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Abstract

:

Two different types of 2D nanosheets, including hydrophobic graphene (GR) and hydrophilic graphene oxide (GO), were filled into poly (vinyl alcohol) (PVA) polymers to prepare mixed matrix membranes (MMMs) for ethanol dehydration via pervaporation. The relationship between the physical/chemical properties of graphene and pervaporation performance of MMMs was investigated by a comparison of GR/PVA and GO/PVA MMMs in microstructure and PV performance. The incorporation of GO nanosheets into PVA reduced PVA crystallinity and enhanced the membrane hydrophilicity, while the incorporation of GR into PVA led to the opposite results. The incorporation of GR/GO into PVA depressed the PVA membrane swelling degree, and the incorporation of GR showed a more obvious depression effect. GR/PVA MMMs showed a much higher separation factor than GO/PVA MMMs, while they exhibited a much lower permeation flux than GO/PVA MMMs and pristine PVA membranes. The huge difference in microstructure and performance between GO/PVA and GR/PVA MMMs was strongly associated with the oxygen-containing groups on graphene lamellae. The higher permeation flux of GO/PVA MMMs was ascribed to the facilitated transport of water molecules induced by oxygen-containing groups and exclusive channels provided by GO lamellae, while the much lower permeation flux and higher separation factor GR/PVA MMMs was resulted from the smaller GR interplanar spacing (0.33 nm) and hydrophobicity as well as barrier effect of GR lamellae on the sorption and diffusion of water molecules. It was presumed that graphene intercalated with an appropriate number of oxygen-containing groups might be a good choice to prepare PVA-based MMMs for ethanol dehydration, which would combine the advantages of GR’s high interlayer diffusion selectivity and GO’s high permeation properties. The investigation might open a door to achieve both of high permeation flux and separation factor of PVA-based MMMs by tuning the microstructure of graphene.
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1. Introduction


Ethanol dehydration via pervaporation (PV) has attracted increasing attention due to the rapid development and application of ethanol biofuel [1,2,3]. Membrane is the key factor in the PV process to achieve high separation performance. When dealing with the ethanol dehydration, hydrophilic polymers are the most commonly used membrane materials [4,5,6,7,8,9,10,11,12,13,14,15,16,17], and the PVA membrane is the only one to realize industrial application due to its high hydrophilicity, good solubility in water, excellent film-forming property, biodegradability, and eco-friendly properties [18]. However, the PV performance of pristine PVA membranes showed a trade-off effect between permeability and selectivity. One of the most effective methods for improving the PV performance of PVA membranes is the incorporation of inorganic fillers into polymers to fabricate mixed matrix membranes (MMMs) [19,20,21,22,23,24]. MMMs can combine the advantages of inorganic fillers and polymeric membranes to ideally achieve an enhanced synergistic separation performance. To date, plenty of PVA-based MMMs have been developed for ethanol dehydration, and the inorganic fillers commonly used were including zeolite [25,26,27], silica [28], carbon nanotubes (CNT) [29,30,31], metal–organic frameworks (MOFs) [32,33,34,35], and other hydrophilic inorganic materials [19,20,21,22,36,37].



Recently, graphene (GR) and its derivatives, especially graphene oxide (GO) nanosheets, have attracted great attention due to the unique 2D nanochannels for ultra-fast and selective molecular transport [38,39,40]. The poor compatibility of graphene with polar polymers is unfavorable for the development and applications of GR-based composite materials [41]. Compared with GR, GO nanosheets are highly oxygenated with oxygen-containing groups on their basal planes and sheet edges, such as hydroxyl, epoxy, and carboxyl groups. Benefiting from these oxygen-containing groups, GO shows much better compatibility with polar polymers than GR, which makes GO an excellent nanofiller for the PVA polymers. However, the investigation on the graphene/PVA MMMs for ethanol dehydration up to now is still very limited. Moreover, the relationship between the physical/chemical properties of graphene and pervaporation performance of MMMs is unclear, which makes it difficult to choose an appropriate graphene type to effectively enhance the PV performance of PVA membranes.



In this work, two typical graphene nanosheets, including hydrophobic GR and hydrophilic GO, as shown in Figure 1, were incorporated into a PVA matrix to achieve better performance for ethanol dehydration. To the best of our knowledge, there is no report about the comparison between GR/PVA and GO/PVA MMMs for ethanol dehydration via pervaporation. The effect of graphene type (GR and GO) on the membrane microstructure, hydrophilicity, and swelling properties as well as the pervaporation dehydration performance of PVA-based MMMs were investigated in detail, which might give some insight for the design of PVA-based MMMs with high ethanol dehydration performance by tuning the graphene microstructure.




2. Materials and Methods


2.1. Materials


Polyacrylonitrile (PAN, MW = 150,000) was provided by DuPont. PVA (1799) was bought from Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China. Graphene oxide (GO) and graphene (GR) nanosheets were purchased from Nanjing XFNANO Materials Tech Co., Ltd, Nanjing, China. N,N’-dimethylformamide (DMF) was bought from Fuchen Chemical Reagent Co., Ltd., Tianjin, China, glutaraldehyde (GA, 50 wt% aqueous solution) was provided by Shanghai Maclean Biochemical Technology Co., Ltd., Shanghai, China. Sulfuric acid (H2SO4) and ethanol were received from Sinopharm Group Chemical Reagent Co., Ltd., Shanghai, China. Deionized water was made in the laboratory.




2.2. Preparation of PAN Porous Membranes


PAN porous membranes were fabricated by the phase inversion method. PAN powder (56 g) was dissolved in DMF solvent (344 g) with vigorous stirring at 80 °C until a homogeneous solution was obtained. The solution was filtered to remove impurities and insoluble components, and then, it was defoamed for 3 h to remove the bubbles. Then, the PAN aqueous solution was cast at a speed of 1.2 m/min on a PET non-woven fabric using a membrane scraper (HOLYKEM, Suzhou, China) set at a gap of 150 μm. The resulting membrane was immediately immersed in the nonsolvent coagulation bath (deionized water) at 20 °C. The fresh membranes were washed every 4 h. After 48 h, the porous PAN membranes were dried at 30 °C for use.




2.3. Preparation of PVA-Based MMMs


The PVA-based MMMs were fabricated by blending fillers and PVA polymer in solution and casting on PAN porous support, as shown in Figure 2. PVA powder was dissolved under vigorous mechanical stirring in deionized water at 90 °C to form 10 wt% PVA aqueous solution. GR/GO fillers were dispersed in deionized water with magnetic stirring for 30 min and ultrasonication for 30 min to obtain a homogeneous suspension or solution. An appropriate amount of PVA solution and filler suspension were mixed together and processed by stirring (30 min each) and sonication twice (30 min each). Afterwards, the pH of solution was adjusted to 2 with H2SO4. Then, the pre-crosslinking of PVA was initiated by adding GA to the dope, which was stirred for another 20 min and cast on a porous PAN substrate or PTFE plate. The degree of crosslinking (X), which was defined as the mole ratio of GA to PVA repeat unit, was controlled at 1%. The fresh MMMs were heated at 50°C for 3 h and subsequently deeply crosslinked at 70 °C for 3 h. The chemical crosslinking of PVA with GA is shown in Figure S1. To make comparison with MMMs, pure PVA membrane crosslinked by GA was also prepared via a similar process. The filler loading was defined as the mass ratio of filler to PVA, which was 0.5 wt%, 1 wt%, and 2 wt%, respectively.




2.4. Characterization


The morphology and microstructure of MMMs were characterized by field emission scanning electron microscopy (SEM, JSM-7410, Nippon Electric Industry Corporation, Tokyo, Japan). The chemical and crystalline structure of MMMs were characterized using a Fourier transform infrared spectrometer (FT-IR, Nicolet iS10 iSO10, Thermo Fisher Scientific Corporation, Waltham, MA, USA) and X-ray diffractometer (D8 Dvance, Bruker, Germany). The static contact angle of water on the sample surface was determined using a contact angle meter (OCA-20, Dataphysics, Germany) at room temperature. The swelling degree was measured at 40 °C with 90 wt% ethanol/water mixtures. The thermal properties of MMMs were characterized by a TGA analyzer (STA409C/3/F, Netzsch, Germany).




2.5. Pervaporation Performance Measurement


The pervaporation performance was evaluated with a homemade apparatus, as shown in Figure S2 [42]. The membrane area was 0.0022 m2. The circulating ethanol aqueous solution was in contact with one side of the membrane, which was selectively permeated across the membrane and condensed in the flasks. The pressure at the permeate side was controlled below 500 Pa, and the feed side was operated under ordinary pressure. Ethanol concentration in the feed and permeate was measured by gas chromatography (GC7900, Techcomp, Shanghai, China). The ethanol feed concentration varied in the range of 75–90 wt%, and the temperature varied from 40 to 70 °C. The permeate flux J and separation factor α was used to evaluate the PV performance as follows [43].


  α =    y W  /  y E     x W  /  x E     








where W and E is water and ethanol; x and y denote the mass fraction of ethanol/water in the feed and permeate, respectively. The permeation flux J can be calculated according to the following equation:


  J =  Q  t ⋅ A    








where Q represents the total quantity of the permeate through the membrane area A in time t.



Membrane flash index (MFLI) [44,45] is another simple and valuable method to evaluate the PV membranes’ capabilities in liquid separation compared to traditional distillation, which is mainly based on the comparison of available theoretical maximum distillate compositions.


  M F L I =    y i  P V      y i D  [ V L E ]    








where    y i  P V     is the permeate concentration (wt%) and    y i D  [ V L E ]   is the equilibrium distillation value (wt%).



Permeability (Pi) and membrane selectivity (β) were obtained according to the following equations [43]:


   P i  =  J i  ×  l   x i   γ i   P i  s a t   −  y i   P p     










  β =    P W     P E     








where Pi was the permeation coefficient of component i; l is the thickness of the membrane selective layer; xi and yi denote the molar fraction of component i in the feed and permeate, respectively; γi is the activity coefficient of the component in the feed;    P i  s a t     is the saturation vapor pressure of the pure component i; and    P p    denotes the total pressure on the permeate side, which can be treated as zero when the permeation test is under vacuum conditions.





3. Results


3.1. Characterization of PVA-Based MMMs


3.1.1. Chemical Structures of PVA-Based MMMs


Elemental analysis was carried out to determine C and O elemental compositions of GR/GO fillers, as shown in Table 1. The elemental oxygen content of GR was only 1.2 wt%, while that of GO reached as high as 46.9 wt%. This suggested that GR almost entirely consisted of carbon elements, while GO sheets possessed plenty of oxygen-containing functional groups, which contributed to its high oxidation degree. The FT-IR characterization also confirmed this conclusion.



The FT-IR spectra of PVA-based MMMs with different filler loading was exhibited in Figure 3. The FT-IR spectrum of GO showed the presence of hydroxyl (3440 cm−1), epoxy (1227 cm−1), and carbonyl (1738 cm−1) groups [46]. The bands at 3439 cm−1 corresponded to the stretching vibration of -OH, which might be ascribed to the adsorbed water on GR, and the stretching vibration of sp2 C=C was found at 1627 cm−1 [47]. The main characteristic absorption peak at 3268 cm−1 was attributed to the OH stretching of the pure PVA membrane. The relative intensity of absorption peaks at 1086 cm−1 and 1141 cm−1 was indicative of the semi-crystalline nature of the polymer composites [48]. Compared with pristine PVA membranes, both GR/PVA and GO/PVA MMMs exhibited similar features with a shift of the characteristic peak at 3268 cm–1 to 3266 cm−1 and 3264 cm−1, respectively. The red shift of the characteristic peak could be ascribed to the interfacial interactions between the filler and PVA. The red shift in GO/PVA MMMs was more significant than that in GR/PVA MMMs due to the strong hydrogen bonding formed between the oxygen-containing groups on the GO nanosheets and the -OH groups of PVA. A similar phenomenon was also found by other researchers. Kashyap et al. [48] reported that the incorporation of GO into PVA resulted in a more significant red shift of the -OH characteristic peak than that of reduced GO, which was ascribed to the larger amount of polar groups on the GO sheets than those on the reduced GO sheets enhancing the interfacial interaction between the PVA and the GO nanosheets.




3.1.2. Crystal Structures of PVA-Based MMMs


Figure 4 shows XRD spectra for crosslinked PVA, GO, GR, and PVA-based MMMs. The strong diffraction peak of crosslinked PVA at 2θ = 19.92° was attributed to the crystalline plane of (1 0 1) and (2 0 0) mixtures of PVA [49]. GR showed a strong diffraction peak at 2θ = 26.55°, and the corresponding interplanar spacing of GR was only 0.33 nm due to the strong π–π interaction between GR lamellae [41]. The GR interplanar spacing (0.33 nm) was exactly in between the kinetic diameters of ethanol and water molecules, which was 0.43 nm and 0.26 nm, respectively [45]. This might facilitate the selective permeation of water molecules. As expected, GO showed a diffraction band at 2θ = 12.03°, which suggested that the interplanar spacing of the GO lamellae was enlarged to 0.74 nm by oxygen-containing functional groups on GO nanosheets [46].



It was shown that the intensities of PVA diffraction peaks declined with the incorporation of GO into the PVA matrix, and the diffraction peak of GO almost disappeared in MMMs. This indicated that the PVA crystallinity decreased, and the GO nanosheet was well exfoliated and homogeneously dispersed in the PVA matrix, which was mainly ascribed to the strong interaction that exists between the PVA polymer and GO nanosheets. On the contrary, the incorporation of GR into PVA increased the intensity of the PVA diffraction peak, and an obvious diffraction peak of GR in MMMs was observed, which might be resulted from the weak interaction between GR aggregates and PVA polymers. As GR loading increased from 0 wt% to 2 wt%, the diffraction angles of PVA and GR increased, which suggested that the interplanar spacing of both crystalline PVA and GO lamellae decreased slightly.




3.1.3. Morphology of PVA-Based MMMs


The surface and cross-section morphology of PVA-based MMMs with different filler loading are presented in Figure 5 and Figure 6. The pure crosslinked PVA showed a relatively smooth and dense surface morphology, as shown in Figure 5. The incorporation of GO into PVA increased the surface roughness of MMMs slightly, and GO was well covered by PVA polymer chains even with 2 wt% filler loading. The compact and almost smooth surface of GO/PVA MMMs indicated the homogeneous dispersion of GO and the strong interaction between GO and PVA, which was consistent with the FT-IR and XRD results. Compared with GO/PVA MMMs, GR/PVA MMMs exhibited a compact surface with clusters and protrusion scattered on the membrane surface, which might result from the aggregation of GR in the PVA matrix and weak interfacial interaction between GR and PAV. As GR loading increased, the GR aggregation became obvious on the surface of MMMs. In cross-sectional view, all the selective layers in MMMs were bonded with the PAN support layer tightly. No obvious filler aggregation was observed in the cross-section of GR/PVA or GO/PVA MMMs. It was found that GO lamellae were arranged almost horizontally in the PVA matrix, while the arrangement direction of GR was inconspicuous.




3.1.4. Hydrophilicity of PVA-Based MMMs


Water contact angles analysis for PVA-based MMMs membranes with different GR/GO loading is exhibited in Figure 7. The water contact angle of the pure crosslinked PVA membrane was 63°, which showed hydrophilic property. An interesting phenomenon was found in which the incorporation of GR and GO filler into the PVA matrix exhibited the opposite effect on the surface hydrophilicity of PVA membranes. As the GR/GO filler loading increased, the water contact angle of the GR/PVA MMMs increased sharply from 63° to 85°, while that of GO/PVA MMMs decreased from 63° to 57°. This might be attributed to the intrinsic hydrophobicity of GR and hydrophilicity of GO filler as well as the higher surface roughness of GR/PVA MMMs, as observed in SEM. The increased hydrophilicity of GO/PVA MMMs might be in favor of the enhancement of water sorption in membranes.




3.1.5. Swelling Properties of PVA-Based MMMs


The swelling degrees of the pristine PVA membrane and PVA-based MMMs in 90 wt% ethanol aqueous solution at 40 °C are shown in Figure 8. Compared with the pure PVA membrane, both GR/PVA and GO/PVA MMMs showed much lower swelling degrees, and the swelling degree of GR/PVA MMMs decreased more sharply than that of GO/PVA MMMs with increasing filler loading. This was mainly attributed to the increased hydrophobicity and PVA crystallinity of the GR/PVA MMMs, as confirmed by the water contact angles and XRD results. The decrease in swelling degree with the augment of GO loading might be attributed to the strong hydrogen bonding between GO nanosheets and PVA polymers, which restrained the mobility of PVA chains. Although the incorporation of GO into the PVA matrix enhanced the surface hydrophilicity of PVA slightly, the restraining effect of GO on PVA chain mobility might play a more important role and resulted in the decrease in swelling degree.




3.1.6. Thermal Properties of PVA-Based MMMs


The thermal stability of membrane materials was evaluated by TGA, as shown in Figure S3. GR showed good stability, with weight loss of only 7.0 wt% in the range of 25–800 °C. GO exhibited a first gradual weight loss (14%) before 150 °C, which resulted from the loss of the water molecules that were confined in its structure. The second weight loss that started at 200 °C was presumably due to pyrolysis of the oxygen-containing functional groups on GO nanosheets [18]. This weight loss corresponded to 28% by weight of the total material. The last weight loss that started at 580 °C was ascribed to the combustion process. The pristine PVA membrane and GR/PVA as well as GO/PVA MMMs showed similar degradation properties, with a three-stage weight loss. In the first stage, the weight loss of PVA-based MMMs started at about 50 °C, which was mainly attributed to the evaporation of free water molecules absorbed in the membrane. The second weight loss between 150 and 220 °C generally resulted from the water bonded to PVA via hydrogen bonding and the partial degradation of GO. GO/PVA MMMs showed larger weight loss than the pure PVA membrane in this temperature range, while GR/PVA MMMs exhibited smaller weight loss than the pure PVA membrane, which might be ascribed to more water molecules being adsorbed in GO/PVA MMMs due to its hydrophilicity and the partial degradation of GO. The third weight loss between 360 and 470 °C was presumably due to pyrolysis of the crosslinked PVA chains [50]. Both GR/PVA and GO/PVA MMMs showed higher degradation residues weight than PVA, which suggested that the incorporation of GR or GO into PVA improved the thermal stability of PVA at high temperature.





3.2. Pervaporation Performance of PVA-Based MMMs


3.2.1. Effect of GR/GO Filler Loading on PV Performance


Figure 9 showed the effect of GR/GO filler loading on the PV performance of PVA based MMMs with 90 wt% ethanol/water mixtures at 40 °C. With the augment of filler loading, the separation factor of both GR/PVA MMMs and GO/PVA MMMs increased first and subsequently decreased, which reached the maximum values of 1400 and 481, respectively, with 1 wt% filler loading, increasing by 402% and 72% compared with the pure PVA membrane. The permeation flux of GO/PVA MMMs increased, while that of GR/PVA MMMs decreased with the augment of filler loading. The different variation tendency in PV performance with filler loading might be associated with the intrinsic hydrophobicity/hydrophilicity of fillers and membrane surface, interplanar spacing of fillers, PVA crystallinity, and the interfacial interaction in MMMs. The ethanol/water permeation mechanism across GR/PVA and GO/PVA MMMs is proposed in Figure 10. As for GR/PVA MMMs, the hydrophobic GR surface and smaller interplanar spacing (0.33 nm) as well as increased PVA crystallinity was unfavorable for the adsorption and diffusion of small molecules, which showed a barrier effect for ethanol/water molecules, as illustrated in channel 1 and 2. Molecules permeated through the zigzag pathways as shown in channel 3, which resulted in the decrease in both ethanol and water flux. Moreover, as the kinetic diameter of the ethanol molecule was larger than that of the water molecule, the barrier effect might have a more obvious influence on ethanol permeation, which contributed to the high separation factor. In addition, the proper GR interplanar spacing (0.33 nm), which was exactly in between the kinetic diameters of ethanol and water molecules (0.43 nm and 0.26 nm, respectively), might contribute to the selective permeation of water molecules and resulted in a much higher separation factor. As for GO/PVA MMMs, GO was well exfoliated by PVA and arranged almost horizontally in the PVA matrix. The much larger interplanar spacing and hydrophilic surface of GO lamellae as well as the decreased PVA crystallinity might provide more and larger transport pathways for small molecules, which effectively enhanced the permeation flux. On the one hand, the oxygen-containing groups on GO lamellae might facilitate the adsorption and diffusion of water molecules due to the hydrogen bonding between GO and water molecules. Although the transport pathways around the zigzag GO lamellae seemed to be prolonged, the permeation of water molecules was facilitated due to the strong interaction between GO and water molecules. On the other hand, the GO lamellae stacking might result in two types of slit pores between adjacent GO lamellae in the horizontal direction, as shown in Figure 10. Type I allows ethanol and water permeation, while type II only permits water permeation. The facilitated transport of water molecules induced by oxygen-containing groups and exclusive channels for water molecules provided by slit pores between adjacent GO lamellae might contribute to the both higher separation factor and permeation flux than that of the pure PVA membrane.




3.2.2. Effect of Feed Concentration on PV Performance


The effect of ethanol concentration on the PV performance of PVA-based MMMs is shown in Figure 11. It was found that the separation factor increased, while the total flux and ethanol/water partial flux of both GR/PVA and GO/PVA MMMs decreased with ethanol concentration increasing from 75 wt% to 90 wt%. It might be ascribed to the variation in membrane swelling and driving force as well as cluster formation with increasing feed concentration. On the one hand, as the water content in the solution decreased, the swelling degree of the MMMs decreased due to the water affinity of MMMs, which was unfavorable to the permeation of small molecules. Since water molecules possess a smaller kinetic diameter than ethanol molecules, the decline of ethanol flux was more significant than that of water flux. On the other hand, the driving force for ethanol transport increased, while that for water transport decreased with the augment of ethanol feed concentration (as shown in Table S1). This might contribute to the enhancement of ethanol flux and decline of water flux. In addition, the formation of water–water, ethanol–ethanol, and water–ethanol clusters via hydrogen bonding also had a significant impact on permeation flux. Since clusters possessed larger kinetic diameters and resulted in reduced diffusivity, ethanol clusters suffered more than water clusters [51]. The increased ethanol concentration might lead to more and larger ethanol clusters, which resulted in the greatly reduced diffusivity of ethanol molecules. Conversely, the lower water concentration might weaken the coupling effect of water molecules, which contributed to the increase in water diffusivity due to the small sizes of water molecules and its clusters. The several opposite factors mentioned above competed together and finally resulted in the decrease in total flux and enhancement of separation factor with increasing ethanol concentration. As shown in Figure S4, the ethanol and water permeability decreased with increasing ethanol concentration, and the membrane selectivity increased significantly. This suggested that the variation of intrinsic membrane microstructure with increasing ethanol concentration was unfavorable for the permeation of small molecules but was beneficial to the improvement of membrane selectivity.




3.2.3. Effect of Operation Temperature on PV Performance


As shown in Figure 12, the PV performance GR/PVA MMMs showed the similar variation trend with that of GO/PVA with temperature increasing from 40 to 70 °C (ethanol concentration of 90 wt%). The total flux of PVA-based MMMs increased with raising the operation temperature, and the separation factor followed the reversed order. This may be attributed to the following reasons:(1) Increasing temperature enhanced the membrane swelling and the mobility of PVA chains, creating more and larger free volume available for small molecules [42], which might contribute to the improvement of permeability; (2) The driving force, which was strongly related to the saturated vapor pressure, was significantly improved due to the increased saturation vapor pressure with feed temperature rising, as shown in Table S2 [45]. (3) The diffusion coefficient of ethanol/water molecules increased with the temperature rising as reported in many studies in the literature [43,52], which also resulted in the increase in total flux.



According to the Arrhenius equation, it was found that the variation of the permeation flux of PVA-based MMMs with increasing feed temperature followed the Arrhenius relationship. The apparent permeation activation energy was 52.70 and 83.81 kJ/mol for water and ethanol flux in the 1.0 wt% GR/PVA MMMs, while it was 43.06 and 58.53 kJ/mol for water and ethanol flux in the 1.0 wt% GO/PVA MMMs. The apparent permeation activation energy for water and ethanol flux in GR/PVA MMMs was much higher than those in GO/PVA MMMs especially for ethanol flux, which indicated that the permeation resistance in GR/PVA MMMs was higher than that in GO/PVA MMMs. This led to the much lower permeation flux of GR/PVA MMMs than that of GO/PVA MMMs. Moreover, the ethanol permeation activation energy was larger than the water permeation activation energy, which suggested that the ethanol permeation was more sensitive to the operation temperature than water permeation in PVA based MMMs. As the operation temperature increased, the growth of ethanol flux was more significant than that of water flux, which led to a lower separation factor.




3.2.4. Comparison of PV Performance of PVA-Based MMMs


The performance of PVA-based MMMs for ethanol dehydration via PV strongly depended on (i) the PVA polymer characteristics (e.g., molecular weight, alcoholysis degree, crosslinking conditions, etc.); (ii) the filler features (e.g., type, size, hydrophilicity/hydrophobicity, shape, morphology); and (iii) the operating conditions (e.g., ethanol feed concentration, operation temperature, feed flow rate, vacuum pressure) [1]. This made it difficult to fairly compare the PV data of PVA-based MMMs, which made it challenging to select the best performance of PVA-based MMMs. To evaluate the overall performance of a membrane, it was useful to evaluate their separation ability by means of PSI. The water–ethanol PV separation performances of PVA-based MMMs filled with different inorganic fillers are listed Table 2. It was found that the PVA-based MMMs prepared in this work displayed better PSI values in comparison to other PVA-based MMMs reported in the literature. GR/PVA MMMs exhibited the highest separation factor of 1400 and lower permeation flux than other PVA-based MMMs due to the hydrophobic properties and lower interplanar spacing of GR. GO/PVA MMMs showed higher permeation flux with a considerable separation factor due to the homogeneous dispersion and hydrophilic properties of the GO monolayer. MFLI was also used to evaluate the PV membranes’ capabilities in liquid separation compared to traditional distillation. It can be seen that the graphene/PVA MMMs prepared in this work exhibited comparable or even higher MFLI values compared with other PVA-based MMMs reported in the literature, which indicated that pervaporation with these MMMs possessed better separation efficiency over flash distillation [44,45]. According to the results, it was presumed that graphene intercalated with an appropriate number of oxygen-containing groups might be a good choice to prepare PVA-based MMMs for ethanol dehydration, which would combine the advantages of GR’s high interlayer diffusion selectivity and GO’s high permeation properties and open a door to achieve both high permeation flux and the separation factor of MMMs by tuning the microstructure of graphene.






4. Conclusions


The relationship between the physical/chemical properties of graphene and pervaporation performance of MMMs was investigated by comparison of GR/PVA and GO/PVA MMMs in microstructure and PV performance.



	(1)

	
GR lamellae were dispersed in the PVA matrix in the form of multilayer aggregates due to the strong π–π interaction between GR layers and weak interaction between GR and PVA. GO was well exfoliated by PVA and homogeneously dispersed in the PVA matrix, benefiting from the good solubility of GO, and a strong interaction existed between the GO nanosheet and PVA polymer due to oxygen-containing groups. The incorporation of GO nanosheets into PVA reduced PVA’s crystallinity and enhanced the membrane hydrophilicity, while the incorporation of GR into PVA led to the opposite results. The incorporation of GR/GO into PVA depressed the PVA membrane swelling degree, and the incorporation of GR showed a more obvious depression effect.




	(2)

	
GR/PVA MMMs showed a much higher separation factor than GO/PVA MMMs, while they exhibited much lower permeation flux than GO/PVA MMMs and pristine PVA membranes. The huge difference in microstructure and performance between GO/PVA and GR/PVA MMMs was strongly associated with the oxygen-containing groups on graphene lamellae. The higher permeation flux of GO/PVA MMMs was ascribed to the facilitated transport of water molecules induced by oxygen-containing groups and exclusive channels provided by GO lamellae, while the much lower permeation flux and higher separation factor GR/PVA MMMs resulted from the smaller GR interplanar spacing (0.33 nm) and hydrophobicity as well as barrier effect of GR lamellae on the sorption and diffusion of water molecules. With the augment of filler loading, the separation factor of both GR/PVA MMMs and GO/PVA MMMs increased first and subsequently decreased, which reached maximum values of 1400 and 481 respectively at 1 wt% filler loading, increasing by 402% and 72% compared with that of the pristine PVA membrane.




	(3)

	
The pervaporation performance of GR/PVA MMMs showed similar variation trends with that of GO/PVA as the water feed concentration or operation temperature increased. As the operation temperature or water feed concentration increased, the separation factor decreased, while the total flux and ethanol/water partial flux increased.
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Figure 1. Chemical structure of (a) graphene and (b) graphene oxide. 
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Figure 2. Preparation process of PVA-based MMMs. 
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Figure 3. FT-IR spectra of GR/PVA MMMs (a) and GO/PVA MMMs (b). 
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Figure 4. XRD patterns of GR, GR/PVA MMMs (a) and GO, GO/PVA MMMs (b) with different filler loading. 
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Figure 5. Surface morphology of GR/PVA MMMs (up) and GO/PVA MMMs (down). (a,a’) pure PVA membrane; (b,b’) filler loading of 0.5 wt%; (c,c’) filler loading of 1 wt%; (d,d’) filler loading of 2 wt%. 
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Figure 6. Cross-section morphology of GR/PVA (up) and GO/PVA MMMs (down). (a,a’) pure PVA membrane; (b,b’) filler loading of 0.5 wt%; (c,c’) filler loading of 1 wt%; (d,d’) filler loading of 2 wt%. 
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Figure 7. Effect of filler loading on contact angles of GR/PVA and GO/PVA MMMs. 
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Figure 8. Effect of filler loading on swelling degree of GR/PVA and GO/PVA MMMs. 
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Figure 9. Effect of filler loading on PV performance of GR/PVA and GO/PVA MMMs. (a) Separation factor; (b) Total flux; (c) Water partial flux; (d) Ethanol partial flux. 
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Figure 10. Schematic diagram of the hypothetic ethanol/water permeation mechanism across GR/PVA and GO/PVA MMMs. 
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Figure 11. Effect of ethanol concentration on PV performance of GR/PVA and GO/PVA MMMs: (a) Separation factor; (b) Total flux; (c) Water partial flux; (d) Ethanol partial flux. 
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Figure 12. Effect of operation temperature on PV performance of GR/PVA and GO/PVA MMMs: (a) Separation factor; (b) Total flux; (c) Water partial flux; (d) Ethanol partial flux. 
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Table 1. Elemental analysis for GR and GO.
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	Sample
	C (wt%)
	O (wt%)
	H (wt%)
	Oxidation Degree (%)





	GR
	98.1
	1.2
	0.6
	0.9



	GO
	46.3
	46.9
	1.9
	75.9
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Table 2. PV performance of PVA-based MMMs for ethanol dehydration.
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	Membrane
	Filler Loading

(wt%)
	Feed Temperature

(°C)
	Ethanol Concentration (wt%)
	Total Flux

(g/m2h)
	Separation Factor
	PSI

(kg/m2h)
	MFLI
	Ref.





	Zirconia/PVA
	42
	50
	90
	105
	142
	14.8
	10.45
	[20]



	silica/PVA
	2
	30
	90
	40
	180
	7.2
	10.58
	[27]



	H-ZSM-5/PVA
	7
	30
	96
	125–118
	349–236
	43.5–27.7
	22.69–23.39
	[25]



	Zeolite X/PVA
	5
	30
	90
	374
	178
	66.2
	10.58
	[26]



	c-alumina/PVA
	-
	50
	90
	330
	56
	18.2
	9.57
	[21]



	CNT/PVA
	1
	40
	90
	82
	460
	37.6
	10.90
	[28]



	CNT/PVA
	5
	30
	90
	50
	780
	39.0
	10.98
	[30]



	CNT/PVA
	5
	40
	90
	80
	500
	39.9
	10.91
	[30]



	ZIF-90/PVA
	-
	30
	90
	268
	1379
	369.3
	11.04
	[33]



	ZIF-8-NH2/PVA
	7.5
	40
	85
	120
	200
	23.9
	10.80
	[31]



	AgNP /PVA
	0.5
	50
	90
	89
	101.7
	9.0
	10.21
	[23]



	UiO-66/PVA
	8
	30
	90
	979
	2084
	2039.3
	11.06
	[34]



	rGO/PVA
	0.3
	50
	80
	56
	51.2
	2.8
	10.31
	[36]



	GO/PVA
	2
	70
	90
	185
	65.9
	12.0
	9.78
	[19]



	GO/PVA
	1
	40
	90
	137
	263
	35.9
	10.74
	[19]



	GO/PVA
	1
	40
	90
	194
	481
	93.1
	10.91
	This work



	GR/PVA
	1
	40
	90
	71
	1400
	99.3
	11.04
	This work



	GR/PVA
	1
	50
	90
	179
	837
	149.6
	10.99
	This work
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