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Fungal Cell Wall-Graphene Oxide Microcomposite 
Membrane for Organic Solvent Nanofiltration

Liyuan Zhang,* Mengchen Zhang, Gongping Liu,* Wanqin Jin, and Xiaoyan Li

High permeability and selectivity have long been pursued in membrane sepa-
ration technology. However, this purpose remains a paramount challenge for 
molecular separations mainly limited by the trade-off between permeance and 
-selectivity. Here, a bio-utilization strategy based on deep understanding of 
bio-features to fabricate a cell wall-graphene oxide microcomposite mem-
brane for organic solvent nanofiltration is rationally designed. The membrane 
displays a unique configuration with alternating stacking of cell wall layers 
and ultrathin graphene oxide layers. Moreover, the interactions between the 
cell wall and graphene oxide as well as between the membrane and solvent 
are mainly revealed by all atom molecular dynamics to uncover the possible 
working principle of the membrane. Specifically, the strong graphene oxide-
cell wall interaction and anti-swelling behavior of the cell wall together restrict 
the expansion of the graphene oxide layer to promise high selectivity. Mean-
while, the well-developed porosity of the cell wall allows a high throughput of 
various solvents through the membrane, showing excellent rejection for small 
molecules and solvent permeance as high as 56 L m2 h1 bar−1. The proposed 
cell wall microcomposite 2D structure could encourage the practical applica-
tions of GO-based membranes.
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orderly stacking GO laminates serve as 
selective sieves to block the molecules 
with size larger than the interlayer dis-
tance.[14–20] Substantial progresses have 
been achieved, as revealed in previous 
research.[21–28] However, it is still great 
challenge to develop GO-based OSN 
membrane with high permeance, prom-
ising selectivity, and superior stability. On 
one hand, the long and tortuous pathways 
impose high transportation resistance, 
which decreases permeance.[29–31] On 
the other hand, the unfavorable swelling 
effects of GO laminates in organic sol-
vents disintegrate precise laminar struc-
ture, which deteriorates the rejection 
performance.[32–34] Moreover, increasing 
the rejection performance would com-
monly decrease the permeance and vice 
versa, which is the classic permeance-
selectivity trade off.

Microorganisms contain sophisti-
cated structures after millions of years’ 
evolution. Understanding the biological 

structures and their unique functions could provide unex-
pected solution to the practical problems.[35] As a typical 
example, fungus is a classical microorganism that has cell 
wall as a protective shield and a critical permeability barrier.[36] 
The fungal cell wall is composed of biomacromolecules and 
possesses abundant nanoscale channels with mean size esti-
mated to be within 10  nm.[37,38] These channels enable effec-
tive mass transfer from outer environment to the inner cell to 
maintain the metabolisms, which is also potentially beneficial 
for a high throughput in membrane.[36,39] Moreover, due to 
the inter-crosslinking of macromolecules, the fungal cell wall 
is of superb mechanical stability and anti-swelling behavior 
in common organic solvents (e.g., alcohol).[40–43] No wonder, 
the fracture and swelling of membrane would be restricted 
to maintain a certain interlayer spacing with incorporation of 
cell wall. Additionally, cell wall could not only self-assemble 
into macroscopic film,[43] but also capture various nanoscale 
materials by adhesion onto its surface.[41] Building on the deep 
understanding, the bio-utilization by applying fungal cell wall 
as building block to build the GO-based membrane might be a 
rational strategy to overcome the critical restrictive permeance-
selectivity trade-off and stability issue.[44]

In this paper, we designed a fungal cell wall-GO microcom-
posite membrane (briefly CW-GO microcomposite membrane) 
for highly efficient OSN. The GO-CW interactions induced the 
formation of unique alternative stacking structure of cell wall 

1. Introduction

Separation of chemicals from organic solvents is generally 
required in many substantial areas, such as pharmaceutical and 
dye industries.[1] Organic solvent nanofiltration (OSN) mem-
brane technology is a promising option for such a purpose.[2–5] 
Recently, graphene oxide (GO) is becoming important building 
block to fabricate the performing OSN membranes.[6–13] The 
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layer and GO layer (Scheme  1a). Within this microcomposite 
configuration, the cell wall with anti-swelling behavior pro-
hibits the GO interlayer expansion to promise a high selec-
tivity (Scheme 1b). Moreover, the cell wall with well-developed 
nanoscale channels creates the membrane transport short-
cuts to allow a high permeance (Scheme  1c). In typical, the 
CW-GO microcomposite membrane exhibited a competitive 
dye rejection rate (>93%) and permeance in organic solvents 
[≈56 L m2 h1 bar−1 (LMH bar−1)].

2. Results

2.1. Fabrication of CW-GO Microcomposite Membrane

The cell wall suspension was prepared by collecting and 
purifying the hyphae from fungal pellets (Materials S1 and 
Figure S1, Supporting Information). As shown in Figure S2, 
Supporting Information, the pure cell wall exhibited belt-like 
morphology with thickness of ≈100  nm. Noticeably, owing to 
the multifunctional biomacromolecules, various nanomate-
rials dispersed in aqueous solution could readily adhere to the 
surface of fungal cell wall.[45–47] The fabrication process of the 
CW-GO microcomposite membrane is provided in Figure S3, 
Supporting Information. When the GO solution was mixed 
with the cell wall suspension, the GO nanosheets attached to 
the surface of fungal cell wall to form the CW-GO microcom-
posite. Figure S4, Supporting Information, displays that the 
white cell wall suspension changed to light brown as soon as it 

contacted with the GO solution, indicating the formation of the 
CW-GO microcomposite. Actually, the GO nanosheets wrapped 
several cell walls and the ultrathin GO layer ultimately covered 
the surface of cell walls (Figure S5, Supporting Information). 
The CW-GO microcomposites were purified by repeated cen-
trifugation and water washing to remove excessive unbonded 
GO, and then dispersed in water for further use. Noticeably, the 
centrifugation runs with 4000  rpm, which could not force the 
dispersed GO nanosheets fall down with the microcomposite. 
Therefore, even excess GO would not affect the formation of 
microcomposite with ultrathin GO layer attaching into the 
cell wall. However, decrease of the GO dosage would produce 
incomplete GO layer on the cell wall. The concentration of the 
microcomposites is ≈8.3 mg mL−1 and the mass concentration 
of GO on cell wall is 0.12 g/g (Materials S2, Supporting Infor-
mation). The CW-GO microcomposite membrane was fabri-
cated by assembling the CW-GO microcomposites via vacuum 
filtration method (Figure S3, Supporting Information). The 
sample is named as CW-GO-x, where the x represents the ratio 
of microcomposites dosage (mg) to PVDF film diameter (4 cm).

The membrane could be readily peeled off after drying. 
As shown in Figure 1a, the membrane is transparent, and 
noticeably the light brown color is resulted from the GO. The 
pure cell wall membrane tends to be colorless transparent 
(Figure S5, Supporting Information). Moreover, the CW-GO 
microcomposite membrane is flexible (Figure 1b), which can be 
bended without fracture. This indirectly indicates its superior 
mechanical stability, which is conducive to the OSN applica-
tions. Moreover, as compared with the previous research using 

Scheme 1. The configuration and potential working principles of CW-GO microcomposite membrane: a) CW-GO microcomposite membrane with 
∙∙∙GO/CW∙∙∙ alternative stacking structure; b) cell wall restricting GO layer expansion to promise a high selectivity; and c) cell wall possessing well-
developed nanoscale channels to allow a high permeance.
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synthetic polymers or inorganic materials,[6,8,11,48–50] the current 
method is environmentally friend and sustainable.

2.2. Characterization of CW-GO Microcomposite Membrane

SEM technique was used to investigate the microstructure of 
the CW-GO microcomposite membrane by taking CW-GO-1 
as an example. As given in Figure  1c, the high-magnification 
image revealed an intact surface of the membrane with cell wall 
microbelts stacking with each other. Interestingly, as shown in 
Figure  1d, the SEM image of the single microcomposite sug-
gested the adhesion of GO sheets onto the cell wall. Moreover, 
GO sheets could cover two parallelly adjacent cell walls. The gap 
between the GO sheet and cell wall as in Figure 1d disappeared 
after the formation of CW-GO microcomposite membrane 
(Figure 1c) by vacuum filtration. This indicated an ultimate con-
tact between the cell wall and GO, which should be driven by 
the atmospheric pressure. Based on the fabrication procedures 

and SEM analysis, each of the stacked cell walls should be cov-
ered with GO sheets. This sufficiently indicated an alternative 
GO-CW-GO stacking configuration of the membrane.

The cross-section of the membrane GO-CW-1 is shown in 
Figure 1e. The thickness can be measured from the cross-sec-
tion SEM image, which is ≈1448 nm. The thickness of pristine 
GO membrane with identical GO mass for GO-CW-1 is ≈40 nm 
(Figure S6, Supporting Information). Typically, the membrane 
exhibited a microcomposite alternative stacking configura-
tion, which is in line with the above analysis. In general, the 
thickness of the single cell wall and GO is ≈100 nm (Figure S2,  
Supporting Information) and ≈1  nm,[51] respectively. From the 
cross-section image, there are around 14 layers of cell wall, 
which is equal to a thickness of total cell wall layers of ≈1400 nm 
in membrane. In turn, the thickness of the total GO layers is 
≈48 nm, which is remarkably close to the results of Figure S6, 
Supporting Information, above. For each GO layer, its thick-
ness is ≈3.4 nm. This exhibits an ultrathin feature of each GO 
layer. This interesting alternative GO-CW-GO microcomposite 

Figure 1. a,b) Photo images of the CW-GO microcomposite membrane (scale bar: 1 cm). SEM images of the CW-GO-1: c) low magnification by top 
view; d) high magnification by top view; and e) cross section of the hybrid membrane [scale bar: 3 µm for (c), 1 µm for (d), and 2 µm for (e)].
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structure with well-developed nano channels within cell wall 
and ultrathin feature of GO layer might favor a high perme-
ance for the solvent in OSN process. Moreover, the opening of 
interlayer spacing of GO layers might also be restricted by the 
solvent-resisted cell walls. Totally speaking, the membrane pos-
sibly possesses high permeance and selectivity in OSN applica-
tions. In addition, the membrane prepared with various dosage 
of microcomposite possessed similar morphology (Figure S7, 
Supporting Information).

The interaction between cell wall and GO was investigated 
by FITR (Figure  2). The analysis of the IR peaks is given in 
Figure S9, Supporting Information. In FTIR, transmittance 
mode was applied, and the IR light went through the whole 
hybrid membrane. As seen in Figure  2, the IR signals of the 
hybrid membrane are nearly identical to that of cell wall. This 
could be ascribed to the dominated amount of cell wall in the 
membrane. It must be noted that GO could chemically react 
with cell wall at >80  °C,[42] but in this research, the tempera-
ture was maintained at ≈25 °C, which could not cause obvious 
chemical reaction. In other words, it could be confirmed by 

FTIR analysis that the non-covalent bonding should be the 
major interaction manners for cell wall and GO. Moreover, the 
XPS detection in the depth direction was conducted to under-
stand configuration of the CW-GO microcomposite membrane. 
As given in right part of Figure 2, the peak related to the CO 
and CO for the raw CW-GO microcomposite membrane was 
at ≈286.8  eV. However, the binding energy decreased with the 
increase of the depth. Typically, when the depth reached to 6 nm, 
the peak position decreased to ≈286.2 eV, which is nearly iden-
tical to that of the pure CW membrane (Figure S9, Supporting 
Information). The result suggests that the thickness of the GO 
layer is between 4 and 6  nm, which is close to the calculated 
value above. Similar conclusion could be draw from the analysis 
of Raman spectra (Figure S10, Supporting Information).

2.3. OSN Performance of CW-GO Microcomposite Membrane

The CW-GO microcomposite membrane is permeable to all 
tested organic solvents, and the permeance of the CW-GO 

Figure 2. Characterizations of the materials: a) the FTIR spectra of cell wall, CW-GO microcomposite membrane, and GO; and b) the XPS depth 
profiling of the C1s spectra of CW-GO microcomposite membrane. Note: the sputtering rate is ≈12 nm min−1 and every turn of etching takes ≈10 s.
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microcomposite membrane showed a predominant dependence 
on the viscosity of solvent (Table S1, Supporting Information). 
It has been reported that for a pressure-driven flow, the solvent 
transport through two parallel GO nanosheets can be described 
by the Hagen–Poiseuille equation for viscous flow assuming a 
no-slip boundary condition.[12] It is clear from the Figure 3a that 
the permeance behavior for the CW-GO microcomposite mem-
brane is very good fit with the Hagen–Poiseuille equation, that 
is, the permeance has a linear correlation with the reciprocal 
of the viscosity, independent of the organic solvents used. With 

the decrease of solvent viscosity, the permeance increased from  
8.3 LMH bar−1 for 1-butanol to 94.4 LMH bar−1 for n-hexane. 
Such nearly linear relationship between the solvent viscosity 
and the membrane permeance can be exemplified by the 
Hagen–Poiseuille equation.[12] This is in accordance with pre-
vious reports, indicating the viscous nature of the solvents when 
flowing through the CW-GO microcomposite membrane.[12,52]

The separation performance of membranes for OSN was 
then investigated using a methanol solution of Evans blue. As 
compared in Figure  3b, the permeance for the pure cell wall 

Figure 3. Performance of the CW-GO microcomposite membrane with pressure of 2 bar for every experiment: a) permeance of CW-GO-1 in different 
solvents; b) permeance and rejection rate of membrane made of various pure materials; c) comparison between CW-GO microcomposite membrane 
and diverse GO-based materials reported in the aspects of permeance and rejection rate (the aerobic number represents the reference number);  
d) XRD patterns of CW-GO microcomposite membrane and pure GO membrane in dry and wet (MeOH as solvent) states; and e) permeance and 
rejection rate of CW-GO-1 in a long-term OSN process.
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membrane is as high as 203.4 LMH bar−1, but the rejection 
rate is <80% due to the abundant nanoscale pores of cell wall. 
In contrast, the rejection rate for the pristine GO membrane 
is 98.5%, while the permeance is only 6.6 LMH bar−1, owing 
to the narrow interlayer spacing of GO laminates. Impres-
sively, by strategically combining cell wall and GO layers, the 
CW-GO microcomposite membrane achieved an ideal balance 
between permeability and selectivity, exhibiting excellent OSN 
performance with methanol permeance of 56.5 LMH bar−1 and 
dye rejection rate of >96%. These results demonstrated that the 
cell wall is the major contributor for the high permeance of 
solvents. Meanwhile, the GO layers are the determining com-
ponents to promise a high selectivity to reject the dyes. We fur-
ther evaluated the effect of membrane thickness on their OSN 
performance. As seen in Figure S11, Supporting Information, 
the methanol permeance sharply dropped and the rejection rate 
slightly improved with the increase of membrane thickness. 
Note that the relative thin CW-GO membranes have uniform, 
dense, and ordered alternative stacking structure, following an 
inversely proportional law between membrane permeance and 
membrane thickness. Whereas the relative thick CW-GO mem-
branes have top CW-GO layers in random order,[53] resulting 
in the higher membrane permeance than the predicted value 
by the Hagen–Poiseuille flow model (Table S2, Supporting 
Information). Moreover, another several dyes with different 
molecular weights (including Sudan I, Methylene blue, Rhoda-
mine B, Substantive red, Titan yellow, Brilliant blue, and Rose 
Bengal) were tested to verify the applicability of membranes 
for OSN (Figure S12, Supporting Information). The CW-GO 
microcomposite membrane exhibited methanol permeance 
of 54–64 LMH bar−1, and rejected more than 90% of organic 
dye molecules with molecular weights ranging from 248.3 g to 
1017.6 g mol−1, showing good molecular sieving properties.

Based on the above results, the CW-GO microcomposite 
membrane fully utilizes the highly permeable cell wall chan-
nels and the highly selective GO channels. As a result, the sol-
vent permeance of the CW-GO microcomposite membrane is 
an order of magnitude higher than that of pristine GO mem-
brane, while its dye rejection performance is improved by more 
than 25% as compared with the pure cell wall membrane. As 
illustrated in Figure  3c, our optimized CW-GO microcom-
posite membrane simultaneously excels in both permeance 
and rejection properties. This displays highly competitive OSN 
performance over the most-reported GO-based membranes, of 
which the information is summarized in Table S3, Supporting 
Information.

More importantly, sufficient stability is the prerequisite for 
practical OSN applications.[54] Here, XRD technique was applied 
to investigate the stability of the CW-GO microcomposite 
membrane.[55] As shown in Figure  3d, the dried cell wall-GO 
membrane has a diffraction peak at ≈9.37°, which indicates an 
interlayer distance of ≈0.94 nm between the stacked GO sheets. 
Note: there is only one broad peak (≈18°) in the XRD pattern 
of the pure cell wall (Figure S13, Supporting Information), 
which indicates its amorphous nature. However, the diffrac-
tion peak gently declines to ≈9.05° as the CW-GO microcom-
posite membrane is in organic solvent (methanol), suggesting 
a slight increase of interlayer distance to ≈0.98  nm. Mean-
while, the interlayer distance of the CW-GO microcomposite 

membrane does not change obviously in NMP (≈0.98  nm) 
and EtOH (≈0.96  nm), which is similar to the case in MeOH 
(Figure S13, Supporting Information). The swelling-induced 
interlayer distance increase of GO layers in the CW-GO micro-
composite membrane was only ≈0.04 nm, confirming that the 
presence of the cell wall can restrict the expansion of interlayer 
space of GO layers in organic solvents. This unique feature of 
cell wall promises the high dye rejection rate of CW-GO micro-
composite membrane. It is easy to understand that the increase 
of interlayer distance by 0.04  nm in MeOH does not deterio-
rate the rejection performance of the CW-GO microcomposite 
membrane. In contrast, when immersing the pure GO mem-
brane in MeOH, it suffered from significant enlargement of 
GO interlayer distance by ≈0.58 nm. This should be caused by 
the severe solvation of GO by MeOH, which indirectly demon-
strated the high stability of CW-GO microcomposite membrane 
in organic solvents. On the other hand, the peak position of 
the dried CW-GO microcomposite membrane is ≈1.5° smaller 
than that of the dried GO membrane. That is to say, CW-GO 
microcomposite membrane exhibited a relatively large inter-
layer spacing, which might be originated from the wrinkled 
texture of GO layers (Figure  2c,d). Furthermore, the stability 
was revealed by a long-term running experiment. As given in 
Figure  3e, the CW-GO microcomposite membrane retained a 
steady and high OSN performance over a duration of 120 h. 
Such outstanding membrane stability is desirable to meet the 
industrial requirements.

3. Discussion

3.1. Cell Wall-GO Interactions

Non-covalent interactions between cell wall and GO were con-
firmed with FTIR and XPS above. However, further information 
cannot be obtained by the analysis of these characterizations. 
Here all atom molecular dynamics were taken to understand 
the cell wall-GO interactions. Based on the well-recognized 
fungal model, the chitin is in the inner section of cell wall, 
which acts as mechanical support for the cell and would not 
expose to the outer environment. Other components like the 
lipids and glycoproteins are on the outer section of cell wall, 
and they are cross-linked with each other to form a very stable 
structure. Here, a solid SiO2 plate was used to represent the 
rigid chitin and on its surface the molecular fractions of lipids 
and glycoproteins were attached to simulate the cell wall (Mate-
rials S4, Supporting Information). Two GO nanosheets were 
introduced onto the cell wall in one time.

As shown in Figure 4a,b, lipids and glycoproteins were lying 
down on the rigid substrate. After the introduction of GO, their 
configuration had no obvious change. Meanwhile, the GO plane 
laid down on the cell wall surface with an ultimate contact, 
which suggested a strong interaction (Figure 4c,e). Specifically, 
the hydroxy and amino groups from glycoproteins interacted 
with the oxygen on GO to form hydrogen bonds (Figure  4c). 
As experimentally confirmed previously, lipids could play with 
the conjugated structure of GO through hydrophobic interac-
tion.[56] That is to say, hydrophobic lipid component and hydro-
philic component in cell wall could all strongly interact with the 
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amphiphilic GO through hydrophobic interaction and hydrogen 
bonding. In addition, the short-range van der Waals force and 
long-range electrostatic force also play additional roles for the 
cell wall-GO interactions. Basically, these strong interactions 
are the basis for the formation of CW-GO microcomposites.

3.2. Solvation Behaviors

As concluded above, the pure cell wall membrane has a rather 
poor capability to reject the dyes, but the dye rejection of the 
pristine GO membrane is superior. The GO layers in the 
CW-GO microcomposite membrane played a dominant role 
in dye rejection. Moreover, according to the characterizations 
above, each GO layer between the two cell walls (due to stacking 
structure) most possibly contained an average of 3–4 GO sheets. 
Therefore, in each GO layer the majority of GO sheets mainly 
interacted with the two adjacent cell walls (Scheme 1a). Conse-
quently, understanding the solvation behavior of cell wall-GO 
microcomposite was important to elucidate the high perfor-
mance of the membrane for dye rejection.

Herein, all atom molecular dynamics were further applied 
to simulate the interaction between organic solvent and cell 
wall-GO microcomposites. The methanol was used as a typical 

solvent. As revealed above, the cell wall-GO interaction was 
merely based on non-covalent binding. Based on the calculation 
in Figures 4d and 4f, methanol could interact with the GO and 
cell wall, respectively. The hydrogen bonding is still the major 
force for their interactions, as marked by blue dash circles. 
However, methanol could not dissociate the already-formed 
bonding between cell wall and GO. In other words, the non-
covalent cell wall-GO interactions were strong enough to avoid 
the GO departure from cell wall induced by solvent. Thus, the 
GO could be stabilized by the cell wall even in the presence of 
organic solvent. The solvation behavior of CW-GO microcom-
posite membrane in other solvents was studied and is shown 
in Figures S14 and S17, Supporting Information. Basically, the 
ultimate cell wall-GO contact might already create the sieving 
channel to prevent the undesired molecules from passing 
through the membrane. Moreover, based on the simulations 
of microcomposite in solvents, it could be indirectly confirmed 
that the cell wall-GO interactions are stronger than the respec-
tive cell wall-solvents interactions and GO-solvents interactions. 
This explains the rapid formation of CW-GO microcompos-
ites as soon as the cell wall dispersion was mixed with the GO 
dispersion.

Although the top and bottom GO sheets could be stabi-
lized by the cell wall to sieve the molecule, the middle parts 

Figure 4. Interaction between cell wall and GO by all atom molecular dynamics: a) side view and b) top view of the configuration illustrating the inter-
action between GO and cell wall; c) the yellow dash circle marking a typical hydrogen bonding between GO and lipid-glycoprotein layer; interaction of 
solvent with cell wall-GO microcomposites; d) side view of the GO-cell wall microcomposites in the presence of methanol (the methanol molecules 
were not shown here) and the hydrogen bonding from GO-methanol and cell wall-methanol interactions marked by blue dash circles; and e,f) radial 
distribution functions of cell wall-GO, microcomposite membrane-solvent and GO-solvent structures.
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between these two sheets might swell in the organic solvents. 
This would expand the interlayer spacing to possibly attenuate 
the rejection performance.[55] Nonetheless, based on the above 
results (Figure 3d,e), the CW-GO microcomposite membrane 
actually had a high stability. To explain this phenomenon, 
the swelling of the cell wall was investigated. As shown in 
Figure S15, Supporting Information, the cell wall exhibited 
an inherently anti-swelling behavior towards the organic sol-
vents. In contrast, the pure GO membrane swelled heavily 
in organic solvent as revealed by XRD above (Figure 3d). The 
interlayer distance of the dry GO membrane increased aggres-
sively from ≈0.82 nm to ≈1.4 nm. That is to say, the cell wall 
could not only stabilize the GO sheets directly interacting with 
it, but also further restrict the expansion of the inner section 
of the GO layer. These together promised high rejection of 
dye. Actually, the anti-swelling behavior of CW-GO microcom-
posite membrane is similar to the pure cell wall membrane 
(Figure S16, Supporting Information), which indirectly veri-
fied this opinion.

Apart from the promising rejection rate, the high perme-
ance of the hybrid membrane was another attracting indicator 
for the potential practical applications. In general, the contin-
uous stacking of GO nanosheets would form a continuously 
long and tortuous pathway for the solvent passing through 
the laminar GO membrane,[17] which usually cause a signifi-
cant mass transfer resistance and a low membrane perme-
ance. In our case, the membrane configuration is designed as 
a CW layer-GO layer alternative stacking mode (Figure S18,  
Supporting Information). The GO layer in the CW-GO micro-
composite membrane only consisted of 3–4 layers of GO 
nanosheets, and each GO layer did not contact each other 
directly but was separated by the cell wall. The pathway in 
such ultrathin GO layer would become much shorter for sol-
vent transportation. Moreover, the porous cell wall layer has 
an exceptionally low resistance for solvent penetration, which 
can be confirmed by the ultrahigh flux for pure cell wall mem-
brane. Therefore, the solvents could rapidly pass through 
the non-continuous ultrathin GO layer and cell wall layer, 
resulting in a remarkably high permeance of the CW-GO 
microcomposite membrane.[36]

4. Conclusion

In summary, we have developed a superior GO-based mem-
brane by incorporating the unique features of fungal cell wall. 
The membrane was composed of an alternative stacking of 
cell wall layer and ultrathin GO layer. The strong cell wall-GO 
interaction and the anti-swelling property of cell wall together 
restrict the expansion of interlayer space of GO, which blocks 
the targeted molecules away from going through the mem-
brane. Meanwhile, the high porosity of the fungal cell wall 
directly improves the permeability of membrane. Moreover, 
the membrane reported here has not only the high selectivity 
and permeability, but also the long-term stability in OSN pro-
cess. The CW-GO microcomposite membrane holds brilliant 
prospect boosting the practical applications of GO-based mem-
brane in OSN and providing interesting insight for membrane 
design.

5. Experimental Section
Preparation of the CW-GO Microcomposite Membrane: The preparation 

of the raw materials is given in Materials S1 and S2, Supporting 
Information. The cell wall-GO dispersion in water was the sole precursor 
to prepare the CW-GO microcomposite membrane. Vacuum filtration 
route was applied to fabricate the membrane. Specifically, PVDF 
membrane was used as substrate to support the formation of CW-GO 
microcomposite membrane due to its smooth surface. The cell wall-GO 
microcomposites dispersion (8.3 mg mL−1) was poured into the filtration 
vessel with PVDF membrane on. Then, vacuum was on to remove the 
water in microcomposites dispersion. The process was fast, which cost 
≈5 min. In a typical formula, 0.5 ml of dispersion was used to obtain the 
hybrid membrane on an area with effective diameter ≈4 cm.

As soon as the formation of the CW-GO microcomposite membrane, 
the whole membranes were taken into convection oven that has 
been preheated to 105  °C. The edge of the CW-GO microcomposite 
membrane would automatically separate from the PVDF membrane. 
Then, a careful hand-peeling could remove the hybrid membrane 
from the substrate membrane. On the other hand, there is no need 
to separate the hybrid membrane from the substrate membrane since 
the combined membranes could be directly used in dye rejection. The 
separation of CW-GO microcomposite membrane is to illustrate its 
superior mechanical stability.

Performance Evaluation: Membrane performance is tested using 
nanofiltration process under 2 bar by a home-made filtration device at 
room temperature. The effective area of the membranes is 17.35 cm2. 
The solvent flux (F, L m−2 h−1) was evaluated with various organic 
solvents (i.e., butanol, isopropanol, ethanol, methanol, tetrahydrofuran, 
acetonitrile, acetone, hexane), and the dye rejection ratio (R, %) was 
determined using different dyes (i.e., Evan blue, titan yellow, substantive 
red) with the concentration of 10  mg L−1. Each data was obtained by 
a new membrane sample after the filtration system reaching a steady 
state. The concentrations of feed and permeate solutions were measured 
by using UV–vis spectrophotometer. During the long-term filtration 
process, a constant-flux pump was employed to pump feed solution into 
the membrane module at a cross-flow rate of 50 mL min−1.

Solvent flux and dye rejection are calculated as follows:

F V
A t

= ×  (1)

1 100%p

f
R

c
c

= −






 ×  (2)

where V is the volume of permeate collected (L), A is the membrane 
effective area (m2), t is the permeation time (h), and cp and cf are the 
concentrations of the permeate and feed solution, respectively.
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