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1 Introduction
Some methylbenzene or xylene always be used as solvent in 

bag printing ink, food packaging film adhesives. These solvent 
residues may be converted to benzene vapor accumulation in 
packaging materials at high temperature, along with permeating 
in food, injuring hematopoietic function and destroying the 
nervous system subsequently. It is necessary to separate this 
poisonous benzene from aromatic /aliphatic hydrocarbon 
compound of solvent.

It is a challenge to separate the aliphatic / hydrocarbon system 
by molecular sieving techniques, for benzene is similar in size 
and polarity to cyclohexane and easily to form azeotrope mixture. 
Recently, some pervaporation polymer membranes have been 
proved to promote the penetration of benzene formally using the 
solution-diffusion model (Yang et al., 2020). The polar groups 
in polymer are conducive to interact with benzene containing P 
orbitals by the π-π, the effect, while other aliphatic hydrocarbons 
are not affected. For pervaporation technology, one material will 
show a higher affinity to membrane material than the other to 
be separated from the system, which has been successfully used 
for dehydration of organic solvent, removal of organic matter in 
water and separation of organic-organic system (Muller et al., 
2020). Some polymer films such as non-toxic cellulose butyl 
ester (Nairat  et  al., 2022), polypyrrole (Ramanavičius  et  al., 
2022), polyvinyl alcohol (Panda  et  al., 2022), polyethylene 
(Esmaeili-Faraj et al., 2021), polyester (Rostovtseva et al., 2022), 

polyurethane (Wu et al., 2022) are used in the membrane of 
separation. Water-borne polyurethane (WPU) is the only type 
of polymer that shows both thermos plasticity (Akram et al., 
2022) and thermosetting properties in membrane materials 
(Liu et al., 2019), which has significant advantages in the field 
of pervaporation membranes.

However, the biggest challenge of organic membranes is the 
high swelling rate, resulting in low selectivity and low mechanical 
strength of membranes. To overcome these drawbacks, Water-
borne polyurethane may be surface-modified with Graphene 
oxide (GO) by Polymerization. GO with a large ratio of vertical 
and aspect ratios can form a directional arrangement in the 
polymer matrix. The research from of Joshi (Joshi et al., 2014) 
shows that the effective transmission length of parallel graphene 
channels is L * H / d, which provides a fast and direct path for the 
components to be separated. However, the strong aggregation 
tendency and inherent inert surface of GO sheets result in the 
weak mechanical strength and poor chemical stability in practical 
application. (Jia et al., 2016). Many efforts have been done to 
modify GO, such as rearrangement of GO ’s oxygen-containing 
hydrophobic group (Xu et al., 2017), or applying reducing agent 
containing benzene rings to form rigid structures to expand 
GO interlayer channels (Qian et al., 2018), or doping GO into 
a certain polymer matrix to prepare a modified separation 
membrane material with excellent performance (Chen et al., 
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2018; Sun et al., 2017). Furtherly, considering environmental 
protection, the compatibility of GO with the membrane matrix 
needs to be brought to the forefront. Comparing to the modify 
agent of –HS (Yang et al., 2018), hydrazine (Burshtein et al., 
2022), NaBH4 (Shen et al., 2021), hydroquinone (Sabry et al, 
2022), concentrated H2SO4 (Kong et al., 2018), alumina powder 
(Wu et al., 2021), etc. Diamine has better dispersibility and gas 
sensitivity (Wang et al., 2020), and be expected to increase GO 
surface active sites, reduce polymer lattice defects and nanopores.

In order to apply GO-WU membrane in the pervaporation 
process of dissolution-diffusion model, a cross-linking aromatic 
modifier p-phenylenediamine (PPD), o-phenylenediamine 
(OPD) were used to prepare reduced GO (PPD-GO, OPD-GO) 
respectively, and aliphatic ethylenediamine (EDA)- reduced 
GO (EDA-GO) was used as reference sample. The key to the 
application of graphene oxide modified waterborne polyurethane 
(GO/WPU) membrane was the accurate regulation of layer 
spacing. These prepared GO and reduced GO are mixed with 
WPU separately to fabricate assembled membrane, aiming at 
expanding the diffusion performance of the system through the 
expansion channels of GO, and increasing the solubility by the 
π-π conjugation between GO and benzene.

2 Materials and methods
2.1 Raw materials

Graphite powder (99%) concentrated H2SO4 (96%), H3PO4, 
HCl (53%), KMnO4, ethylenediamine (AR) p-phenylenediamine 
(CP) o-phenylenediamine (CR)were all purchased from Sinopharm 
Chemical Reagent Co. Ltd. (Shanghai, China). Isophorone 
diisocyanate (IPDI), poly(tetra methylene glycol) (PTMG;molecular 
weight 2000 g/mol), and dimethylol propionicacid (DMPA) were 
all industrial grade and purchased from Hefei Anke Chemical 
Co. (Anhui, China). PTMG was dried at 120 °C in vacuo for 
1 day before use, and the other chemicalswere used as received. 
Deionized (DI) water was laboratory self-made.

2.2 Preparation reduced Graphene oxide

Graphene oxide (GO) was synthesized by a modified 
Hummers method (Joshi et al., 2021) 0.1 mol/L ethylenediamine 
(EDA), 0.1 mol/L p-phenylenediamine (PPD), and 0.1 mol/L 
o-phenylenediamine (OPD) was mixed with 0.25 mg/mL GO 
solution at equal volume at room temperature respectively, and 
magnetically stir for 0.5 h. After centrifuged and washed with 
deionized water for several times to remove unreacted components, 
the filtered were dried under vacuum at 60 °C to obtain three 
reduced GO (rGO) powders GO–EDA, GO–OPD, GO – PPD.

2.3 Preparation modified GO/WPU membrane

GO (10 mL, 0.1 mg/mL) and the three rGO (10 mL 0.1 mg/mL) 
dispersions were added slowly into WPU prepolymer lotion 
(Sang et al., 2018) after ultrasonic for 20 minutes, followed by 
chain extension and emulsify stirring for 1.5 h below 10 °C, a 
brownish yellow emulsion with a solids content of about 20% 
was gained. Subsequently, the precursor emulsion formed into 
membrane by salivation film formation method. All the products 

are vacuum drying and stored in a desiccator to prevent moisture. 
Finally, graphene oxide-modified polyurethane membrane with 
doping amount of 0.03 wt% of GO or rGO were obtained, which 
were named as GO / WPU, GO–EDA / WPU, GO–OPD / WPU, 
and GO–PPD/ WPU respectively.

2.4 Charaterization

Attenuated total reflection-Fourier transform infared 
(ATR-FTIR) spectra of WPU membranes were recorded on 
an FTIR (FT-IR, PE LX10-8813, USA), x-ray photoelectron 
spectrometer (ESCALAB250Xi, Thermo, American) were used 
to characterize the change of surface functional groups. X-ray 
diffractometer (XRD, Rigaku Corporation D/MAX2500V, Japan) 
was used to characterize the microstructure of WPU membranes. 
The GO-WPU emulsion were dropped on a copper grid for 
direct transmission electron microscopy (TEM, Hitachi-H800, 
Japan) examination. GO-WPU membrane profile preparation 
by ultramicrotome (Cambridge Instruments ULTRACUTE 
970114), and detected by a transmission electron microscopy 
(TEM) instrument (JEOL, JEM-100SX, Japan). Freeze-fractured 
surfaces of the samples in liquid nitrogen were examined using 
a field emission scanning electron microscopy (SEM) (Hitachi-
SU8020, Japan). Five nanometer of Au was sputtered (Denton 
Desk V Sputter system) on the film surface before imaging. 
Atomic force micrographs (AFM) (Fastscan, Bruker, Germany) 
were acquired using a silicon tip on a silicon nitride cantilever 
in the tapping mode. Raman spectra of GO were recorded using 
a 532 nm laser source (HR Evolution, HORIBA JOBIN YVON, 
French). Pervaporation separation property were measured 
on for pervaporation experimental apparatus (Custom made, 
Suzhou Xinwang, China) The pervaporation conditions were 
50 ± 3 °C, the concentration of benzene was 50wt.%, and the 
membrane flow rate was 25L·h-1. Flux and separation factor are 
respectively represented by J and α (Sang et al., 2018).

3 Results and discussion
3.1 Morphology of GO and rGO

All the samples were observed through TEM after ultrasonic 
dispersion in cold water below 10 °C for 20 minutes. From 
Figure 1a, a large sheet of transparent gauze with several micron 
thick and a small number of wrinkles could be observed on the 
surface of GO. This was the typical morphology of graphene as 
it adapts to the thermal fluctuations and maintain its stability 
(Peng et al., 2017). More wrinkles appeared on the surface of 
GO-OPD (Figure  1b), GO-PPD (Figure  1c) and GO-EDA 
(Figure 1d) samples. Hence, the various morphology of rGO was 
mainly reflected in the changing of roughness and accumulation 
state. It could be inferred that the oxygen-containing functional 
groups of GO would react with the -NH2 of diamine, resulting 
in the increase structural defects and wrinkles of GO. It was 
also visible that the edge layer of the GO-OPD (Figure 1b) or 
GO-PPD (Figure 1c) were dislocation stacking, while some black 
agglomerates flaked in GO-EDA samples (Figure 1d), indicating 
GO-EDA have lost its two-dimensional structure characterized by 
thin and transparent morphology. The accumulation morphology 
of GO-EDA flakes was consistent with the poor dispersion of GO 
in polymer, arising from the disappearing functional oxygen-
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containing groups at the GO edges Accordingly, the difference 
also illustrated the diversity ability of three reducing agents.

3.2 Chemical structure of GO and rGO

Raman spectra was shown in Figure  2, with verifying 
the main changes of carbon layer structure. The G peak near 
1580 cm-1 was a characteristic peak of the Carbon sp2 structure, 
reflecting the symmetry and degree of crystallinity. And the D 
peak near 1350 cm-1 was a characteristic peak of the defect peak, 
reflecting the disorder of the graphene sheet (Peng et al., 2017). 
The calculation results were listed in Table 1. Compared with 
the G peak position of GO (1598 cm- 1), GO-OPD (1578 cm-1), 
GO-PPD (1571 cm-1), and GO-EDA (1580 cm-1) move to a low 
wavenumber direction. From this, it may be deduced that the 
rGO has isolated double bonds, which resonated at a higher 
frequency than the G band of GO, but near the G band of 
graphite (1581 cm-1) (Viveka et al., 2022), which corresponds to 
the restoration of a defective hexagonal network of carbon atoms.

The ID / IG values    and the sp2 hybrid region size of Cabon 
was calculated according to the Formula 1 of the literature 
(Lada, 2022).
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La is the crystal size of the sp2 hybrid region of C, λ is the 
wavelength of the incident light, and ID / IG is the relative 
intensity ratio of the D peak and the G peak

It can be seen that compared to the La value of GO (20.67 nm), 
GO-OPD (17.99 nm), GO-PPD (18.41 nm) and GO-EDA 
(18.66 nm) decrease significantly, meaning the reduction of the 
C sp2 hybrid region to some degree. This can be explained by the 
presence of more structural defects on the surface after reduction 
(Wang et al., 2022a). Some scholars believed that the size of the 
sp2 region of the newly formed graphitized C will decrease, but 
the number will increase after reduction (Wang et al., 2022b). 
In this study, the sp3 hybrid region of C may be formed on the 
graphene surface due to reduction. According to the above data, 
the influence degree of the three modifiers on the change of C 
sp2 region is arranged following the order EDA> PPD> OPD.

Figure 1. TEM images of different reduced graphene oxide. (a) GO; (b) GO –OPD; (c) GO-PPD; (d) GO-EDA.

Figure 2. Raman spectra of different samples.
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The infrared spectra of different reduced GO are shown in 
Figure 3a. In GO samples the absorption peaks at 3410 cm-1, 
1750 cm-1 and 1050 cm-1 were caused by the stretching vibration 
of –OH, C=O and C-O-C respectively, but almost disappeared 
in the GO-OPD, GO-PPD and GO-EDA samples. The peak of 
3250 ~ 3500 cm-1 and 1552 cm-1-1515 cm-1 attributed to N-H 
stretching vibration occurred in the rGO samples instead. 
This fact indicates that the GO sheets is connected together 
mainly by the hydrogen bonds and π-π interaction. But after 
modification,the interaction between rGO sheets is more than 
the two forces mentioned above, the bond between the oxygen-
containing functional group and the amino group must to be 
consideration.

The changes in surface functional groups were characterized 
by XPS. C1s, O1s, and N1s spectra were observed at 285 eV, 
533 eV, and 400 eV respectively in Figure 3b. The O/C ratio 
decreases in the order of GO (0.64) > GO-OPD (0.48) > GO-PPD 
(0.39) > GO-EDA (0.34). The conversation of oxygen-containing 
functional groups on the surface of GO, in corresponding to 
the reducing capacity of different reagents. The content of N 
increases in the order of GO (0) < GO-OPD (4.43%) < GO-PPD 
(5.11%) < GO-EDA (5.66%), reflecting the difference of the three 
modifiers implanted content in GO. It could be inferred that the 
OPD show a milder reducing ability than PPD and EDA agents, 
which is consistent with the Raman test result.

3.3 Chemical stucture and morphology analyses of the GO-
OPD/WPU membrane

The infrared spectra of different membranes were shown 
in Figure 4. The main characteristic peaks of WPU are basically 

unchanged before and after modification, indicating GO or rGO 
interacts physically with WPU. The influence of OPD, PPD, and 
EDA on the WPU membrane are revealed in the changing of 
characteristic peaks at 1637 cm-1 (C = O ... HN hydrogen bonding 
C = O stretching vibration) and 1552 cm-1-1515 cm-1 (C = O ... 
HN hydrogen bonding NH stretching vibration). From GO-OPD 
/ WPU spectra, the peak at 1637 cm-1 disappeared. While in GO-
PPD / WPU membrane, the hydrogen-bonded NH stretching 
vibration peak change from a broad peak to a sharp peak. And in 
GO-EDA / WPU membrane, the C = O hydrogen-bonded 
carbonyl peak moved toward the high wave. This variation 
indicated that hydrogen bonding between the GO and the WPU 
were influenced by the chemical structure of the reducing agent.

Atomic force microscopy (AFM) study (Figure 5ab) provided 
direct evidence for GO lamellar thickness (Alshamkhani et al., 
2022). As observed in Figure 5a, the self-made GO nano-material 
was a large two-dimensional structure with a size of 2-7 μm 
and a thickness of 0.6-1.2 nm, which was close to a single or 
few layers. However, OPD-GO AFM spectrum (Figure  5b) 
basically maintained its layer-layer structure, and displayed 
more misaligned sheets and more thick layers.

Unfortunately, not all modifiers have a positive effect. 
Some modifying methods may cause a dilemma situation, 
because modifier agent will consume the oxygen-containing 
functional groups between the GO sheets, resulting in poor 
GO dispersibility in the polymer. Accordingly, the modifier 
is apt to interact with the inner -O- and -OH groups of GO 
instead of outside (Saini et al., 2018), which will spatially block 
the π-π interaction between the face-to face layers and expand 
the channel diameter. These two competing factors cause the 
complexity of the GO modify project.

Table 1. Raman Spectroscopy results of different GO powders.

Sample D band (cm-1) G band (cm-1) ID/IG (%) La (nm)
GO 1358 1598 0.93 20.67

GO-OPD 1342 1577 1.07 17.99
GO-PPD 1340 1571 1.05 18.41
GO-EDA 1340 1580 1.03 18.66

Figure 3. FTIR spectra (a) and XPS spectra (b) of different graphene oxide.
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Figure 5c, d displayed the result of Ultra-thin- nano-slice 
TEM test, which was used to depict the morphology of rGO in 
WPU membranes. From GO / WPU morphology (Figure 5c), 
no significant agglomeration of GO could be found in aqueous 
polyurethane, except for inter-layer stack occur in the boundary 
layer. In the GO-OPD / WPU samples (Figure 5d), the surface 
of GO-OPD morphology was apparently darkened due to the 
number of stacked layers. Therefore, the gaps were visible at the 
edges, may be formed by stacking between layers which was 
further confirmed by XRD results.

3.4 Pervaporation performance of rGO/WPU membrane

The effect of GO on the structure of WPU membrane 
channels was also related to the molecular structure of the 
crosslinks. The cross-linking of GO by steric barrier modifiers 
may be divided into three cases: parallel cross-linking, vertical 
cross-linking, and circular cross-linking, but parallel cross-linking 
does not change the distance between layers (Pramoda et al., 
2017). In order to investigate the effect of three reducing agents 
on the interlayer structure of GO, the distance d of the layer was 
measured by XRD. As shown in Figure 6a, there was a diffraction 
peak (2θ = 10.02°) of typical 001 crystal plane (Joshi et al., 2014) 
in the GO sample, and the corresponding interlayer distance 
d was about 9.16 nm. In the GO-OPD samples, the diffraction 
peak moved to 5.96 ° (d = 14.81 nm), and graphitized diffraction 
peaks appeared at 19.81° (d = 4.84 nm) (Peng et al., 2017). In the 
GO-PPD samples, the diffraction peak below 10° became broad, 
with a sharp peak at 19.37°, and the corresponding interlayer 
distance was 4.57 nm. In the GO-EDA samples, the diffraction peak 
below 10° completely disappeared, only at 23.14° (d = 3.84 nm) 
of characteristic peaks close to graphite (23°, d = 3.86 nm) 
appeared. Thus, only in the GO-OPD samples, the increasing 
layer spacing was detected.

This process is explained by the cartoon picture of Figure 6b. 
There was certain distance between GO sheets, because of the 
existing the inner H2O molecules adhering to GO oxygen-
containing functional groups by hydrogen bonding. When H2O 

Figure 4. ATR- FTIR spectra of the different GO/WPU and GO-OPD/
WPU samples.

Figure 5. Microtopography of different GO/WPU and GO-OPD/WPU samples (a-b display AFM spectrum, c-d is the result of Ultra-thin- 
nano-slice TEM test).
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molecules are replaced by reducing agent, vertical cross-linking 
structure were build-up. Due to the aliphatic amino group 
consuming more oxygen-containing functional groups than 
aromatic amino does, the strong reducing activity of EDA make 
GO-EDA layers stacked together like a graphitized agglomeration 
structure. For PPD, it has a symmetrical structure and easily to 
form vertical cross-links to expand space, but the para-amino 
group is more active than the ortho-amino group, which will 
consume more oxygen-containing functional groups than that 
of OPD. So, GO-PPD showed a smaller interlayer distance than 
that of GO-OPD. Accordingly, in GO-OPD/WPU samples, due to 
the mild reducing activity, enough oxygen-containing functional 
groups remained to resists the accumulation of interlayers, and 
expanded GO-OPD interlayer distance, which was consistent 
with the XRD result.

Pervaporation (PV) test were carried out to investigate the 
separation performance of different membranes, and the results 
were shown in Figure 6c. Compared with the unmodified WPU 
membrane, the permeation flux J of all the modified WPU 

membrane changed significantly, but the separation factor α was 
few increased. It could be seen that GO-OPD / WPU showed 
superiorly PV separation performance [J = 5166.7 g/(m2.h)], 
which was higher than GO-WPU [J = 3534.4 g / (m2.h)], even 
1.58 times of the unmodified WPU membrane [J = 3268.3 g/(m2.h)]. 
The PV test results furtherly confirmed more spacing between 
GO-OPD/WPU membrane than the other GO/WPU, WPU 
and GO-EDA/ WPU membrane.

The stability of GO-OPD / WPU membrane was investigated 
by the continuous pervaporation experiment at 50 °C and under 
-0.1009 MPa osmotic pressure for 3000 minutes. As shown in 
Figure 6d, GO-OPD / WPU membrane maintained stable PV 
performance during continuous 2700 min experiments, indicating 
that GO-OPD / WPU still maintained membrane integrity for 
a long-time at the pervaporation press. 3000 minutes later, the 
value of J increased dramatically and α decreased significantly. 
This may be caused by the material excessively liquid swelling 
in the membrane, leading to the destruction of the hydrogen 
bonds between OPD-GO and WPU, thus more benzene and 

Figure 6. Pervaporation performance of rGO/WPU membranes. a: XRD patterns showed different interlayer structure of GO. b: Cartoon picture 
showed different path of WPU membranes. c: Pervaporation test results of different membranes. d: Pervaporation performance-time of GO-
OPD/WPU membrane.
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cyclohexane passed through the gap between them, also known 
as “short circuit” phenomenon of the transmission channel. 
At this point, the membrane loses its sieving effect.

Packaging materials toxicity level should be as low as 
possible, which are important factors for the quality of products 
(Akarca, 2020), such as fruit preservation (Susilo et al., 2022), 
tuber crop (Pereira  et  al., 2021), meat (Qiao  et  al., 2022). 
Therefore, efforts should be made to build a bridge between 
GO/WPU membranes to conquer the cross-cutting effect of the 
two-dimensional structure in the next step. In this way, it will 
bring out good enough biocompatibility, providing a natural, d 
biodegradable, eco-friendly, intelligent, and sustainable polymer 
to the separation process.

Due to environmentally technological process, rGO / WPU 
may be a suitable packaging material with outstanding storage 
quality. The rGO endowed WPU membrane good mechanical 
properties, availing the food against physical harm. Hard-soft 
adjustable segment structure of WPU could be an excellent way 
to the control of food storage condition. Moreover, pervaporation, 
as one of highly efficient and economic membrane separation 
methods, is capable of separating aromatic compounds in raw 
material and eliminating baneful influence on the ecological 
environment. Thus rGO / WPU could be developed market need 
packing materials in many foods’ storage in pristine condition 
for longer periods of time.

4 Conclusions
In our result, it was demonstrated that the improving 

pervaporation separation properties of benzene / cyclohexane 
have be gained by the modified GO-OPD/WPU membrane. 
All the rGO / WPU pervaporation membrane are prepared at 
low-temperature in situ generation method, without undergoing 
a complicated functionalization process. GO or rGO were 
physically co-extended with WPU through hydrogen bonding. 
It was demonstrated o-phenylenediamine with mild reducing 
ability, showed a superior interlayer expansion capability to other 
reducing agents. GO-OPD also played a role in the pervaporation 
performance of the WPU membrane. Even in trace doping 
amounts (0.03%) of GO-OPD, the flux of GO-OPD/WPU was 
1.58 times that of WPU and GO/WPU, and still maintains good 
stability the pervaporation process for 2700 minutes.
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