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A B S T R A C T   

In this work, we fabricated a series of composite membranes for nanofiltration by filtration-assisted assembly of 
graphene oxide (GO, with a thickness of ca. 2 nm) and graphitic carbon nitride (g-C3N4, with a thickness of ca. 
5.2 nm) nanosheets with the assistance of glycine as a molecular linker to enhance their interactions. The effects 
of g-C3N4 and glycine concentrations on the lamellar spacing of GO and membrane performance were subse
quently investigated. Interestingly, experimental and characterization results showed that both g-C3N4 and 
glycine could increase the interlayer spacing of pristine GO membranes, but the former reduced the dimensions 
of nanochannels while the latter led to enlarged channels. As compared with pristine GO membranes, the 
composite membranes resulted in faster water transportation without sacrificing solute retention. With further 
functionalization by introducing hyperbranched polyethyleneimine (HPEI) coating, we demonstrated that an 
integrated Gly-GO/g-C3N4 membrane (ca. 116 nm in thickness) exhibited excellent separation performance for 
various organic dye solutions under different operational conditions (feed concentration, pH, etc.). Long-term 
stability experiments showed that this membrane yielded 90%–93% dye rejection with only a slight decline in 
permeance over a 40 h testing period, indicating acceptable stability. The pure water permeance of the Gly-GO/ 
g-C3N4 membrane reached as high as 207 L h� 1 m� 2 bar� 1. These results indicate that the covalent modification 
of small molecules can improve the packing of GO nanosheets and lead to outstanding nanofiltration perfor
mance which has great potential applications in the field of water purification and separation.   

1. Introduction 

Nanofiltration technology has been widely studied for use in drink
ing water purification and wastewater treatment due to its low energy 
consumption, easy operation, space-savings, and high efficiency [1]. A 
myriad of membranes have been developed to maximize both perme
ability and selectivity during separation processes, but increasing 
permeability is usually associated with decreasing selectivity, which is 
known as an inherent trade-off characteristic. In recent years, tremen
dous research effort has been focused on the self-assembly of graphene 
and the derivative graphene oxide (GO) materials as membranes to 
control the trade-off between flux and rejection for satisfying industrial 
demands [2–5]. Unfortunately, it remains a big challenge to 

simultaneously access high solvent flux and high solute rejection using a 
GO membrane. 

Two-dimensional (2D) GO has unique hydrophilic property, high 
specific surface area (up to 2630 m2/g) [6], excellent mechanical 
strength, and flexibility due to the presence of a large number of 
oxygen-containing groups (e.g., carboxyl, hydroxyl, and epoxy groups) 
on its surface [7,8]. It has been reported that single-layer graphene/GO 
was impermeable to any liquid/gas molecules in a defect-free state un
less interconnected pores/channels with a certain size were created 
using chemical etching, thermal treatment, or ion bombardment, etc. [9, 
10] Recently, Yang et al. prepared a centimeter-scale graphene/carbon 
nanotube hybrid membrane by oxygen plasma etching to produce 
relatively uniform nanopores (~0.55 nm), which achieved a high salt 
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rejection rate up to 97% [11]. However, the current strategies for en
gineering pores in GO do not allow fine-control of pore size and in 
general, result in the reduction of mechanical strength or the formation 
of defects in a single-layer GO membrane. 

In a multilayer GO membrane, adjacent nanosheets can form 2D 
empty space that allows water (smaller than the size of the channels) to 
pass into the non-oxidized regions, while the oxidized regions serve as 
spacers for the 2D capillary networks [12]. A closely packed GO mem
brane can be prepared by vacuum filtration, drop-casting, and spray- or 
spin-coating, etc. [13] For instance, Han et al. prepared an ultrathin GO 
membrane by vacuum filtration. The formed 2D nanopores maintained a 
high permeance of 21.8 L h� 1 m� 2 bar� 1 for pure water and exhibited a 
99% rejection of organic dyes [14]. Goh et al. adopted the dip-coating 
technique to immobilize GO on a PEI-modified hollow fiber mem
brane, which not only improved the mechanical properties but also 
improved the permeability for pure water [15]. However, the relatively 
low permeability and stability of the multilayer GO membranes still 
limit their practical applications. 

It is well-known that the interlaminar structure of GO provides a 
perfect scaffold for embedding guest materials [16], thus many poly
mers or nanomaterials have been encapsulated in the interlayer space to 
modify GO membranes [17]. For instance, Chen et al. reported inserting 
TiO2 nanoparticles between GO layers to increase water flux while 
maintaining organic dye rejection [18]. Ran et al. developed a method 
for intercalating ionic polymers into the space between neighboring GO 
nanosheets via non-covalent interactions, and the resultant membrane 
showed improved water flux (2.5 L m� 2 h� 1) and longer stability [19]. 
Furthermore, small molecules are frequently used in the modification of 
GO membranes via covalent bonds. For instance, Huang et al. adopted a 
diamine monomer to crosslink adjacent GO sheets. Although the sta
bility of the obtained GO membrane was enhanced, the demonstrated 
water flux was not robust [20]. 

Graphitic carbon nitride (g-C3N4) is another type of 2D material with 
a π-conjugated graphite planar structure formed by carbon and nitrogen 
sp2 hybridization [17]. Recently, a variety of hybrid membranes with 
g-C3N4 and GO have been fabricated due to their good compatibility 
[21–23]. In this study, we report a new method for assembling 2D 
GO/g-C3N4 nanosheets via a glycine modification method. As shown in 
Scheme 1, the preparation of a glycine-mediated GO/g-C3N4 composite 
membrane (Gly-GO/g-C3N4) was mainly divided into three steps: (i) 

graphene oxide was functionalized with glycine by amide bonds under 
the action of a catalyst, (ii) integration of g-C3N4 and Gly-GO by soni
cation followed by assembly via filtration, and (iii) further surface 
modification by hyperbranched polyethyleneimine (HPEI) to adjust the 
membrane surface charge. Several dye/water mixtures were then used 
as model solutions to evaluate the separation performance of the ob
tained membranes. At the same time, the effects of the amount of glycine 
and g-C3N4 and the molecular weight of HPEI on the membrane prop
erties were also investigated. A series of characterizations were adopted 
to elucidate the relationships between the structural properties and 
separation performance of the composite membranes. 

2. Experiment methods 

2.1. Materials 

A GO aqueous solution at a concentration of 5000 ppm was pur
chased from Angstron Materials (US). Mixed cellulose ester microporous 
substrates (MCE, 47 mm in diameter and 0.22 μm in pore diameter) were 
purchased from Beijing Xinweier Glass Instrument. Anodic aluminum 
oxide membrane (AAO, 47 mm in diameter and 0.22 μm in pore size) 
was purchased from Whatman (US). Hyperbranched polyethyleneimine 
(HPEI) was purchased from Adamas, at three different molecular 
weights (M.W.) of 600, 1800, and 10,000, respectively. Glycine and 
melamine were purchased from Sinopharm (China). The 1-(3-dimethy
laminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and N- 
hydroxysuccinimide (NHS) were both purchased from Aladdin. In 
addition, five different dyes, namely, methylene blue (MB), rhodamine B 
(RhB), Eosin Y (EY), Evans blue (EB), and Alcian blue 8GX (AB), were 
purchased from commercial suppliers and used as received without 
pretreatments. Deionized water was used in all of the experiments. 

2.2. Preparation of g-C3N4 nanosheets 

g-C3N4 was synthesized using melamine as a raw material based on a 
previous report [24]. Specifically, 2.5 g of melamine was calcined in air 
at 550 �C for 3 h with a ramping rate of 3 �C/min, then the obtained 
yellow powder was ground in a mortar, before soaking at 500 �C for 2 h 
in an N2 atmosphere with a heating rate of 3 �C/min. Subsequently, 50 
mg of the obtained powder was re-dispersed in 30 mL of HCl (12 M), and 

Scheme 1. The preparation process of Gly-GO/g-C3N4 composite membranes for nanofiltration.  
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the mixture was heated at 50 �C for 12 h. Afterwards, the mixture was 
filtered through a filter (pore size of 0.45 μm) and washed with deion
ized water several times to remove excess HCl. The white-colored 
product was then re-dispersed in 200 mL of deionized water by soni
cation for 2.5 h in an ice bath. Finally, the solution was centrifuged three 
times at 5000 ppm for 10 min each time to remove bulk particles. The 
concentration of g-C3N4 in the obtained supernatant was 150 ppm as 
determined using an UV–vis spectrophotometer (Metash, UV-8000). 

2.3. Preparation of GO/g-C3N4 composite membranes 

The composite membranes were fabricated by vacuum filtration onto 
MCE substrates. In brief, the original GO dispersion was diluted with 
deionized water to a final concentration of 100 ppm. Then, 2 mL of the 
GO dispersion (100 ppm) was mixed with different volumes of g-C3N4 
(1.0, 1.5, or 2.0 mL). The volume of the mixture was maintained at 20 
mL by adding water before sonication treatment for 1 h. Afterwards, the 
GO/g-C3N4 dispersion was vacuum filtered onto MCE substrates. 

2.4. Preparation of glycine modified GO/g-C3N4 composite membrane 

Similarly, 2 mL of the GO dispersion (100 ppm) was added to 14 mL 
of deionized water. Then 300 μL of EDC (1 mg/L) and NHS (0.5 mg/L) 
were successively added to the GO dispersion to activate the carboxyl 
groups on the GO surface. After 15 min, a glycine solution (1 mg/mL) 
was added and the solution was stirred for 12 h. After the reaction was 
completed, 2 mL of the above-prepared g-C3N4 aqueous solution was 
added to the mixture under sonication for 1 h, and the mixture was then 
vacuum filtered to form a membrane. For the HPEI modified mem
branes, the freshly prepared membranes were immersed in a 1 wt% 
aqueous solution of HPEI for 0.5 h, and then the membrane was rinsed 
with deionized water by soaking in a beaker for 10 s. 

2.5. Separation performance evaluation 

A home-made filtration set-up was used to evaluate the membrane 
performance (refer to Fig. S1). The membrane permeation (P) can be 
expressed as follows: 

P¼
V

t� A� Δp 

In the formula, V represents the volume of the filtrate (L), t represents 
the filtration time (h), A represents the effective filtration area of the 
membrane (herein, 3.462 cm2), and Δp represents the pressure differ
ence as the driving force (bar). The solute rejection rate (R) was calcu
lated as follows: 

R¼
�

1 �
CP

CF

�

� 100% 

CF and CP represent the solute concentrations in the feed and 
permeate, respectively, which were measured by an UV–vis spectro
photometer (Metash, UV-8000) at a certain wavelength. For instance, 
the characteristic absorption peaks of MB, RhB, EY, EB, and AB are 
664.5 nm, 554 nm, 516 nm, 623 nm, and 614 nm, respectively. 

2.6. Characterization techniques 

The surface and cross-section of the samples were observed by 
scanning electron microscope (SEM, ZESSIS, EVO®18) and transmission 
electron microscope (TEM, FEI, Talos F200S). The surface roughness of 
the composite membrane was determined by atomic force microscopy 
(AFM, Bruker, MultiMode 8). The chemical composition and bonding 
information of the membrane were obtained using a Fourier transform 
infrared spectroscopy (FTIR, Thermo, Nicolet iS50) and an X-ray 
photoelectron spectroscopy (XPS, Thermo, ESCALAB 250XI). The sur
face charge of the dispersion solution was measured with ZETA potential 
analyzer (Bruker, NanoBrook Omni). N2 adsorption-desorption 

Fig. 1. TEM images of (a) GO nanosheets, (b) g-C3N4 nanosheets, and (c) GO/g-C3N4 composite. AFM images of (d) GO nanosheets, (e) g-C3N4 nanosheets, and (f) 
GO/g-C3N4 composite. 
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isotherms of the membrane samples were acquired using a physisorption 
instrument (Quantachrome, Autosorb-iQ) at 77 K, wherein the mem
brane samples were freeze-dried and peeled off from the MCE substrate 
before the measurement. In addition, the membrane microstructure was 
studied by a positron annihilation spectroscopy (PAS) called Doppler 
broadening energy spectroscopy via a slow beam positron apparatus. S 
parameter curves as a function of positron incident energy obtained 
from PAS can be used to analyze the microstructural changes along with 
the membrane depth profile. The S parameter reflects the free volume 
properties, while the incident positron energy is related to the mean 
depth of the materials by the following equation: 

ZðEþÞ¼
�

40
ρ

�

� E1:6
þ

Wherein Z is the mean depth (nm), ρ is the material density (g cm� 3), 
and Eþ is the incident positron energy (keV). 

3. Results and discussion 

3.1. Characterizations of GO/g-C3N4 composite membranes 

As shown in the TEM images in Fig. 1, both g-C3N4 and GO were 
produced in a nanosheet shape. The GO nanosheets have clear edges and 
wrinkles, indicating a thin film morphology. For comparison, the lateral 

Fig. 2. Representative SEM images of different membranes. The top view images of (a) GO membrane, (b) g-C3N4 membrane, (c) GO/g-C3N4 membrane, (d) GO/g- 
C3N4 membrane modified by HPEI, (e) Gly-GO/g-C3N4 membrane, and (f) Gly-GO/g-C3N4 membrane modified by HPEI. The cross-section view images of (g, j) GO 
membrane, (h, k) GO/g-C3N4 membrane, and (i, l) Gly-GO/g-C3N4 membrane. 
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size of the GO nanosheet was much larger than that of the g-C3N4 
nanosheet, due to the fact that GO contains more oxygen-containing 
groups (e.g., –OH, –COOH, etc.), facilitating its dispersion in water 
[25]. In the resulting GO/g-C3N4 composite, the exfoliated g-C3N4 
nanosheet was uniformly distributed over the GO nanosheets. Fig. 1d–f 
presents AFM images of GO, g-C3N4, and their hybrid samples, respec
tively. As shown here, the GO and g-C3N4 nanosheets have an average 
thickness of 2 nm and 5.2 nm, respectively. As the theoretical thick
nesses of monolayer GO and monolayer g-C3N4 are 0.7 nm and 0.326 

nm, respectively [26,27], this suggests that most GO nanosheets used in 
this work have three layers, while the majority of heptazine-based 
g-C3N4 nanosheets are 16-layered. Regarding the composite sample, 
the thickness was in the range of 7–11 nm due to the stacking of two 
different nanosheets. 

Subsequently, the nanosheet-like GO and g-C3N4 were assembled 
through vacuum filtration of an aqueous dispersion on an MCE sub
strate. A pure GO membrane displayed a pronounced wrinkle 
morphology [28], and no obvious defects can be found as shown in 

Fig. 3. Representative AFM images of different membranes. (a) GO membrane, (b) g-C3N4 membrane, (c) GO/g-C3N4 composite membrane, and (d) Gly-GO/g-C3N4 
composite membrane. 

Fig. 4. (a) FTIR spectra of the pristine GO sample and glycine modified GO sample. (b) The schematic illustration of the formation of amide bonds from glycine and 
GO, and (c) the activation process of carboxyl groups using EDC/NHS as a catalyst. 
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Fig. 2a. For comparison, the surface of a pure g-C3N4 membrane (Fig. 2b) 
only exhibited the porous structure of the MCE substrate (also see 
Fig. S2), suggesting that g-C3N4 nanosheets alone could not form an 
intact membrane. As shown in Fig. S3, the zeta potentials of GO and 
g-C3N4 suspensions were � 19.85 and 22.86 mV, indicating that their 
dispersions were negatively and positively charged, respectively. Thus, 
the interactions between GO and g-C3N4 in the composite membranes 
are mainly due to electrostatic force and π-π stacking interaction [17, 
23]. In addition, GO/g-C3N4 and Gly-GO/g-C3N4 membranes (see Fig. 2c 
and e) retained the typical wrinkle structure of GO. The XRD patterns of 
the membranes are shown in Fig. S4, and two pronounced diffraction 
peaks at 13.1� and 27.4� were present for g-C3N4, while a characteristic 
peak at 10.8� was present for GO. However, the XRD patterns of 
GO-based membranes show no diffraction peaks related to stacked GO 
nanosheets, implying the formation of a loosely stacked microstructure. 
This phenomenon was similar to a report showing that a solvated GO 
membrane did not exhibit the characteristic peaks at 2θ < 16� [29]. In 
contrast, if membranes showed XRD peaks associated with stacked GO 
sheets with 2θ between 5� and 13�, they showed low permeance due to a 
compact microstructure as suggested in this report. 

As can be clearly seen from Fig. 2g, h, i, the cross-sectional SEM 
images indicate the varying thickness of the GO/g-C3N4 and Gly-GO/g- 
C3N4 membranes, which are 100 nm and 116 nm, respectively, and both 
are greater than that of pure GO membrane (73 nm). The reason was that 
the insertion of g-C3N4 and glycine changed the layer spacing of the GO 
nanosheets. In addition, we found that HPEI coating did not bring about 
any significant change in the surface of the composite membrane, as 

shown in Fig. 2d, f. Moreover, Fig. 2j-l clearly shows the lamellar fea
tures of membranes created by the self-assembled nanosheet materials. 
Both the intercalation of g-C3N4 and glycine significantly increased the 
thickness of the selective layer. 

The surface morphology of the membranes was also studied by AFM, 
as displayed in Fig. 3. As shown, all of the membranes exhibited a typical 
hills and valleys morphology. Statistical analysis shows that the average 
roughness (Ra) of pure GO membrane was 64.1 nm. The nodular surface 
morphology was also found for pure g-C3N4 membrane, but it had a 
much higher Ra of 300 nm. Interestingly, the Ra value of the hybrid GO/ 
g-C3N4 membrane became 86.6 nm. These results indicate that the 
insertion of g-C3N4 affected the laminar structure of the GO membrane, 
which increased the roughness of the membrane surface. However, 
when glycine was introduced in the hybrid membrane, the average 
roughness decreased to 50.2 nm, which suggested that the chemical 
modification of GO nanosheets by glycine facilitated the assembly of GO 
and g-C3N4 [30]. 

The surface organic groups of pristine GO and glycine-modified GO 
were next compared by FTIR. As can be seen from Fig. 4a, the four 
characteristic absorption bands of pristine GO correspond to the 
stretching vibration of epoxy group (1040 cm� 1), the bending vibration 
of hydroxyl group (1384 cm� 1), the stretching vibration of benzene ring 
(1617 cm� 1), and the stretching vibration (1723 cm� 1) of carboxyl 
group [7,25,31]. In the Gly-GO sample, the N–H characteristic band 
overlaps with the stretching vibration band of O–H at 3398 cm� 1 [32, 
33], and a new band appears around 1587 cm� 1, which can be attrib
uted to the bending vibration of N–H group [34,35]. In addition, the 

Fig. 5. XPS spectra of (a) survey, (b) C 1s, and (c) O 1s of GO membrane, (d) N 1s, (e) C 1s, and (f) O 1s of Gly-GO membrane, (g) N 1s, (h) C 1s, and (i) O 1s of Gly- 
GO/g-C3N4 membrane. 
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relative intensities of the FTIR absorption bands were also changed, 
especially the absorption intensity of the carboxyl group, which was 
significantly reduced after glycine modification. This was caused by the 
formation of amide bonds due to catalyzation with EDC and NHS (see 
Fig. 4b and c) [20]. Specifically, in an aqueous solution, EDC can react 
with carboxyl groups on the GO surface to form an active intermediate, 
which then reacts with an amino group on glycine to form an amide 
bond. However, the active intermediate is unstable; therefore, NHS was 
added to prevent the intermediate from being hydrolyzed, effectively 
increasing the reaction yield. Since the amount of glycine was not suf
ficient to completely react with all of the carboxyl groups on GO, the 
absorption band of the amide group was not remarkable in the FTIR 
spectra. As a result, there was only a weak absorption band at 1651 
cm� 1, which corresponded to the carbonyl group in the amide group 
[36]. 

In order to gain insight into the bonding environment and surface 
chemical composition of the membranes, XPS surveys and narrow scans 
were conducted. Fig. 5a displays the XPS survey spectra of GO, Gly-GO 
and Gly-GO/g-C3N4 samples. Clearly, the pure GO did not contain ni
trogen, and the nitrogen signal was found only in Gly-GO and Gly-GO/g- 
C3N4 samples. The nitrogen content in the Gly-GO and Gly-GO/g-C3N4 
samples was 2.6 at% and 9.7 at%, respectively (see Table S1). The C 1s 
peak in the GO sample could be deconvoluted into different components 
with binding energies (BEs) of 284.8, 287, 287.9 and 288.9 eV that could 
be assigned to –C––C� /� C-C-, -C-O-, –C––O, and -COO-, respectively [9, 
37,38]. These results confirmed that there were abundant carboxylic 
groups on the GO surface. Likewise, in the Gly-GO sample, the C 1s 

spectrum could be deconvoluted into peaks at 284.8, 286.6, 287, and 
288.5 eV, which could be assigned to –C––C� /� C-C-, -C-N-, -C-O-, and 
–C––O, respectively. The presence of -C-N- implied the successful surface 
functionalization of glycine molecules on the GO surface [22]. As ex
pected, the ratio of -C-N- in total C in Gly-GO/g-C3N4 was increased to 
18.7%, which was much higher than the 7.6% found in the Gly-GO 
membrane. The O 1s spectra could be fit into two peaks located at BEs 
of 532.5 and 533.5 eV, corresponding to –C––O- and -C-O-, respectively, 
and these were identical between the three samples (see Fig. 5c, f, i). 
However, the amount of –C––O- was highest in the Gly-GO sample, 
which was probably caused by the residual glycine molecules on the GO 
surface. The high-resolution N 1s spectra of the Gly-GO and Gly-
GO/g-C3N4 samples are shown in Fig. 5d, g, respectively. The N 1s peaks 
in Gly-GO could be assigned to O––C–NH- (399.9 eV) and -C-NH- (amino 
group, 402.1 eV) [23]. In contrast, the N 1s peaks in Gly-GO/g-C3N4 had 
more species, including -C-N––C (398.7 eV), O––C–NH- (400 eV), -C-NH- 
(402 eV), and a positive C–N ring (404.9 eV), respectively [35,39,40]. 
The presence of both –C––N and the positive C–N ring were caused by 
the addition of g-C3N4 (i.e., the triazine ring structure). In addition, the 
XPS was also used to analyze the interaction between g-C3N4 and 
glycine. The C 1s spectra of pure g-C3N4 and Gly-g-C3N4 samples 
(Figs. S5a and c), showed three distinguishable peaks at binding energies 
of 284.8, 286.5, and 288.2 eV, respectively, corresponding to adventi
tious hydrocarbon, C–O species, and the sp2-bonded C (viz., N–C––N) of 
the triazine units in g-C3N4 [41]. It can be seen that a slightly increased 
amount of C–O was caused by the modification of glycine on g-C3N4. 
Similarly, in the case of the N 1s spectra (Figs. S5b and d), the intensity 

Fig. 6. (a) Separation performance of GO/g-C3N4 composite membranes with different loading of g-C3N4. (b) Schematic diagram of water molecules passing through 
2D nanochannels before and after g-C3N4 was inserted into the GO layers. (c) S parameter curves of the pristine GO and GO/g-C3N4 membranes. 
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of the peak at 400.0 eV corresponding to the ternary N-(C)3 group 
increased while the intensity of the peak at 401.2 eV corresponding to 
the terminal N (viz., C–N–H) decreased. Both pieces of evidence confirm 
the existence of chemical interactions between the carboxylic groups in 
glycine and the amino groups in g-C3N4. 

3.2. Nanofiltration performance of GO/g-C3N4 composite membranes 

3.2.1. The effect of the loading of g-C3N4 
As GO and g-C3N4 can be assembled to form an intact membrane by 

π-π interaction and electrostatic interaction [42,43], the nanofiltration 
performance was evaluated using an MB/water (20 ppm) solution as a 
model feed. First, the separation performance of a series of composite 
membranes prepared by different loading of g-C3N4 was studied, and the 
results are summarized in Fig. 6a. As shown there, the MB rejection of 
pure GO membrane was only 32.8% with a total permeance of 26.6 L 
m� 2 h� 1 bar� 1. The pure g-C3N4 membrane with its loosely stacked 
structure exhibited negligible separation performance. However, after 
the introduction of g-C3N4, the rejection rate was significantly 
improved. We found that the performance was inversely proportional to 
the loading of g-C3N4. For example, the MB rejection reached 64.9% by 
adding 2 mL of g-C3N4 during membrane preparation (i.e., the mass ratio 
of g-C3N4/GO was ca. 1.5), but a reduced permeance of only 7.6 L h� 1 

m� 2 bar� 1 was obtained. The reason may be due to the reduced nano
channel dimensions as g-C3N4 nanosheets were intercalated between the 
layers of GO (see Fig. 6b), leading to slower diffusion of water through 
the layer. When a higher amount of g-C3N4 was distributed between the 
laminates, the 2D nanochannels were further reduced in size, resulting 

in a higher retention of the MB. In addition, the positively charged 
g-C3N4 provided a repulsive force to the positive charge dye MB mole
cules, which also contributed to the better rejection of MB [44,45]. Yet, 
the effect of adsorption on the separation data was eliminated during the 
stabilization period. Fig. 6c shows the S parameter and the corre
sponding penetration depth of positrons over pure GO and GO/g-C3N4 
membranes as a function of positron incident energy. As shown here, the 
GO/g-C3N4 membrane had smaller S values than the pure GO membrane 
near the peak at 1.2 keV, indicating either a smaller free volume size or a 
lower free volume content [46,47]. Accordingly, the GO/g-C3N4 mem
brane possessed a denser structure than the pure GO membrane, which 
favored a higher rejection of MB. However, the S parameter of the 
GO/g-C3N4 membrane decreased slower than the pure GO membrane at 
positron energies >1.2 keV, indicating that it had a thicker selective 
layer, which was consistent with the above observations from SEM (see 
Fig. 2 g, h). Therefore, both a denser and thicker selective layer led to the 
lower permeance and high MB rejection of the GO/g-C3N4 membrane. 

3.2.2. The effect of HPEI coating 
HPEI is a polymer containing a large number of amino groups, which 

is frequently used to change the surface charge of a membrane [45], 
thereby changing the permeability of the membrane. We therefore 
tested if the separation performance of GO/g-C3N4 composite mem
branes could be further improved by coating with HPEI of different 
molecular weights (M.W.), as displayed in Fig. 7. Fig. 7a and b shows the 
separation performance of the modified membranes in their dry state 
and wet states (viz., solvated state). From Fig. 7a and b, the laminates 
were vacuum-tight in the dry state before testing (i.e., without solvent 

Fig. 7. (a,b) Separation performance of GO/g-C3N4 composite membranes modified by HPEI of different molecular weights. (c,d) Representative SEM cross-section 
image of composite membrane modified by HPEI (M.W. ¼ 10,000). (a,c) Membranes in dry state, and (b,d) membranes in the wet state. Note: herein, 2.0 mL of g- 
C3N4 was added during the synthesis. 
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soaking), and they showed much lower permeance than the laminates 
that were soaked in water before testing. For instance, the total per
meance of GO/g-C3N4 membrane coated by HPEI (M.W. ¼ 600) was 3.2 
and 12.0 L h� 1 m� 2 bar� 1, respectively, in the dry and wet states. This 
may be due to the compact microstructure and narrow 2D micro
channels in the dried laminates. There was no significant difference in 
the top-view SEM images of the membranes in the dry state and in the 
wet state (Fig. S6). However, as shown in the side-view images in Fig. 7c 
and d, the thickness of the wet membrane (note: freeze-dried before the 
measurement) is greater than the dry membrane thickness (130 nm vs. 
110 nm). By changing the M.W. of HPEI, a similar trend was found 
(Fig. S7). This finding was consistent with Shi et al. who reported that 
solvated r-GO membranes showed much higher solvent permeances 
than completely dried rGO membranes [29]. In addition, the MB 
rejection increased with increasing M.W. of HPEI in both wet and dried 
membranes. For instance, the MB rejection was nearly 90% after being 
coated with HPEI with a M.W. of 10,000. This was due to the positively 
charged surface deposited by the HPEI coating layer, which produced an 
additional repulsive force acting on MB molecules as they passed 
through the 2D channels. 

3.2.3. The effect of the amount of glycine 
In order to determine the optimal amount of glycine during chemical 

modification, we also prepared several different membranes with 
different amounts of glycine, as shown in Fig. 8a. When an increased 
amount of glycine was used, the permeation and MB rejection were 
significantly changed. That is, the permeation increased continuously 

and the MB rejection decreased. For instance, when 0.6 mL glycine was 
used, the membrane exhibited an MB rejection of 85.3% and a perme
ation of 3.8 L h� 1 m� 2 bar� 1. However, when the amount of glycine was 
2 mL, the permeation reached 109.1 L h� 1 m� 2 bar� 1, which was much 
larger than the penetration of the GO/g-C3N4 composite membrane. 
Unfortunately, a very low MB rejection of 25.8% was achieved. Simi
larly, Fig. S8 shows the S parameter and the corresponding penetration 
depth of positrons over GO/g-C3N4 and Gly-GO/g-C3N4 membranes as a 
function of positron incident energy. As shown in Fig. S8, the Gly-GO/g- 
C3N4 membrane shows a larger S value than the GO/g-C3N4 membrane 
before 4 keV, indicating its higher free volume or larger pore size. 
Moreover, the S parameters of the two membranes decreased similarly, 
indicating the thicknesses of their selective layers were very close. In 
addition, the pore volume and pore size distribution data of the mem
brane samples were determined by nitrogen physisorption testing. The 
results are shown in Fig. S9. Before testing, the GO-based membranes 
were peeled off from the MCE substrate to obtain information on the 
selective layer. As shown, all of the GO-based membranes had abundant 
micropores (pore size < 2 nm), and the average pore sizes of the GO, 
GO/g-C3N4, and Gly-GO/g-C3N4 membranes were 2.6, 2.2, and 2.8 nm, 
respectively. The total pore volumes of the GO, GO/g-C3N4, and Gly- 
GO/g-C3N4 membranes were 0.44, 0.48, and 1.15 cm3 g� 1, respectively. 
In addition, the specific Brunauer–Emmett–Teller (BET) surface areas of 
the GO, GO/g-C3N4, and Gly-GO/g-C3N4 membranes were 224, 271, and 
589 m2 g� 1. Accordingly, all of the textural properties indicated that the 
addition of glycine as a molecular linker to GO/g-C3N4 composite 
membrane increased the pore size and pore volume, thereby enhancing 

Fig. 8. (a) The separation performance of Gly-GO/g-C3N4 membranes, (b) the separation performance of HPEI modified Gly-GO/g-C3N4 membranes (M.W. of HPEI 
¼ 10,000), wherein, the concentration of glycine used in these experiments was 1 mg/mL. (c) Schematic diagram of the process of water passing through 2D 
nanochannels before and after glycine was inserted into the composite membranes. 
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the permeance [48]. Fig. 8b depicts the separation performance of the 
Gly-GO/g-C3N4 membrane after HPEI coating treatment. Likewise, the 
membrane permeation continuously increased with increasing glycine 
content. Finally, the MB rejection of the Gly-GO/g-C3N4 composite 
membrane modified by 2 mL glycine was nearly 90% after being coated 
with HPEI (M.W. ¼ 10,000), and the permeance was 25.8 L h� 1 m� 2 

bar� 1. As illustrated in Fig. 8c, this phenomenon may occur because the 
modification of glycine led to a looser stacking of graphene sheets, 
thereby increasing the permeance due to low barrier while inevitably 
sacrificing MB rejection [18]. 

The pure water permeance of the GO, GO/g-C3N4, and Gly-GO/g- 
C3N4 membranes are compared in Fig. 9a. Similar to the above result in 
Fig. 6b, the introduction of g-C3N4 nanosheets reduced the size of the 2D 
nanochannels in the GO membrane, reducing the pure water permeance 
of the membrane from 46 L h� 1 m� 2 bar� 1 to 23.7 L h� 1 m� 2 bar� 1. 
However, the pure water permeance of the Gly-GO/g-C3N4 membrane 
climbed to 206.8 L h� 1 m� 2 bar� 1. The high water permeance was close 
to the data obtained from the reported MOF/GO/CA (CA ¼ cellulose 
acetate) composite membranes (183.5 L m� 2 h� 1) [8], and was much 
larger than other small molecule modified GO membranes. For example, 
Zhang et al. reported inserting inorganic MoS2 sheets into the interlayer 
of a GO membrane, but the penetration value was only 10.2 L h� 1 m� 2 

bar� 1 [49]. These values indicate that the introduction of glycine 
changed the layer spacing of laminates and greatly enhanced the water 

transport capacity of the GO membrane, consistent with the illustrations 
shown in Figs. 6a and 8c. Furthermore, the effect of the pHs of the dye 
solutions on the separation performance of the Gly-GO/g-C3N4 mem
brane was investigated by adjusting the pHs of MB aqueous solutions 
from 4 to 10. As shown in Fig. 9c, the rejections of MB (molecular weight 
of 320 g/mol and size of 2 nm) remained between 80% to 90%, with a 
permeance of around 25 L h� 1 m� 2 bar� 1 in most cases (pH of 5–10). 
However, at the low pH of 4, the rejection decreased to about 31%, 
probably due to acid etching of the Gly-GO/g-C3N4 structure. We also 
investigated the effect of feed concentration on separation performance. 
An increased dye concentration in the feed solution led to concentration 
polarization and increased osmotic pressure; therefore, the driving force 
of the solvent (i.e., H2O) decreased in a constant pressure operation [50]. 
Accordingly, as shown in Fig. 9d, the permeance decreased inevitably 
with an almost constant dye rejection. However, the permeation rate of 
MB (in the unit of mmol m� 2 h� 1) showed an approximately linear 
relationship with its concentration in the feed due to the increased os
motic pressure. 

3.2.4. Other dye retention performance 
We also selected a series of dye molecules of different sizes and 

charges (see Fig. S10) for the evaluation of the separation performance 
of our prepared Gly-GO/g-C3N4/HPEI composite membranes, which are 
summarized in Fig. 9b. We found that both the molecular size and 

Fig. 9. (a) Pure water permeance of different membrane at a pressure of 1 bar. (b) Separation performance of Gly-GO/g-C3N4 membranes modified by HPEI (M.W. ¼
10,000) towards different organic dyes. Note: the amounts of both g-C3N4 and glycine during the synthesis were 2.0 mL. (c) The effect of pH of MB solution on the 
separation performance of Gly-GO/g-C3N4 membrane. (d) The effect of feed concentration on the separation performance of Gly-GO/g-C3N4 membrane, including 
total permeance, dye rejection, and dye permeation rate. 
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electrostatic charge of dye molecules significantly affected their reten
tion. Similar to MB, both RhB and AB are positively charged, and they 
share a repulsive force for the membrane surface. Therefore, the rejec
tion of RhB (M.W. ¼ 479.0) and AB (M.W. ¼ 1298.9) reached 77.7% and 
89.5%, respectively. By comparison, EY (M.W. ¼ 647.9) and EB (M.W. 
¼ 960.8) are much larger than MB (M.W. ¼ 319.9), and their rejection 
was 91.1% and 99.4% while maintaining a total permeance of 15.7 and 
42.9 L h� 1 m� 2 bar� 1, respectively. Nevertheless, EY and EB are anionic 
dyes, thus their adsorption at the initial time point was one of the rea
sons for their high rejection (see Fig. S11). However, based on the 
adsorption equilibrium, a high rejection could be maintained and the 
dyes were concentrated in the feed side, indicating the molecular sieve 
effect of the designed membranes [49,51]. We also compared the sep
aration performance of our prepared membranes with other reported 
GO membranes, as shown in Fig. 10a and Table S2. The obtained Gly-
GO/g-C3N4 membrane had a higher water penetration (56.1 L h� 1 m� 2 

bar� 1) than most GO membrane while maintaining high retention of 
organic dyes. These results suggest that glycine molecules play a syn
ergistic role with GO/g-C3N4, contributing to the enhanced separation 
performance of GO-based membrane [18,52–62]. The long-term sta
bility of the Gly-GO/g-C3N4 membrane was further investigated and the 
results are summarized in Fig. 10b. It was found that the membrane 
yielded 90%–93% dye rejection over a 40 h testing period, indicating 
acceptable stability. The permeance declined slightly and reached a 
steady value of 43.2 L h� 1 m� 2 bar� 1, probably due to concentration 
polarization or fouling on the membrane surface [63]. 

4. Conclusions 

In this study, we successfully prepared a series of GO/g-C3N4 com
posite membranes by glycine modification for nanofiltration. Both 
glycine and g-C3N4 were intercalated between the GO nanosheets by 
covalent and non-covalent interactions, respectively. The resulting 
tightly assembled membranes had enlarged interlayer spacing and 
larger transport channels for water transportation while retaining good 
solute retention (viz., organic dyes). Both XPS and FTIR results confirm 
the successful grafting of glycine on the GO membranes. After the 
further surface modification of the composite membrane by HPEI, the 
separation performance was further enhanced, suggesting both physical 
sieving and electrostatic interaction contributed to the high dye rejec
tion observed. In summary, this study combines both non-covalent and 
covalent interactions to modify GO membranes, which not only im
proves the separation performance of GO membranes but also provides a 

simple solution-based strategy for the fabrication of GO membranes for 
the water purification field. 
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