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Abstract 

Advances in process intensification in the chemical and pharmaceutical industry depends on 

the availability of more sustainable separation methods. For this progress, membranes with 

high stability in organic solvents are needed. GO-coated membranes could be advantageous in 

these applications, being chemically, thermally and mechanically stable.  However, simple, 

scalable, low-cost fabrication methods, particularly for GO deposition on hollow fibers are still 

in an early phase. We propose here a simple spray-coating method for deposition of GO sheets 

on crosslinked hollow fiber supports. We first fabricated polyetherimide hollow fiber 

membranes and crosslinked them with hexamethylene diamine. These supports have strong 

tolerance to various organic solvents. The amide reaction arising between the imide groups of 

polyetherimide and the amine groups of hexamethylene diamine provide even higher chemical 

and mechanical stability. Thereafter, the spray-coating of GO dispersions led to the formation 

of a stable selective layer on the hollow fibers.  An excellent adhesion between GO and the 

substrate was achieved. The chemical reasons for that were investigated by solid state NMR.  

mailto:suzana.nunes@kaust.edu.sa
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Overall, this simple method enables the application of GO hollow fiber membranes in organic 

solvent nanofiltration, with high performance demonstrated in water and acetone.  

 

Introduction 

Nanofiltration is an energy-efficient technology for molecular separation in the food, 

petrochemistry, chemical and pharmaceutical industry. There is a growing demand for more 

stable membranes to be used in non-aqueous solvents and other harsh conditions.  Commercial 

polymer-based membranes designed for the water sector are mostly not stable enough for that. 

Membranes based on high-performance polymers, in large part crosslinked by different 

strategies have been an important strategy for developing solvent-resistant membranes [1, 2]. 

Graphene-based materials could offer an advantage over conventionally used polymeric and 

ceramic membranes with an outstanding thermal and chemical stability, solvent resistance 

combined with solution processability, and high strength [3, 4]. The high aspect ratio of 

graphene oxide (GO) sheets, electrostatic and van der Waals interactions combined with 

capillary forces render them a typical laminar structure. GO membranes with high permeability 

and remarkable molecular sieving properties have been studied for water purification [3, 5-14]. 

The interest in GO-based membranes has been more recently extended to provide high 

molecular selectivity and purification in a wide variety of solvents [15-18]. Thin flat-sheet GO 

membranes, with thickness down to ~ 10 nm were fabricated [19].  

Conventionally, GO laminar membranes are assembled via vacuum-assisted filtration [20-

23], pressure-assisted filtration [24], evaporation-assisted [25], spin coating [26], drop-casting 

[27], layer-by-layer assemblies [28, 29], shear alignment [24, 30], and dip-coating [31, 32] 

techniques. Vacuum- and pressure-assisted filtration methods are simple, low-cost, can 

produce ordered laminates, but may not be the most convenient for large-scale application. 

They require high pressure and long preparation time, and the size is limited. Evaporation-



 3 

assisted methods produce highly random laminates. Additionally, the dispersion is 

concentrated during the evaporation step and frequently results in agglomeration and non-

uniform films. Other methods, such as dip-coating or drop-casting, are also simple and useful 

for fabricating thin film membranes [31, 33]. It is however difficult to control the thickness by 

dip-coating, whereas in drop casting process, longer time is required for the solvent 

evaporation. In summary, though all the aforementioned processes have some advantages, they 

are either relatively complex, energy-intensive, costly, require post-modification, or in some 

instances do not enable an efficient thickness control.  Most of the previous GO studies focused 

on flat-sheet membranes. GO-coated hollow fibers could be even more beneficial. This is 

because hollow fibers have a high membrane surface area to volume ratio, can be easily 

assembled in compact and scalable modules. We recently demonstrated defect-free cellulose 

hollow fibers via a sustainable approach for organic solvent nanofiltration [34].  Few successful 

efforts have been reported for GO-coated hollow fibers [24, 26, 27], but achieving 

homogeneous thin layers with good adhesion to the substrate is more challenging than in the 

case of flat-sheet. Zhang et al. [24] proposed the GO deposition on hollow fibers by first coating 

with polyethyleneimine and then proceeding with an alternating GO/ethylene diamine layer-

by-layer method. An analogous method consisted of coating with positively charged 

polyethyleneimine, followed by the electrostatic deposition of GO sheets [26]. Zhang et al. 

[27] dip-coated hollow fibers with Pebax/GO solutions.  There is a need for more scalable 

effective methods for GO deposition on hollow fibers to explore their potential for 

nanofiltration in solvent medium.  

We demonstrate here how spray-coating can be successfully used for the preparation of GO 

hollow fiber membranes. Spray-coating has been applied as an efficient, low-cost, and scalable 

method to deposit thin films of graphene or GO on electronic devices [35] , fuel cell electrodes 

[33, 34] and transparent conductive films. The technique imparts an advantageous control of 
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the nanostructures and coverage density, precisely achieving highly uniform deposition and 

continuous film [36]. A few examples of GO spray application have been reported for 

membranes [37, 38]. Nair et al. [37] reported a sub-micrometer thick GO flat-sheet membrane 

obtained by spraying on a copper support, followed by etching with  nitric acid. The membranes 

completely blocked helium but allowed a fast water permeation. Recently, graphene-based gas 

separation membranes were obtained by spray-coating, precisely controlling the time and 

evaporation rate [39, 40]. Electro-spraying was recently applied to fabricate flat-sheet GO 

membranes for wastewater treatment [38, 40]. The advantage of spraying to produce highly 

thin coatings has been used not only for graphene-based films, but also for the formation of 

polyamide flat-sheet membranes with a thickness as low as 4 nm, while exhibiting good 

permselectivity [41]. These reports suggest the process is quick with high throughput. Yet, to 

our knowledge, none of the spray reports has been applied to hollow fibers and none has been 

used for organic solvent nanofiltration.       

We employed spray-coating to uniformly deposit a thin GO layer on hollow fibers and 

demonstrated their efficiency for nanofiltration. Polyetherimide (PEI) was chosen as fiber 

material. The crosslinking with hexamethylene diamine (HMD) gave the required solvent 

stability to the support and helped in grafting GO free amine groups onto PEI substrate. 

Compared to non-solvent phase inversion and/or other conventional nanofiltration membrane 

fabrication methods, the coating method in this work does not require organic solvents or 

coagulation baths. It requires only small amount of coating material and the final membrane is 

highly resistant in organic solvent medium.   

    

Experimental 

Chemicals and Materials 



 5 

Polyetherimide (PEI, Ultem™ 1000) with the chemical structure shown in S1a (Supporting 

Information) was provided by SABIC. N-methyl-2-pyrrolidinone (NMP, Sigma Aldrich), 

diethylene glycol was used as solvents for the preparation of the PEI hollow fiber. 

Hexamethylene diamine (HMD, Sigma Aldrich) with the chemical structure shown in S1b was 

chosen as a crosslinker for PEI hollow fiber membrane support. Rose Bengal (RB) was 

purchased from Sigma Aldrich. Graphite flakes, sulfuric acid (Sigma Aldrich), hydrogen 

peroxide (H2O2 VWR Chemicals), potassium permanganate (KMnO4) were used as precursors 

to prepare graphene oxide (S1c Supporting Information) suspension.  

 

Preparation of the PEI Hollow Fibers 

The PEI hollow fibers were prepared by a dry-jet wet spinning process, using 20/10/70 wt. % 

polyetherimide (PEI)/diethylene glycol (DEG)/N-methyl-2-pyrrolidinone (NMP) as dope 

solution. The contents containing the dope mixture were mechanically stirred in an oil bath 80 

C for 2 days to obtain a homogenous solution. Thereafter the dope solution was degassed 

using vacuum pump for overnight before spinning. Details of the spinning conditions are listed 

in Table 1.  

Table 1. Spinning parameter/condition of asymmetric PEI hollow fiber spinning 

Spinning parameter Spinning condition 

Dope composition (wt. %) 

Bore fluid composition 

PEI Ultem™/DEG/NMP  

NMP: Water (95:5) 

External coagulant  

Dope flow rate (ml/min) 

Water 

6 

Bore fluid flow rate (ml/min) 6 

Air gap distance (cm) 1 

Take-up speed (m/min) 12 

 

Preparation of HMD crosslinked PEI Hollow Fiber Membrane Support  
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The obtained hollow fibers were stored in Milli-Q water at room temperature to completely 

eliminate any residual solvent. The PEI hollow fiber membrane was immersed in a 50/50 (v/v) 

ratio of glycerol/water solution overnight, dried well and stored for further use. To crosslink 

the fiber, the PEI hollow fibers were then immersed in a 10 wt. % HMD solution in methanol 

for 24 hours at room temperature, analogously to a previously reported method [42]. HMD 

crosslinks the imide groups in PEI. The crosslinked hollow fibers were later washed with water 

to remove any unreacted HMD, and thereafter immersed in a glycerol/water solution. The 

crosslinked membranes were further used as a substrate for coating graphene oxide by spray-

coating.   

 

Preparation of GO  

GO was prepared following previously reported literature methods [30, 43]. Herein, sulfuric 

acid was added to 1 g of expanded graphite in a three necked round bottomed flask, stirred and 

mixed well. Thereafter, the expanded graphite was oxidized by slowly adding 10 g of KMnO4 

to the mixture and further stirred in an ice bath for one day. 200 mL of Milli-Q water and 50 

mL of H2O2 were slowly transferred to the mixture, leading to a color change to yellowish 

brown. The obtained mixture was washed multiple times and centrifuged using 9/1 (v/v) HCl 

solution, and then with Milli-Q water until the pH of the suspension became higher than 5. The 

resultant GO suspension was exfoliated by ultrasonication and diluted by adding sufficient 

amount of water.    

 

Fabrication of spray-coated GO on HMD crosslinked PEI membrane  

To develop a homogenous, stable coating on a crosslinked PEI hollow fiber, the GO dispersion 

was spray-coated using an air brush set-up. Different volumes of a GO suspension were chosen 

in-order to evaluate the effect of thickness. The homogenous dispersion of GO was poured into 
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the spray gun reservoir (Airbrush BD 181, VWR International) and subsequently spray-coated 

on the surface of the crosslinked PEI hollow fiber substrate placed on a hot plate at 100 °C. 

The thickness of the GO coating layer was controlled by employing different volumes (2, 4 

and 6 mL) at a fixed area of the substrate (4.73 cm2). To optimize the spray-coating conditions, 

the area of the substrate was fixed, and the surface temperature of the fiber substrate was 

maintained at 100 °C. The distance between the spray gun and the substrate was set at 10 cm 

while nitrogen was used as a carrier gas. The spray gun was slowly moved to obtain uniform 

layers of GO. Further on, the GO coated on crosslinked PEI was heated in an air oven at 80 °C 

for 1 hour to enhance the strong adhesion of the coating and later washed with running water 

before testing the performance. This is to remove any unreacted crosslinker that could 

potentially be on to the surface of the membrane.     

    

Characterization 

Membrane morphology. The membrane surface and cross-section were imaged using Scanning 

Electron Microscopy (SEM) (FEI Nova Nano microscope coupled with energy-dispersive X-

ray spectroscopy (EDS)). The samples were freeze-fried to preserve the integrity of the 

structure, while completely removing water.  Liquid nitrogen was used to fracture the sample 

for cross-sectional images. The samples were immobilized on an aluminum stub using a 

conductive tape and coated using 5 nm of Iridium before imaging. The surface topography was 

further imaged by Atomic Force Microscope (AFM) (Bruker Dimension Icon SPM) with the 

sample fixed on a glass plate.  

Transmission Electron Microscopy (TEM) images were recorded from FEI Titan CT 

microscope at 300 kV. Prior to imaging, the samples for cross-sectional images were embedded 

in epoxy resin and cured at 60 °C for 24 hour and then sliced for 120 nm using diamond knife 

on ultramicrotome Leica EM UC6.  
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Chemical analysis.  

Fourier Transform Infrared Spectroscopy (FTIR). The chemical analysis was carried out using 

attenuated total reflectance (ATR) FTIR on a FTIR-iS10 equipment in the wavenumber range 

of 500-4000 cm-1 at an average of 32 scans with 4 cm-1 resolution.  

X-ray photoelectron spectroscopy (XPS). The surface composition of the pristine and GO 

spray-coated membranes was carried using XPS using Amicus equipment.  

Raman. Raman spectra was acquired on a WITec Raman microscope (Alpha300AR+) at 532 

nm excitation wavelength.  

Solid-State Nuclear Magnetic Resonance Spectroscopy. One-dimensional 1H MAS and 13C 

CP/MAS solid state NMR spectra were performed on Bruker AVANCE III spectrometers 

operating at 400, or 600 MHz resonance frequencies for 1H. Experiments at 400 MHz 

employed a conventional double-resonance 4 mm CP/MAS probe, while experiments at 600 

MHz utilized a 2.5 mm double-resonance probe. Dry nitrogen gas was used for sample spinning 

to avoid sample degradation. NMR chemical shifts are reported with respect to the external 

references TMS and adamantane. For 13C CP/MAS NMR experiments, the following sequence 

was utilized: 90° pulse on proton (pulse length 2.4 s), thereafter a cross-polarization step with 

contact time of 2 ms, and finally 13C signal acquisition under high-power proton decoupling. 

A time of 5 s delay was set between the scans to allow complete relaxation of 1H nuclei, and 

the number of scans ranged between 10000 to 20000 for 13C and 32 for 1H, respectively. An 

exponential apodization function that corresponds to a line broadening of 80 Hz was used 

before Fourier Transformation. 

The 2D 1H−13C heteronuclear correlation (HETCOR) solid state NMR spectroscopy 

experiments were conducted on a Bruker AVANCE III spectrometer with a 2.5 mm MAS 

probe. The experiments were accomplished according to the following scheme: 90° proton 

pulse, t1 evolution period, cross-polarization (CP) to 13C, and detection of the 13C magnetization 
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under TPPM decoupling. For CP step, a ramped radio frequency (RF) field centered at 75 kHz 

was applied to protons, while 13C channel RF field was matched to obtain an optimal signal. A 

total of 64 t1 increments with 2000 scans each were collected. The sample spinning frequency 

was set to 15 kHz. Using a brief contact time (0.2 ms) for the CP step, the polarization transfer 

in the dipolar correlation experiment was verified to be selective for first coordination sphere 

to lead to correlations only between pairs of attached 1H−13C spins (C−H directly bonded). 

 

Dynamic Nuclear Polarization NMR spectroscopy (DNP) 

To perform DNP analysis, a radical solution consisting of 16 mM TEKPol (TEKPol, MW= 

905 g/mol) in 1,1,2,2-tetrachloroethane (TCE) was used. TEKPol was dried under high vacuum 

(10-4 mbar) and the solvents were stirred over calcium hydride and then distilled under 

vacuum. The compounds and corresponding synthesized nitrides were finely ground in a 

mortar and pestle before conducting DNP experiments. DNP samples were then prepared by 

incipient wetness impregnation. In a typical experiment, 15 mg of the samples were 

impregnated with appropriate volume of 16 mM solution of TEKPol (nTEKPol = 0.5 - 1.2 

μmol/sample) and packed into a 3.2 mm O.D. sapphire rotor capped with a Teflon plug. The 

packed samples were then immediately inserted into the pre-cooled DNP probe for 

experiments. 

Data were acquired at KAUST Core Lab using 263 GHz/400 MHz Avance III Bruker DNP 

solid-state NMR spectrometer equipped with a 3.2 mm Bruker triple resonance low 

temperature magic angle spinning (LTMAS) probe and experiments were performed at ca. 100 

K with a 263 GHz gyrotron. The sweep coil of the main magnetic field was set for microwave 

irradiation, occurring at 1H positive enhancement maximum of the TEKPol biradical. For 15N 

CP-MAS DNP experiments, acquisition parameters included a 3 s repetition delay and a 1H 

π/2 pulse length of 2.3 μs to afford 100 kHz 1H decoupling using the SPINAL 64 method. The 
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contact time was 4 ms for cross-polarization experiments. The MAS frequency was varied 

between 8 and 12 kHz. The 2D 1H–15N HETCOR spectra were acquired with 2048 scans per 

t1 increment, 96 individual increments, and a contact time of 4 ms. During t1, e-DUMBO-1 

homonuclear 1H decoupling was applied, and proton chemical shifts were corrected by 

applying a scaling factor of 0.57.  

 

Nanofiltration tests 

The nanofiltration performance of the membranes was tested in water and acetone preparing a 

module and applying a pressure of 1 bar at room temperature. Rose Bengal (RB) was used as 

testing solute. For testing the dye rejection performance of the membranes, 40 mL of 10 ppm 

feed solution were applied. 20 mL of the permeate solution was collected, using a dead-end 

flow method. The analysis of the dye concentration before and after testing was carried out 

with a NanoDrop UV-vis spectrophotometer. The reported value is the average of two different 

measurements. The pure solvent permeance was calculated using the following equation (1): 

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 =  
𝑤

𝜌 𝐴 ∆𝑝 ∆𝑡
         (1) 

where 𝑤 is the permeate weight during a filtration time interval ∆𝑡; A is the active area of the 

membrane;  𝜌 is the density of the solvent.  

The dye rejection was calculated using equation (2): 

𝑅 = (1 −  
𝐶𝑝

𝐶𝑓
)  X 100%      (2) 

where Cp denote the concentration of the permeate and Cf is the concentration of feed solutions.  

 

7.3 Results and Discussion 

7.3.1 Membrane morphology 

The typical surface and cross-sectional images of the pristine PEI hollow fibers are shown in 

Figure 1. The morphology is ideal for the GO spray-coating investigated in this work. The 
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finger-like macro voids underneath the surface, combined with the highly porous inner surface, 

provide a low mass transport resistance. Crosslinking the pristine PEI membranes with HMD 

only slightly influences the membrane surface, as shown in Figure 1c. However, in both 

pristine and crosslinked membranes, the pores remain open and interconnected. Figure 1 also 

shows AFM images of the crosslinked membranes before (Figure 1d) and after (Figure 1e) 

coating. The crosslinking was necessary, since the coated PEI hollow fiber is aimed for 

nanofiltration in organic solvents. The crosslinking was performed with HMD for 24 hours at 

room temperature. Our group recently demonstrated how to fabricate thin polyamide layers on 

crosslinked PEI flat-sheet membranes by interfacial polymerization containing building blocks 

of porphyrin [42]. A similar support was used in this work. Non-crosslinked PEI membranes 

are not resistant to organic solvents. HMD has been used before for the crosslinking of hollow 

fibers based on polyimide P84 [44]. The stability of HMD-crosslinked PEI membranes was 

tested by immersing a sample of the membrane into different organic solvents to asses their 

swelling. The crosslinked membranes were stable in a variety of organic solvents, as shown in 

Figure S1.     
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Figure 1. SEM images of PEI hollow fibers used as support. (a) cross-section and (b) surface 

of pristine PEI hollow fibers; (c) surface image after crosslinking with hexamethylene diamine; 

AFM images of the crosslinked PEI fiber (d) before and (e) after coating with GO; (f) SEM 

and (g) TEM image of the cross-section of the crosslinked hollow fiber coated with 4 mL GO 

dispersion (0.1 mg/mL GO).   

 

Once the stability of the polymeric hollow fibers used as support was confirmed, they were 

coated with a thin GO layer to provide selectivity for solutes with size in the range of 

nanofiltration, associated with high permeance and solvent stability. We propose here spray-

coating as an effective method for GO deposition and demonstrate that thin homogeneous 

layers can be obtained. The surfaces of the membranes obtained with different GO dispersion 

volumes are shown in Figure S2 (SEM), as well as in Figure 1e (AFM). Cross-sectional images 

are shown in Figure 1f and S3. The uncoated PEI porous support has a highly porous 

morphology (Figure 1). A strong adhesion of GO on the hollow fiber surface is of prime 
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importance and a crucial step in determining the transport and sieving properties of GO 

membranes. The membrane crosslinking with HMD contributes for an optimal adhesion. This 

could be visualized when handling the fibers, and by immersing the membranes in a range of 

organic solvents for at least a month, as shown in Figure S1. The UV-vis spectra of the solution, 

confirmed no sign of any detached GO. HMD contains diamines at the edges, which can react 

with the oxygen groups of GO, forming covalent bonds. By spray-coating different loading 

volumes of GO dispersions, the membrane was uniformly covered with GO laminates without 

any visible defects (Figure. 1e and S2). In Figure S2a, because of the lower thickness of the 

GO spray-coated layer, the membrane surface is rougher, reflecting the underlayer morphology 

but no visible pinholes or cracks could be observed on the electron microscope. It has been 

reported before that thin GO deposition on a porous support with large pores sizes might fail 

to maintain a good laminar structure [45]. Nonetheless, in the present work, the membrane was 

uniformly covered by the GO layers (Fig. S2). As the GO loading volume increased, the coating 

thickness increased with a clear impact on the surface morphology with a less corrugated 

structure (Fig. S2b and S2c). In Figure 1e, a corrugated surface is seen in the AFM image of 

the GO coated membrane, while the uncoated membranes (Figure 1d) is porous.  

  

 

The strong adhesion between GO and the crosslinked membrane can be evidenced by the cross-

sectional images of the membranes. Figure 1f and S3 shows cross-sectional microscopic 

images of the 2, 4, and 6 mL spray-coated GO layer on the crosslinked hollow fiber.  The 

deposited layer is thin and hardly seen by SEM. No detachment from the support surface could 

be observed.  The GO layer could be clearly imaged by TEM, as shown in Fig. 1g and S3 

(right).  

 



 14 

Chemical characterization 

The ATR-FTIR spectra for the plain PEI membrane, HMD-crosslinked membrane and GO 

spray-coated are shown in Figure S4. The characteristic peaks for polyetherimide are observed 

at 1780 cm-1, 1720 cm-1 (corresponding to C=O vibration) and 1354 cm-1 (C-N vibration). Two 

new amide peaks were observed for the HMD-crosslinked PEI membrane at 1645 cm-1 (C=O) 

and 1543 cm-1(C-N). The disappearance of the characteristic imide peaks confirms the 

successful crosslinking reaction. From these results, the structure of the crosslinked support 

could be illustrated as in Scheme S2. An increase of the N/C intensity ratios after the 

crosslinking also demonstrates the successful amidation of the PEI as shown in XPS spectrum 

in Figure S5.    

The ATR-FTIR analysis also indicates a tight interaction between the GO layer and the PEI 

substrate. The peaks corresponding to imide groups of the GO spray-coated crosslinked PEI 

membrane are shifted, indicating a hydrogen bonding between the oxygen functional groups 

of GO and the newly formed amide groups of the crosslinked PEI membrane. A more sensitive 

analysis to confirm the chemical nature of the interaction between the GO layer and the 

crosslinked PEI substrate was performed by NMR, as discussed later in this work. 

First, Raman spectroscopy was used to characterize the GO layer itself.  Raman is an essential 

non-destructive technique to study the structure of carbon based materials, and also the method 

to investigate the graphene and GO layer, where the D band correlates with the order/disorder 

of the system, and G band indicates the stacking structure [46]. Figure 2 shows two broad 

peaks, one exhibiting a D band around 1350 cm-1 and G band around 1585 cm-1, corresponding 

to the disordered and ordered regions, respectively, of GO used in this work. The ratio of 

intensities of the two peaks (ID/IG) is referred as a mean of better quantifying the order and 

disorder of the system and its overall stacking behavior. Figure 2 exhibits a relative increase of 

the D band intensity, reflecting the disorder degree of GO, due to oxygen functional groups. 
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Figure 2b and 2c shows Raman spectra of surfaces with and without GO. In opposite to the 

crosslinked uncoated membrane in Figure 2b, the spray-coated GO on the membrane in Figure 

2c leads to two peaks, similar to Figure 2a, confirming the presence of GO on the surface of 

the membrane and the effectiveness of the spray-coating on the curved surface of the hollow 

fiber. Moreover, the intensity of G band is higher than D band confirming the presence of 

ordered graphitic region and no structural defects. The noise observed in the Figure 2c is 

because of low laser power used to obtain the signals, to avoid damaging the membrane 

substrate.  

 

 

 

Figure 2. Raman spectra of  (a) GO dispersion on a silicon wafer. (b) HMD-crosslinked PEI 

hollow fiber membrane without GO coating. (c) Spray-coated GO on HMD-crosslinked PEI 

hollow fiber.  

 

As mentioned above, high resolution solid-state nuclear magnetic resonance and dynamic 

nuclear polarization (DNP) coupled with multinuclear 2D (1H, 13C, 15N) spectroscopy were 

applied to fully characterize the chemical interaction between the GO layer and the substrate, 

which  is responsible for an excellent adhesion and a stable laminate. Figure 3 demonstrates 
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the 13C cross-polarization magic-angle spinning (CP-MAS) and 2D 1H-13C heteronuclear 

correlation spectroscopy (HETCOR) NMR for the HMD-crosslinked membrane and the GO 

spray-coated layer on it. 

The 13C CP-MAS NMR spectra (Figure 3a) shows a distribution of well resolved signals at 𝛿= 

167, 152, 147, 138, 129, 119, 40 and 28 ppm, indicating the presence of seven different carbon 

atoms in the HMD-crosslinked membrane. Notably, the lowest field resonance at 167 ppm can 

be attributed to the imide carbonyl group carbons. The peak at 152, 147, and 133 ppm, 

respectively, can be ascribed to the aromatic carbons bonded to ether oxygen groups 

, aromatic carbon bonded to quaternary aliphatic carbons, and non-protonated 

carbons belonging to phthalimide rings [47]. The protonated aromatic carbons and N-linked 

m-phenylene carbons have a highest signal at 129 ppm, while the quaternary aliphatic carbon 

resonane and the methyl carbon signals appear at 40 and 28 ppm, respectively. The 1H-13C 

HETCOR spectrum correlates the carbon atoms to two different protons at 0.8 and 6.7 ppm, 

confirming the CH3 and aromatic protons, respectively. Similar signals appear for the spray 

coated GO membrane, as shown in Figure 3b. Additionally, the extra signal at 7.9 ppm in the 

1H-13C HETCOR spectrum can be attributed to the reaction occuring between the aromatic-

OH groups of GO and the available reactive sites of the HMD-crosslinked membrane. This 

further infers the direct possibility of hydrogen bonding interaction.    



 17 

   

(a)                                                           (b) 

Figure 3. Spectra of membranes impregnated with 16 × 10-3 M TEKPol in a TCE solution. (a) 

13C CP-MAS DNP SENS spectrum of HMD crosslinked PEI membrane recorded using 128 

scans, a recycle delay of 3 s, a contact time of 3 ms, and MAS frequency of 8 kHz; and 2D 1H-

13C HETCOR DNP SENS spectrum of HMD crosslinked membrane acquired using 2048 scans 

per t1 increment, 96 individual increments, and a 0.2 ms contact time, and (b) 13C CP-MAS 

DNP SENS spectrum of GO spray coated on crosslinked membranes with 2D 1H-13C HETCOR 

DNP SENS spectrum. 

 

The low sensitivity of conventional solid state  NMR would require synthesizing a 15N-labeling 

sample for an effective 15N NMR signal detection. The recently introduced dynamic nuclear 

polarization (DNP) approach offers very high sensitivity and substantially reduces the 

experimental time without using isotopically enhanced samples. DNP surface enhanced NMR 

(DNP SENS) was studied to understand the interaction between the HMD crosslinked PEI 

membrane and the spray-coated GO dispersion. The 1H MAS DNP spectrum (Figure S6) 
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revealed a very good proton enhancement (εH = 81 and 66), where ε is the enhancement factor. 

This means that our sample could be effectively analyzed by DNP, without any undesired 

radical reactions. Figure S7 illustrates the 15N CP-MAS DNP SENS spectra of the HMD-

crosslinked membrane, and of the GO spray-coated one, impregnated with 16 ×  10-3 M 

TEKPol in a TCE solution. It is clear from the spectra that the resonance peak at 168 ppm does 

not significantly change for both membranes, infering a tertiary nitrogen. On the other hand, 

the broad peaks observed at 134, 125 ppm for the HMD-crosslinked PEI membrane are 

attributed to the secondary nitrogen (N-H), i.e., related to the reaction between the pristine PEI 

and the crosslinker, HMD. Similar unresolved broad resonance signals at 134 and 125 ppm 

observed for the GO spray-coated membrane significantly explains the reaction occuring 

between the oxygen groups of GO and N-H groups of the HMD-crosslinked PEI membrane 

through secondary N-H bonding. The resonance signals observed at 85, 60 and 32 ppm for the 

HMD-crosslinked membranes is absent for GO spray-coated membrane, demonstrating that 

oxygen functional groups of GO react with the available primary NH2 of the HMD-crosslinked 

PEI membranes. Additionally, the downward shift in the signals can be attributed to the 

donation of the electrons pair of the N atoms in the HMD-crosslinked membrane [48].  

15N CP-MAS HETCOR was performed to further confirm the interaction involving nitrogen 

and proton of the crosslinked membrane. Figure 4 shows the 15N CP-MAS DNP SENS 

spectrum of HMD-crosslinked PEI membrane and GO spray-coated on crosslinked membranes 

with the corresponding 2D 1H-15N HETCOR DNP SENS spectrum. The resonance peak 

observed at 168 ppm in Figure 4 corresponds to a tertiary N atom, belonging to the PEI support. 

No correlation with any protons signal was observed in Figure 4. For the secondary N-H 

regions, two resonance signals appear at 134 and 125 ppm for the HMD-crosslinked 

membrane, having a strong correlation with a proton signal at 6.5ppm. An upfield shift is 

observed for GO coated membrane at 132, 127, and 124 ppm indicating the interations. The 
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first signal at 134 ppm is characteristic of the N-H bond in the PEI support, whereas other two 

signals may be ascribed to hydrgogen bonding interactions. The two signals obtained for the 

crosslinked membrane at 60 and 32 ppm corresponds to NH2 groups, correlating with their 

protons at 6.5 ppm. The signal occuring at 60 ppm for a GO coated membrane completely 

diasppeared, clearly demonstrating the involvement of the available primary NH2 groups. Most 

interestingly, the upfield shift from 32 to 27 ppm could be assigned to hydrogen bonding 

interactions. Therefore, the reactions involving primary NH2 groups and hydrogen bonding 

interactions are predominant for the strong adhesion between GO nanosheets and crosslinked 

membrane.     

 

  

(a)                                                                 (b)     

 

Figure 4. 15N CP-MAS DNP SENS spectrum of (a) HMD-crosslinked PEI support recorded 

using 5120 scans, a recycle delay of 3 s, a contact time of 4 ms, and a MAS frequency of 8 kHz 

with 2D 1H-15N HETCOR DNP SENS spectrum, and (b) GO spray-coated on crosslinked 

supports. 
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Membrane performance 

The water permeance was  measured for the membranes, as shown in Figure 5a. The pristine 

PEI hollow fiber membrane has a high water permeance of 179 L m-2 h-1 bar-1. The crosslinking 

of the PEI membrane support slightly changed the pores characteristics, and the membranes 

still provide a high water permeance of 135 L m-2 h-1 bar-1. When different loading volumes of 

the GO dispersion were spray-coated on the crosslinked membrane, the water permeance 

decreased, confirming an uniform coating, covering the large pores of the support. A water 

permeance of 40 L m-2 h-1 bar-1 was achieved for the GO spray-coated membrane with 2 mL 

of GO loading. As the thickness of the GO membrane increased, the permeance further 

decreased, which can be attributed to the long transport path provided by the stacked GO flakes 

in the membrane. The GO coated membranes with 4 and 6 mL GO loading volumes had a 

water permeance of 26 and 12 L m-2 h-1 bar-1, respectively. 

The crosslinked membranes were stable in a variety of organic solvents as previously 

discussed. The pristine (uncrosslinked) PEI membranes were unstable in organic solvents and 

so modules were not made to test the solvent permeance. The acetone permeance measured for 

the crosslinked membranes exhibited a steep increase in permeance value of about 210 L m-2 

h-1 bar-1, as shown in Figure 5b. Acetone, being a less viscous solvent with high polarity, 

permeates at a faster rate through the pores of the crosslinked membranes. In general solvents 

which are less viscous with small kinetic diameter, small molar volume, and have higher 

affinity towards the thin selective layer permeate relatively fast through the membrane [44, 

49]. On the other hand, the acetone permeance significantly dropped to 24, 7, and 4 L m-2 h-1 

bar-1 for the GO coated membranes prepared with  2, 4, and 6 mL GO loading volumes, 

respectively.  

In order to evaluate the performance in nanofiltration experiments, the rejection performance 

of the coated GO membranes were tested using RB as a model target molecule. The results are 



 21 

shown in Figure 5c-e. Additionally, Table 2 reports a comparison between hollow fiber systems 

aiming the separation in the nanofiltraton range for water and organic solvents. The comparison 

takes into consideration GO coatings onto ceramic and polymeric supports, asymmetric as well 

as dual layer hollow fibers, demonstrating that the performance of the membranes reported in 

this work is in the same range.  Acetone was used as a solvent for the rejection experiments. 

Three different GO coated membranes prepared with three distinct loading volumes of GO 

exhibited a rejection of 80, 84, and 91%, corresponding to 2, 4, and 6 mL GO volumes, 

respectively. The GO coated membrane with the highest loading rejected  (91%) RB, which 

has a  molecular weight of 973 g/mol. The rejection can be atrributed to the size sieving 

mechanism of GO membranes. Additionally, electrostatic repulsion between the organic dye 

and the negatively charged surface can also contribute to the rejection process. Figure 5c-e 

shows the UV-vis absorbance spectra of RB feed solution. The results of this work reveal that 

this newly developed spray-coated GO membranes can be effective for removing size- and 

charge-specific molecules with high solvent permeance. The process is facile and scalable.   
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Table 2. Performance of state-of-the-art hollow fibers for nanofiltration.   

Material 

 

Selective layer 
Permeance 

(L m-2 h-1 

bar-1) 

Rejection 

(%) 

MWCO 

(g/mol) 
Solvent Reference 

Torlon  

 

GO 

 

11 

 

85 

 

95 

 

Water 

 

[31] 

 

 

Ceramic 

GO 

 

6.35 

 

97 

 

327 

 

Acetone 

 

[50] 

 

 

Polysulfone 

 

GO 

 

0.43 

 

90 

 

416 

 

Water 

 

[51] 

 

Polyimide (P84) 

 

PBI 

 

1.58 

 

99.5 

 

327 

 

Acetonitrile 

 

[52] 

 

Polyphenylene 

sulfone 

 

Polyphenylene 

sulfone 

 

0.95 

 

98.6% 

 

973 

 

Isopropanol 

 

[53] 

 

Polyamide 6 

 

Polyamide 6 

 

6.25 

 

72% 

 

1355 

 

Methanol 

 

[54] 

 

Polyimide 

(P84) 

 

 

Polyimide 

(P84) 

 

0.5 

 

90% 

 

2500 

 

Ethanol 

 

[55] 

 

Polyetherimide 

 

GO 

 

4 

 

91 

 

973 

 

Acetone 

 

This work 
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Figure 5. (a) Water and (b) acetone permeance of pristine PEI, HMD-crosslinked and 2, 4 and 

6 mL GO spray-coated crosslinked PEI hollow fibers; (c-e) RB rejection measurements for the 

respective GO spray-coated hollow fibers. Insets are the photographs of RB feed and permeate 

solutions.    

 

Conclusion 

PEI hollow fibers with enhanced nanofiltration separation performance in acetone have been 

fabricated by depositing GO aqueous dispersions applied via a scalable spray-coating 

technique. HMD was used as a crosslinker at room temperature for the pre-manufactured PEI 

asymmetric porous hollow fibers. The covalent bonding between the amine groups of HMD 

and imide groups of PEI rendered stability in organic solvents. The crosslinked membranes 

were stable in a variety of polar and non-polar solvents. GO dispersions with different loading 

volumes were spray-coated using an air brush. The chemical bonds providing the strong 
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adhesion and interaction between the spray-coated GO and the available reactive sites of the 

crosslinked membranes were investigated by solid state NMR spectroscopy. As a result, the 

thin GO coating could reject over 90 % of RB in acetone. The promising method of GO 

membranes by spray-coating on hollow fibers is the first of its kind and would be useful for 

the membrane application in chemical, petrochemical, pharmaceutical and food industries.    
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Materials and Methods 

 

 

  

(a) UltemTM-Polyetherimide 

 

 

 

(b) Hexamethylene diamine 

 

 

 

(c) Graphene Oxide 

 

Scheme S1. Chemical structures of (a) polyetherimide (UltemTM), (b) hexamethylene diamine, 

and (c) graphene oxide (GO). 
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Table S1. Spinning parameter/condition of asymmetric PEI hollow fiber spinning 

Spinning parameter Spinning condition 

Dope composition (wt. %) 

Bore fluid composition 

PEI Ultem™/DEG/NMP  

NMP: Water (95:5) 

External coagulant  

Dope flow rate (ml/min) 

Water 

6 

Bore fluid flow rate (ml/min) 6 

Air gap distance (cm) 1 

Take-up speed (m/min) 12 

 

 

Figure S1. HMD-crosslinked PEI hollow fibers kept a month in different solvents (ethanol, 

methanol, acetone, THF, DMP, NMP and DMSO, from left to right).    
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Figure S2. Representative SEM surface images of GO spray-coated onto a HMD-crosslinked 

PEI hollow fiber with 2 mL (a, b, c), 4 mL (d, e, f) and 6 mL (g, h, i) loading volumes of GO 

(0.1 mg/mL) dispersions.     

 

a b

 

c 

d e f 

g h i 
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Figure S3. Cross-sectional SEM images of GO spray-coated HMD-PEI hollow fiber 

membranes, prepared with 2, 4, and 6 mL volume of GO dispersions; (right) TEM images of 

the membrane cross-section. 

 

 

 



 35 

 

Figure S4. ATR-FTIR spectra of the pristine PEI, HMD-crosslinked and spray-coated GO 

hollow fibers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme S2. The possible crosslinking structure after the reaction between polyetherimide 

(UltemTM) and hexamethylene diamine.  



 36 

 

Figure S5. XPS spectra of the pristine, HMD-crosslinked and GO spray-coated crosslinked PEI 

hollow fiber. 

 

 

 

  

 

Figure S6. 1H MAS DNP SENS spectra of (a) a HMD-crosslinked PEI membrane impregnated 

with 16 mM TEKPol in a TCE solution, acquired using 8 or 128 scans, a recycle delay of 3 s, 

a contact time of 3 ms and a MAS frequency of 8 kHz, and (b) GO spray-coated crosslinked 

membrane. 
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Figure S7. Comparison of 15N CP-MAS DNP SENS spectra of (a) HMD-crosslinked, and (b) 

GO spray-coated on the crosslinked membranes, impregnated with 16 × 10-3 M TEKPol in a 

TCE solution. 

 

 

 

 


