructing 
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high-performance membranes due to atomic-level thickness and neat 
nanosheet structure[21–24]. As a typical two-dimensional material, 
graphene oxide (GO) can be prepared to laminated membranes with 
regular transport channels through orderly stacking, which has attracted 
widespread attention[25,26]. With the advantages of low transport 
resistance and adjustable channel spacing, GO-based membranes show 
great potential in water treatment[27], solvent purification[28] and gas 
separation[29,30]. GO membranes have also been studied for mono-/di- 
valent ions separation. Xi et al. used hydrazine hydrate to chemically 
reduce GO membrane, and the interlayer spacing was decreased to ~ 8 Å 
[31]. Excellent K+/Mg2+ selectivity was achieved as high as ~ 120. Jia 
et al. used small molecular organics (such as dicarboxylic acids, di-
amines, diols, etc.) to crosslink GO membranes by acylation reaction, 
which were used for K+/Mg2+ separation[32]. Our previous work found 
that cationic crosslinking can not only enhance the stability of GO 
membranes, but also accurately regulate the interlayer spacing with 
angstrom precision[21]. Based on this strategy, Liang et al. used K+ to 
control the GO membrane spacing. Compared with pristine GO mem-
branes, the Na+/Mg2+ ideal selectivity was increased from 5.2 to 30.6 
[33]. Lv et al. proposed using acidified GO suspension to corrode the 
metal foils to generate metal ions that diffused into the casting solution, 
and cross-linked the GO lamiantes[15]. The resulting membrane showed 
outstanding stability, and a good K+/Mg2+ selectivity of 68.8. 

Currently, GO-based membranes for mono/divalent ion separation 
focused on cross-linking or reduction methods to regulate the interlayer 
channels, and the separation of mono-/di-valent ions was mainly real-
ized by the size-sieving effect[31,34]. The diameters of mono-/di-valent 
ions are very close, which is often at angstrom scale[8]. It remains great 
challenge to precisely separate mono-/di-valent ions by solely relying on 
size sieving[35–37]. In addition, shrinking the interlayer channels via 
reduction or crosslinking will scarify the ion transport rate[38]. Alter-
natively, the amount of charge of mono-/di-valent ions are different, and 
thus the electrostatically repulsive forces of monovalent ions and diva-
lent ions are different based on the electric field effect[39–41]. More 
efficient separation of mono-/di-valent ions could be achieved by inte-
grating the size sieving effects with electrostatic effect, which however 
was not fully explored for GO membranes presumably due to the scarcity 
of facile fabrication approach. 

Hereby, towards mono/divalent ions separation, we proposed 
introducing a polyelectrolyte coating on an assembled GO laminar 
membrane, with the aim of tuning the surface charge and meanwhile the 

interlayer channels (Scheme 1). Specifically, the surface GO membrane 
is functionalized by a positive polyelectrolyte polyethyleneimine (PEI) 
with high-density positive charges, thereby building up electrostatic 
interaction of membrane surface toward cations. At the same time, the 
penetration of PEI into the GO laminate creates electrostatic attraction 
and covalent cross-linking with GO nanosheets, thereby tuning the 
membrane interlayer spacing with molecular sieving property. The 
resulting charge interaction and size sieving effect function together to 
enhance the mono/divalent ions separation performance of the GO 
membrane. 

2. Experiments and methods 

2.1. Materials 

GO aqueous dispersion with GO monolayer ratio of greater than 99% 
was purchased from Nanjing JiCang NanoTech. Polyacrylonitrile (PAN) 
substrate with a molecular weight cut-off of 100,000 Da was purchased 
from Shandong Lanjing. Polyethyleneimine (PEI) with a molecular 
weight of 10 K (10,000), 20 K and 70 K (70,000) Da, and salts including 
MgCl2, NaCl, LiCl, and KCl was purchased from Aladdin. The deionized 
(DI) water was prepared before use. 

2.2. Membrane fabrication 

A dispersion of GO was diluted with water to 0.2 mg mL− 1, sonicated 
for 20 min, and centrifuged at 6000 rpm for 10 min to form a uniform 
GO dispersion. Then, DI water was used to dissolve PEI with stirring to 
prepare 2.0 wt% PEI solution. A certain amount of GO dispersion was 
diluted to 0.005 mg mL− 1 and filtrated on the PAN substrate to form the 
laminar GO membrane. Subsequently, the GO membranes with posi-
tively charged surface were prepared by spin-coating PEI solution on the 
surface of pure GO membrane, then wash off the excess PEI solution with 
DI water after 30 min. The final GO composite membranes were treated 
under vacuum at 40 ℃ for 12 h before testing. The prepared membrane 
was named GO(x)-PEI(y) composite membrane, where × referred to the 
amount of GO deposition (g⋅m− 2), and y referred to the PEI molecular 
weight (Da). Unless otherwise specified, the GO deposition amount (x) 
of the GO-PEI(y) composite membranes referred to 0.16. 

2.3. Characterizations 

The membrane morphology was characterized by field-emission 
scanning electron microscope (SEM, HITACHI S-4800, Japan). The 
size of GO nanosheets and the roughness of the membranes surface were 
measured by atomic force microscopy (AFM, PARK XE-100, South 
Korea) in the range of 5 µm × 5 µm. The surface charge properties of the 
membranes were analyzed by the solid surface Zeta potential analyzer 
(Anton Paar SurPASS 3, Austria) under the values of pH from 3 to 9. 
Attenuated total reflection Fourier-transform infrared (ATR-FTIR, 
Thermo Nicolet 8700, USA) spectroscopy was used to characterize the 
chemical groups of the membranes. X-ray photoelectron spectroscopy 
(XPS, Thermo Scientific K-Alpha, USA) was employed to determine the 
surface chemistry of the membranes, and the elemental distribution 
along the membrane cross-section were analyzed by using argon ion 
etching. The interlayer channels of the membranes were examined by X- 
ray diffraction (XRD, Smartlab 9KW, Japan) with Cu-Kα radiation 
source. The surface hydrophilicity of membranes was evaluated by a 
contact angle measurement system (Dropmeter A-100, China). Salts 
concentrations in feed draw solutions were obtained using conductivity 
meter (FE38-Standard, METTLER TOLEDO, Switzerland). Mixed-salts 
concentrations in feed and draw solutions were obtained by using 
inductively coupled plasma-optical emission spectrometry (ICP, Optima 
7000 DV-ICP, PerkinElmer, USA). 

Scheme 1. Fabrication of GO-PEI membrane with tunable surface charge and 
interlayer channels for separation of mono-/di-valent cations. 
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2.4. Ion permeation measurement 

The ion permeation experiments were carried out using home-made 
U-shape devices (Figure S1), and the effective membrane area for ion 
permeation was 7.07 cm2. At least three membranes were tested for each 
data. The separation layer of membranes faced the draw side. The feed 
solution in the experiments was deionized water, and the draw solution 

was a single salt (MgCl2, NaCl, LiCl or KCl) or mixed-salt (NaCl/MgCl2, 
LiCl/MgCl2 or KCl/MgCl2) solution. The salt solutions used in the 
experiment were 0.5 mol⋅L-1 except for the experiments to investigate 
the effect of salt concentrations. The mixed-salt solution is obtained by 
mixing two single salt solutions of equal volume. The ion permeation 
experiments were carried out at room temperature, and constantly 
stirred to limit concentration polarization, and the ion permeation rate 

Fig. 1. AFM surface images of (a) pure GO membrane; and (b-d) GO-PEI membranes with different molecular weights of PEI: (b) 10 K; (c) 20 K; (d) 70 K.  

Fig. 2. SEM images of the surface (a-c) and cross-section (d-f) of pristine GO membranes (subscript 1) and GO-PEI (70 K) membranes (subscript 2) with different GO 
deposition amounts. (a, d) 0.16 g m− 2; (b, e) 0.08 g m− 2; (c, f) 0.04 g m− 2. 
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Js (mol⋅m− 2⋅h− 1) for single salt ion permeation was calculated as 
follows: 

Js = (Ct∙Vt − C0∙V0)

1000 × A × t × Ms
(1)  

where A (m2) is the effective membrane area, C0 (mg L− 1) and V0 (L) 
stand for the initial salt concentration and solution volume of the feed 
side, respectively. Ct (mg L− 1) and Vt (L) are the salt concentration and 
solution volume after operating for a given time t (h). Ms (g mol− 1) 
represents the molecular weight of salt. The mono-/di-valent ion ideal 
selectivity was calculated as follows: 

Sid = JS1/JS2 (2)  

where Sid is the ideal selectivity of mono-/di-valent ions, JS1 is the 
permeation rate of monovalent salt ion, and JS2 is the permeation rate 
of divalent salt ion. 

In the mixed-salt ion permeation experiment, each salt concentration 
could be measured by ICP. The calculation method was the same as the 
single salt ion permeation: 

S = JS1’/JS2 ’ (3)  

where S is the selectivity of mono-/di-valent ions, JS1’ is the permeation 
rate of monovalent salt ion, and JS2 ’ is the permeation rate of divalent 
salt ion. 

3. Results and discussion 

3.1. Membrane morphology 

AFM characterization of the GO nanosheets (Figure S2) displays that 
the GO lateral size was 700 ~ 800 nm and the thickness was ~ 1 nm, 
showing a single-layer structure. As shown in Fig. 1a, the surface of 
pristine GO membrane presents a wrinkle morphology, which is caused 
by a typical stack of two-dimensional nanosheets. After coating PEI, the 
surface roughness of the membrane was slightly reduced (Fig. 1b-d), 
indicating that the flexible polymer chains preferentially fill in the 
concave areas[42]. The surface roughness does not change significantly, 
implying that an uniform PEI layer was attached to GO layer. 

The membrane morphology were further observed by SEM. The 

Fig. 3. Zeta potential of surface of pristine GO membrane and GO- 
PEI membrane. 

Fig. 4. XPS (a) full spectrum and (b) C1s spectrum of pristine GO membrane; XPS of GO-PEI membrane: (c) C1s spectrum and (d) N1s spectrum.  
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typical wrinkle morphology formed by the stacking of two-dimensional 
materials can be observed on the surface of pristine GO membrane, and 
the wrinkles increase significantly as the membrane thickness increases 
(Fig. 2a1-f1). This is because as the stack thickness increases, the 
disordered arrangement of GO nanosheets becomes more and more 
obvious. It can be seen from the cross-sectional view that the thickness of 
pristine GO membrane (marked by red line) with deposition amounts of 
0.16 g m− 2, 0.08 g m− 2, 0.04 g m− 2 are 72 nm, 33 nm, and 15 nm, 
respectively. After coating PEI, the GO membrane presents a smoother 
surface (Fig. 2a2-f2), which is consistent with AFM characterization. 
Moreover, PEI is uniformly coated on the surface of the GO layer and 
firmly attached onto it without obvious boundaries. Considering the 
thickness of pristine GO membrane, the thickness of the polyelectrolyte 
layer can be roughly estimated as ~ 10 nm. 

3.2. Membrane physicochemical properties 

Zeta potential characterization was used to investigate the charge 
property of the membrane surface (Fig. 3). As reported in the literature, 
the surface of pristine GO membrane exhibits a negative potential[43], 
which is caused by the ionization of functional groups such as carboxyl 
groups on the surface and edges of the GO nanosheets. The abundant 
amine functional groups on the PEI segment are easy to be cationized in 
water. Therefore, after coating PEI, the charge property of the mem-
brane surface was changed to be positively charged. The positively 
charged surface of the membrane has different electrostatic repulsive 
forces toward monovalent cation and divalent cation, which is favorable 
for separation of mono-/di-valent ions[27]. 

Subsequently, XPS was used to investigate the chemical composition 
of GO membrane surface. As shown in Fig. 4 and Table 1, the surface of 
pristine GO membrane is mainly composed of carbon and oxygen. After 
the introduction of PEI, the nitrogen content on the surface of GO-PEI 

composite membrane increased, and with the increase of the PEI mo-
lecular weight, the nitrogen content increased from 15.60 % to 32.58 %, 
indicating that the proportion of surface amine groups increased. At the 
same time, the oxygen content decreased rapidly. On the one hand, the 
oxygen-containing groups on the surface were covered, and on the other 
hand, combined with the C-N stretching vibration peak of the amide 
appeared at ~ 1409 cm− 1 in Fig. 5, we speculate that the oxygen- 
containing groups and the amine groups may have a nucleophilic re-
action to form covalent bonding [25]. 

The C1s XPS spectrum of pristine GO membrane can be fitted to three 
peaks (Fig. 4b), which are located at 284.8 eV, 287.0 eV and 288.6 eV, 
belonging to C-C, C-O and C = O respectively. A new peak at 285.7 eV 
appears in the C1s spectrum of GO-PEI membrane, corresponding to the 
characteristic peak of C-N, indicating that PEI molecules were success-
fully introduced into the membrane (Fig. 4c). The content of C-O 
decreased significantly, combined with the C-N stretching vibration 
peak of the amide appeared at ~ 1409 cm− 1 in Fig. 5, we spaculate that 
the amine groups on the PEI and the epoxy groups on the GO nanosheets 
have undergone nucleophilic substitution, forming covalent bonding 
[25]. In addition, the N1s spectrum of GO-PEI membrane shows char-
acteristic peaks corresponding to the charged and uncharged amine 
groups of PEI (Fig. 4d and S2). It implied that in addition to covalent 
interaction, there is also electrostatic interaction between GO and PEI 
[27]. 

Attenuated total reflection Fourier-transform infrared (ATR-FTIR) 
was used to characterize the functional groups on the surface of the 
membrane. As shown in Fig. 5, there are three peaks of C-O (~1060 
cm− 1) and C = O (~1631 cm− 1 and ~ 1733 cm− 1) and –OH (~3382 
cm− 1), indicating the typical chemical structure of GO. The new peaks of 
C-H, C-N and N-H appeared in the FT-IR spectrum of the GO-PEI com-
posite membrane, which indicate that PEI is successfully introduced into 
the GO membrane[30]. Moreover, the C-N stretching vibration peak of 
the amide appeared at ~ 1409 cm− 1. It suggests the formation of co-
valent bond between the introduced PEI and GO, which also corrobo-
rated the result of XPS characterization. The –OH peak in the ATR-FTIR 
spectrum is red-shifted, suggesting the presence of hydrogen bonding 
between the functional groups. The N-H peak intensity of the GO-PEI 
(70 K) is significantly higher than the others, suggesting that more 
amine groups on the membrane surface probably due to the higher 
coating coverage of the high molecular weight PEI on the surface. This 
result is also consistent with the XPS characterization (Figure S3 and 
Table 1). 

In addition, the water affinity of GO membranes was studied by 
water contact angle test (Fig. 6). The water contact angle of pristine GO 
membrane is 53.4◦, showing a certain degree of hydrophilicity. This is 
due to the interaction of the abundant oxygen-containing functional 

Table 1 
XPS elements distribution of the surface of pristine GO membrane and GO-PEI 
membrane.  

Membrane C 1 s (%) O 1 s (%) N 1 s (%) 

Pristine GO membrane  68.97  31.02  – 
GO-PEI(10 k) membrane  65.79  18.61  15.60 
GO-PEI(20 k) membrane  63.16  13.39  23.45 
GO-PEI(70 k) membrane  64.18  3.24  32.58  

Fig. 5. ATR-FTIR spectra of pristine GO and GO-PEI membranes with different 
PEI molecular weights. 

Fig. 6. water contact angle of GO-PEI membranes prepared by coating PEI with 
different molecular weights. 
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groups on the GO nanosheets with water molecules, which weaken its 
surface tension. After introducing the PEI, the hydrophilicity of the 
membrane surface was greatly enhanced. As the molecular weight of PEI 
increases, the surface hydrophilicity is further enhanced, with water 

contact angle as low as 22.2◦. This is because the PEI molecule contains 
many hydrophilic amino groups, and as the molecular weight of PEI 
increases, the number of amino groups introduced on the membrane 
surface increases, as evidenced by XPS and IR spectra (Fig. 4, Fig. 5, S3 
and Table 1). 

Furthermore, we used XPS in-depth analysis to study the distribution 
of N elements along the cross-section of the GO-PEI (70 K) membrane. As 
the etching depth increases, the atomic percentage of N decreases from 
32.58% on the surface of the membrane to 6.29% at the depth of 15 nm, 
and then remained basically stable (Fig. 7). Recalling that the thickness 
of PEI coating is ~ 10 nm, as observed by SEM in Fig. 2. This suggests 
that during PEI solution coating, some of the PEI molecules diffused into 
the GO membrane layer. A small amount of PEI leakage is conducive to 
crosslink the GO nanosheets, as indicated by the XPS and FT-IR results, 
thereby regulating the interlayer channels of the GO membrane (Fig. 8). 
The intensity of the N1s peak on the surface of the membrane is the 
strongest, indicating that the N element mainly existed on the mem-
brane surface. Through the cationization of amine groups of PEI, a high 
density of positive charges is formed on the membrane surface. 

The XRD characterization is shown in Fig. 8a. With the introduction 
of PEI molecules, the laminar structure of GO membrane is not 
destroyed, but the interlayer spacing is enlarged. As suggesting by the 
XPS in-depth analysis (Fig. 7), with the promotion of the concentration 
gradient, the PEI molecules diffuse into the interlayer and interact with 
the GO nanosheets, thereby expanding the interlayer channels of the GO 
membrane. After the PEI molecules enter the interlayer, the channel 
spacing expands by ~ 1.0 Å, according to the calculation of Bragg 

Fig. 7. XPS N1s depth analysis along the cross-section of GO-PEI membrane 
from top surface to the bottom. 

Fig. 8. (a) XRD patterns of pristine GO membrane and GO-PEI membranes prepared by PEI of different molecular weights; (b) XRD patterns of pristine GO membrane 
and GO-PEI (70 K) membrane in dry and wet state. 

Fig. 9. Performance of GO-PEI membranes with different GO deposition amounts. (a) ion permeation rate, (b) ion selectivity.  
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equation[43]. The low molecular weight PEI makes the GO interlayer 
spacing larger. On the one hand, the PEI molecules of small size is easier 
to penetrate into the GO interlayers; on the other hand, the PEI of large 
molecules contains more amino groups that can be crosslinked with the 
GO nanosheets (Table 1). 

XRD results of the dry membrane and the wet membrane immersed 
in water for 9 h are used to investigate the water stability of the GO 
membrane structure. It can be seen from Fig. 8b that the interlayer 
spacing of pristine GO membrane was expanded from 4.6 Å to 7.5 Å, and 
the characteristic peak shape almost collapsed, showing that the water 
swelling caused the structure of GO laminates unstable. After PEI enters 
the interlayer, the water stability of GO membrane is can be improved 
through crosslinking and electrostatic bonding between PEI and GO. 
Indeed, the interlayer spacing of the GO-PEI membrane in the wet state 
is only slightly enlarged compared with that in the dry state, and the 
structure of the laminar stack remains almost unchanged. It is worth 
noting that the interlayer height of GO-PE (70 K) membrane (0.55 nm) 
in the dry state is smaller than the hydration diameter of K+ (0.66 nm). 
While in the wet state, the interlayer spacing of the swelled GO-PEI (70 
K) membrane is fall between the hydration diameter of monovalent ions 
and that of divalent ions, which is an important precondition for 
achieving size sieving effect in the GO-PEI membrane. 

3.3. Membrane separation performance 

As GO is the main membrane material, the influence of GO deposi-
tion amount on the membrane performance was investigated. PEI with 
the molecular weight of 70 k Da was coated on the surface of GO 
membranes with different GO deposition amounts to prepare GO-PEI 
membranes with different GO layer thicknesses. The ion separation 
performance is shown in the Fig. 9a. As the amount of GO deposition 
increases, the ion permeation rates show a downward trend. The 
permeation rate of monovalent ions is maintained at the level of 10− 1 

mol m− 2h− 1, while the permeation flux of divalent Mg2+ decreases 
quickly, from the level of 10− 1 mol m− 2h− 1 to the level of 10− 3 mol 
m− 2h− 1. After the GO deposition amount is more than 0.08 g m− 2, the 
ion permeation rate is related to the ion hydration diameter, that is, the 
smaller the ion hydration diameter, the faster the ion permeation rate. 
The order of each ion permeation rate K+>Na+>Li+>Mg2+ (the hy-
dration ion diameters: K+ 0.66 nm < Na+ 0.72 nm < Li+ 0.76 nm <
Mg2+ 0.85 nm)[40]. By increasing the amount of GO deposition, the 
structural defects wille be less int the GO membrane layer. When the GO 
deposition amount reaches 0.16 g m− 2, the GO layer becomes integrated 
and defect-free, in which the size sieving effect of the membrane layer 
can be used to separate mono-/di-valent ions. 

By calculating the ratio of the permeation rate of the monovalent ion 

to the divalent ion, the ideal selectivity of mono-/di-valent ion can be 
obtained. With the increase of GO deposition the ideal mono-/di-valent 
ion selectivity of the GO-PEI membrane increases (Fig. 9b). When the 
GO deposition amount is 0.16 g m− 2, the ideal mono-/di-valent ion 
selectivity of the membrane reaches the highest, which for K+/Mg2+ is 
116.4, Na+/Mg2+ is 52.0, and Li+/Mg2+ is 37.6. Thus, GO deposition 
amount of 0.16 g m− 2 is considered as the optimal condition for the 
following study. 

The charge density on the membrane surface is an important 
parameter that affects the electrostatic repulsion and separation of 
monovalent/divalent ions[27]. The GO-PEI membranes with a GO 
deposition amount of 0.16 g m− 2 to investigate the effect of PEI mo-
lecular weight on the ion permeation performance. It can be seen from 
Fig. 10a that although the ion permeation rates of pristine GO mem-
brane are high, the ideal selectivity of monovalent/divalent ions is 
weak. The poor separation performance could not be improved by 
increasing the GO deposition amount from 0.05 g m− 2 to 0.2 g m− 2 

(Figure. S4). This is due to the swelling of the GO membrane in water, 
which severely weakens the size sieving effect, leading to the ion ideal 
selectivity is between 1 and 2. Compared with pristine GO membrane, 
the Mg2+ permeation rate of GO-PEI composite membrane is signifi-
cantly lower than that of monovalent ions, leading to a remarkable 
enhancement in mono-/di-valent ion selectivity. This result indicates 
that the introduced surface charges have a greater impact on ion 
transport. It is also noticed that the ion concentration in the permeate 
increases linearly with permeation time (Figure S5), confirming a stable 
ion permeation in the GO-PEI membrane with enhanced water swelling 
resistance. 

As the molecular weight of the PEI coated on the membrane surface 
increases, the permeation rates of K+, Na+ and Mg2+ ions decrease 
rapidly and then stabilize, suggesting that there is a threshold for the 
electrostatic effect due to the limit of surface charge density. This might 
be the case for GO-PEI membrane with the molecular weight of PEI of 
70 K. Interestingly, the performance of the GO-PEI (10 K) membrane 
shows a relatively low Li+ permeation rate. This possible reason is that 
the PEI with a small molecular weight is more likely to enter the inter-
layer and interact with the GO nanosheets, which narrows the ion 
transport channels. Indeed, the interlayer height of the GO-PEI (10 K) 
membrane (0.67 nm) is smaller than the hydration radius of ions (K+

0.66 nm < Na+ 0.72 nm < Li+ 0.76 nm < Mg2+ 0.85 nm)[40]. As shown 
in Fig. 10b, in terms of the effect of surface charge regulation, PEI with a 
large molecular weight exhibits higher ion selectivity than PEI with a 
small molecular weight introduced into the GO membrane layer. It was 
found that the optimal molecular weight of PEI is 70 K in this work. 

After optimizing the membrane fabrication conditions, we used the 
optimal GO (0.16)-PEI (70 K) membrane to investigate the influence of 

Fig. 10. Performance of GO-PEI membranes prepared by different molecular weights of PEI. (a) ion permeation rate, (b) ion selectivity.  
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the test conditions on the ion permeation performance. First, the salt 
concentration was varied from 0.2 mol L− 1, 0.5 mol L− 1 to 1.0 mol L− 1 in 
the draw solution. It can be seen from Fig. 11 that as the salt concen-
tration increases, the ion permeation rate increases. There is a non-linear 
relationship between the ion permeation rates and the salt concentra-
tions, indicating that the charge repulsion effect plays an essential role 
in the ions transport[27,44]. When the salt concentration is low, the ion 
permeation rate is repelled by high density positive charge of the 
membrane surface. When the salt concentration is too high, however, 
the ion permeation rates take a leap, especially for Mg2+, its transport 
rate is increased by more than 10 times. This indicates that when the salt 
concentration of the solution is too high, the anions in the solution will 
be concentrated around the positive charge sites on the membrane 
surface, weakening its electrostatic repulsion of the cations in the so-
lution. That is, the charge screening effect occurs [45,46], thereby 
increasing the ion permeation rates and decreasing the ion selectivity. 

The ion permeation for the mixed-salt solution was also carried out. 
We used 0.5 mol L− 1 mixed-salt solution (NaCl/MgCl2, LiCl/MgCl2 or 
KCl/MgCl2) with the mono/divalent ions molar ratio of 1:1 as the draw 
solution. During the experimental operation, the ion concentration in 
the permeate has a linear relationship with time (Figure S6), confirming 
that the permeation process remains stable. The ion permeation rates 
were directly related to the diameter of hydrated ions: the smaller the 
ion diameter, the faster the permeation rate. As shown in Table 2, the 
GO-PEI membrane showed an excellent monovalent ion permeation rate 
and separation selectivity for mono-/di-valent ion mixtures in the so-
lution. Unlike the single salt solution test, there is a competitive rela-
tionship between the two cations in the mixed-salt for transmembrane 
permeation, leading to a decrease in the ions permeation rate and ion 
selectivity. 

Long-term operation stability is an important indicator to evaluate 
the membrane performance. The GO-PEI membrane was tested in 0.5 
mol L− 1 KCl/MgCl2 mixed-salt solution (1:1). As shown in the Fig. 12, 
the ion permeation rates increase slightly over time, because during the 
long-term test, the ion concentration polarization appeared inside the 
membrane. Nevertheless, after 80 h of continuous testing, the K+/Mg2+

selectivity was basically maintained at 40–50, confirming that the pre-
pared GO-PEI membrane has great potential for mono-/di-valent ion 
separation. 

Fig. 11. Performance of the GO-PEI membrane for salt solution with different concentrations. (a) ion permeation rate, (b) ion selectivity.  

Table 2 
Ions separation performance of GO-PEI membrane in mixed salts test (M: K, Na, 
Li).  

GO-PEI 
membrane 

M+ permeation rate/ 
mol m− 2 h− 1 

Mg2+ permeation rate/ 
mol m− 2 h− 1 

Selectivity 

K+/Mg2+ 0.202 ± 0.01 0.0045 ± 0.001 44.9 ± 4.5 
Na+/Mg2+ 0.131 ± 0.006 0.0031 ± 0.001 42.3 ± 4.2 
Li+/Mg2+ 0.067 ± 0.003 0.0040 ± 0.001 16.8 ± 1.7  

Fig. 12. Long-term stability test of GO-PEI membrane for K+/Mg2+ mixed- 
salt solution. 

Fig. 13. Performance comparison of K+ flux versus K+/Mg2+ selectivity for 
representative 2D-material based membranes. 
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We compared the mono/divalent ions separation performance of our 
GO-PEI membrane with state-of-the-arts laminar 2D-material mem-
branes (Fig. 13, Table S1). It can be found that the GO-PEI membrane 
has excellent K+/Mg2+ selectivity and monovalent ion permeation rate. 
Apart from cation size sieving that is a predominant mechanism in re-
ported GO membranes[15,32,34,37,38], the positive charge on the 
surface of GO membrane plays an important additional role in electro-
statically separating the cations based on their ionic charge difference. 
Thus, our GO-PEI membrane has ultra-high selectivity for monovalent 
and divalent ions. In addition, the introduction of filler materials tends 
to expand[44] or shrink[34,37] the interlayer channels, making it 
difficult to balance ions penetration flux and selectivity. In comparison, 
a small amount of PEI penetrates from the membrane surface into the 
interlayer, not only enhanced the structural stability of the GO mem-
brane in the water environment, but also tuned the interlayer height of 
the GO membrane falling between the hydration diameter of mono-
valent and that of divalent ions, thereby strengthening the size sieving 
effect. Through the synergistic effect of charge repulsion and size 
sieving, the mono-/di-valent ion separation performance of our GO-PEI 
membrane is greatly improved. 

In addition, it is also noticed that previous PEI-based layer-by-layer 
polyelectrolyte membranes showed higher permeance and selectivity 
than the GO-based membranes [47], probably owing to the thin LBL 
membrane layer and strong electrostatic interactions of pure poly-
electrolytes toward ions. This fact suggests that reducing the transport 
resistance and enhancing the size-sieving effect could be reasonable 
approaches to further advance the ion separation performance of GO- 
based membranes. 

3.4. Ion transport mechanism analysis 

We further analyzed the ion transport mechanism through the pris-
tine GO membrane and GO-PEI membrane based on the generalized 
Fick’s law. The normalized diffusion flux (Jw) for membrane-based 
transfer process can be calculated as: 

Jw = Lp
Δμ
Δx

(4)  

where Lp is the hydraulic permeability, Δμ/Δx is the chemical potential 
difference. According to the Hagen-Poiseuille equation, the hydraulic 
permeability (Lp) can be described as: 

Lp =
εr2

8ητ (5)  

where ε is membrane porosity, r is pore radius, η is water viscosity, τ is 
tortuosity factor[44]. Considering structural features of two- 
dimensional straight diffusion channels in GO laminar membranes, the 
pore radius (r) is defined as: 

r =
d − a

2
(6)  

where d is the measured d-spacing in wet states, and a is thickness of 
single-layer graphene which is about 3.4 Å. The membrane porosity (ε) 
is expressed as: 

ε =
Vt − VGO

Vt
(7)  

where Vt is the total volume of membrane, and VGO is the volume of GO. 
Vt and VGO can be calculated as: 

Vt = A × l (8)  

VGO = A ×
l
d
× a (9)  

where A is effective membrane area, l is membrane thickness. Then,ε can 
be simplified by putting equations (4) and (5) substitute into equation 
(3) as: 

ε =
d − a

d
(10) 

The tortuosity factor (τ) is estimated as 4. 
For a diffusion process, the diffusion flux (Jw) can be further calcu-

lated as: 

Jw = Lp
Δμ
Δx

= Lp
RTΔc

Δx
=

(
Dw

RT

)
RTΔc

Δx
(11)  

where Dw is water diffusion coefficient. As suggested by Stokes-Einstein 
relationship, diffusivity is inversely proportional to solute radii. The ion 
diffusion coefficient (Di) can be deduced by the radii ratio of water and 
hydrated ions, and thus the corresponding hydraulic permeability of 
ions (Lpi) can be obtained. 

As shown in Fig. 14, the calculated hydraulic permeability of K+ and 
Mg2+ in GO membrane and GO-PEI membrane reflect the influence of 
membrane channel structure parameters on monovalent/divalent ion 
transport[44]. According to the XRD characterization results, GO-PEI 
membrane under wet condition has a smaller channel size, and the 
diffusion coefficient for ions is significantly lower than that of GO 
membrane. Dvalent ions have a larger hydration size, so the diffusion 
coefficient of divalent ions in the membrane is further reduced. How-
ever, we found that only relying on the size sieving effect of the inter-
layer channel, the monovalent/divalent ion size theoretical selectivity is 
only 1.29, which is far from the ultra-high selectivity obtained in the 
experiment. This indicates that in addition to the size sieving effect, 
there are other more important effects to determine the selective sepa-
ration of monovalent/divalent ions. 

Derjaguin-Landau-Verwey-Overbeek (DLVO) interaction energies of 
GO-PEI membrane towards ions are calculated using the surface element 
integration model as: 

U(D) =

∫∫

EDLVO(h)dA (12) 

DLVO interaction involves Van der Waals attraction that is deter-
mined using Hamaker’s microscopic approach, and electrostatic repul-
sion that is derived from the solution of Poisson-Boltzmann equation. 
Therefore, it can be expressed as: 

EDLVO(h) = EVDW(h)+EEDL(h) = − AH
12πh2 + ∊∊0κ

2
[
(
ψ2

s + ψ2
m

)
(1 − cothκh)+ 2ψsψm

sinhκh

] (13)  

Fig. 14. Calculated hydraulic permeability of K+ and Mg2+ of GO and GO- 
PEI membranes. 
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where h is vertical distance, AH is Hamaker constant, ∊ is dielectric 
constant of solvent, ∊0 is dielectric permittivity of vacuum, ψs is surface 
potential of hydrated ions, ψm is surface potential of charged GO-PEI 
membrane, and κ is inverse Debye screening length, respectively 
[27,44]. 

As shown in Fig. 15, the calculated interaction energies between GO- 
PEI membrane and ions show the influence of the surface charge prop-
erties of the membrane on the transport of monovalent/divalent ions 
[27,44]. According to the results of zeta potential characterization, the 
GO-PEI membrane surface is positively charged and exhibits electro-
static repulsion to monovalent and divalent cations, and this repulsion is 
closely related to the valence of ions. The repelling effect of GO-PEI 
membrane toward divalent ions is significantly higher than that of 
monovalent ions, especially when the distance between the ions and the 
charged membrane surface is close, the theoretical selectivity of GO-PEI 
membrane to monovalent/divalent ions is exponential. It can be pre-
dicted that in the confined channel of GO-PEI membrane, the charge 
repulsion will strongly inhibit the penetration of divalent cations, which 
explains the phenomenon that the experimental value of GO-PEI mem-
brane for Mg2+ flux is very low (less than 0.0045 mol m− 2h− 1). This 
analysis demonstrates that electrostatic repulsion effect is the dominant 
factor of leading the highly selective separation of monovalent/divalent 
ions. 

4. Conclusions 

In this work, a novel GO membrane with a facile regulation of surface 
charge and interlayer channels was designed and fabricated for the 
separation of mono-/di-valent ions. The deionization of the amine 
groups of PEI imparted high-density positive charge to the membrane 
surface, thereby creating stronger electrostatic repulsion toward diva-
lent cations to improve the ion selectivity. The diffusion of PEI into the 
GO laminates further tuned the interlayer channels with improved size 
sieving property and the structural stability in the water. Through the 
synergistic effect of electrostatic repulsion of the surface and size sieving 
effect of the interlayer, the separation performance of GO membrane 
was greatly enhanced. The ideal selectivity for K+/Mg2+, Na+/Mg2+ and 
Li+/Mg2+ were 116.4, 52.0, and 37.6, respectively. The K+/Mg2+

selectivity in mixed-salt solution test was 44.9 for GO-PEI membrane 
and remained stable during 80 h continuous operation, showing great 
potential in many fields involving the separation of mono-/di-valent 
ions. 
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