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ABSTRACT 

This work deals with the use of octadecylamine (ODA)-functionalized reduced graphene 

oxide (rGO) for thin film nanocomposite (TFN) membranes. The functionalization of 

rGO with ODA leads to graphene-based nanofillers, more hydrophobic than GO, and thus 

to the easier dispersion in the organic phase of the interfacial polymerization (IP) reaction 

carried out to produce polyamide (PA) TFN membranes. The performance of the new 

TFN membranes is evaluated by organic solvent nanofiltration (OSN) of alcoholic 

solutions containing dyes Acridine Orange (AO, MW 265 gꞏmol-1), Sunset Yellow (SY, 

MW 452 gꞏmol-1) and Rose Bengal (RB, MW 974 gꞏmol-1). The functionalized nature of 

the nanoparticles introduced into the hydrophilic PA layer allow an increase of the ethanol 

permeance from 2.8, 3.4 and 3.7 Lꞏm-2ꞏh-1ꞏbar-1 for AO, SY and RB, respectively, 

corresponding to the bare thin film composite membrane (without rGO-ODA particles) 

to 4.3, 4.6 and 6.0 Lꞏm-2ꞏh-1ꞏbar-1 for AO, SY and RB, respectively, for the rGO-ODA 

based TFN membrane. In fact, we hypothesize that the increase of the ethanol flux 

achieved with the use of rGO-ODA as a filler in TFN membranes is owing to a 

combination of the simultaneous presence of polar and non-polar groups from rGO-ODA 

nanosheets and the creation of still selective narrow gaps between these particles and the 

polyamide (PA). 

 

Keywords: Organic solvent nanofiltration, GO-based materials, octadecylamine, thin film 

nanocomposite membrane, dye rejection  
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1. Introduction 

The term “nanofiltration” (NF) was first used in 1984 [1] and according to the pore size 

of species that can be rejected it lies between ultrafiltration (UF) and reverse osmosis 

(RO). Nanofiltration has been widely used in water treatment [2-4], replacing in some 

cases RO processes as it also shows high rejections but lower pressures that are needed 

to obtain similar fluxes. This translates into a lower energy demand [5]. In recent years, 

this pressure-driven process has attracted widespread interest for its application in 

molecular separations in organic media (coined as organic solvent nanofiltration, i.e. 

OSN) thanks to the economical, safety and environmental advantages that it offers [6] in 

comparison to the more traditional separation processes like distillation. Besides, it has 

been already implemented in some industrial processes like the Max-Dewax process 

developed by Exxon Mobile for solvent lubricant dewaxing, recovery of homogeneous 

hydroformylation catalysts used in the production of aldehydes [7] and extraction of 

rosmarinic acid (biological active) from rosemary [8].  

Thin film composite (TFC) membranes, first developed by Cadotte [9] in the 80’s, are the 

membranes pointed to replace the commonly used ISA (integrally skinned asymmetric) 

membranes used in both aqueous NF and OSN [10]. Such TFC membranes consist of an 

asymmetric polymeric support (usually fabricated by phase inversion on a non-woven 

support that gives them their mechanical stability) coated with a selective thin film skin 

layer that is usually synthesized by interfacial polymerization (IP) or by dip coating. This 

two-step process offers the advantage of optimizing each layer independently depending 

on the application requirements [11]. 

In 2007, Jeong et al. [12] aiming to improve the performance of polyamide TFC 

membranes in RO, introduced zeolite NaA nanoparticles during the interfacial 

polymerization reaction; an increase in water permeance without sacrificing the rejection 
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in comparison to the bare TFC membranes was obtained. Since then, these membranes, 

known as thin film nanocomposite (TFN) membranes, have been synthesized using 

different nanoparticles as fillers: TiO2 [13], MCM-41 silica [14], graphene oxide (GO) 

[15] and metal-organic frameworks (MOF) [16, 17] and they have been used in numerous 

RO and NF investigations, and even in gas separation applications [18].  

Generally derived from the exfoliation of oxidized graphite, graphene oxide (GO) is an 

atom thick material with a two dimensional (2D) structure composed by sp2 carbon atoms 

bonded forming a hexagonal honeycomb framework [19]. Thanks to its extraordinary 

thermal, mechanical, optical and electrical properties [20], GO has become an interesting 

material in diverse fields such as sensors [21], catalysis [22], energy storage [23], 

separations [24] and biomedical applications [25]. GO and GO-derivatives have been 

widely used as fillers in the fabrication of gas [24, 26] and liquid [27, 28] phase separation 

membranes. Regarding liquid phase applications, TFN membranes containing graphene 

derivatives have been mainly produced for aqueous applications (RO, NF, and 

hydrophilic pervaporation) and pervaporation (PV). Chae et al. [27] fabricated TFN 

membranes using GO as a filler and obtained membranes with better antifouling 

properties and higher water fluxes in RO. Song et al. [29] observed similar results together 

with better chlorine resistance by the use of GO quantum dots as a filler. Wang et al. [30] 

used ZIF-8/GO hybrid nanosheets as fillers in the fabrication of antimicrobial TFN 

membranes which have shown an important antimicrobial activity enhancement. Ma et 

al. [31] synthesized TFN membranes using GO functionalized with poly(sulfobetaine 

methacrylate) and applied them in nanofiltration obtaining an increment in water flux as 

well as an enhancement in the antimicrobial activity and antifouling properties in 

comparison with TFC membranes. Xue et al. [32] improved the flux and the chlorine 

resistance of TFC membrane in the nanofiltration of salts in water by the fabrication of 
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TFN membranes using GO-ODA (octadecylamine) as a filler. There are very few studies 

on the use of graphene-based fillers in thin film composite membranes for organophilic 

filtrations. Very recently Alberto et al. [33] developed TFN membranes for n-

butanol/water separation by pervaporation embedding GO-derivatives into a high free 

volume thin film polymer matrix, which led to an enhancement in the separation 

performance as compared to the bare TFC membranes.  

In this paper we report the preparation of polyamide (PA) based TFN membranes using 

reduced alkyl-functionalized GO (rGO) nanofillers and, as a novelty, such membranes 

can be used for organic solvent nanofiltration. The functionalization of rGO with ODA 

leads to graphene-based nanofillers which are more hydrophobic than non-functionalized 

GO, and thus better dispersed in the organic phase of the IP reaction. The rGO-ODA 

nanofillers are introduced at 0.03 and 0.06% (w/v) concentrations in the organic solution 

used for the IP. The performance of the developed TFN membranes for nanofiltration of 

alcoholic solutions containing dyes of increasing molecular weights (Acridine Orange, 

Sunset Yellow and Rose Bengal) is evaluated. The functionalized nature of the rGO 

nanoparticles introduced into the hydrophilic PA layer is expected to raise the permeance 

of organic solvents through the TFN membranes. 

2. Experimental Section  

2.1. Materials 

Graphite was purchased from NGS Naturegraphit GmbH (Germany). Sulfuric acid 

(95%), octadecylamine (ODA, 99%), hydrazine monohydrate (98%), hexanediamine 

(HDA, 98%), m-phenylenediamine (MPD, 99%) and trimesoyl chloride (TMC, 98%) 

were purchased from Sigma Aldrich. Dimethylsulfoxide (DMSO, 99.5%), isopropanol 

(IPA, 99.5%), polyethylene glycol (PEG, synthesis grade) and hexane (extra pure) were 

acquired from Scharlab. Potassium nitrate (KNO3, 99%) and potassium permanganate 



6 
 

(KMnO4, 99%) was procured from Alfa Aesar. All the chemicals were used as obtained 

without any purification. 

2.2. Synthesis of reduced octadecylamine-functionalized Graphene Oxide  

GO was synthesized via a modified Hummers’ method and subsequently alkyl-

functionalized and reduced following a previously reported method [34]. A suspension 

of the as-synthesized GO (1.45 mgꞏmL-1) was diluted with deionized water to a 

concentration of 1 mgꞏmL-1 and sonicated for 1 h. A solution of octadecylamine (ODA) 

was prepared dissolving 1.5 mmol (404 mg) in 20 mL of ethanol. Once the ODA was 

dissolved, this solution was poured into the GO suspension and stirred at 60 C for 12 h. 

Afterwards, 220 µL of hydrazine monohydrate diluted in 10 mL of water was added and 

stirred at 90 C for 2 h. Finally, the solution obtained was filtrated, washed several times 

with deionized water and ethanol and dispersed in 150 mL of hexane. The obtained 

powder is herein after referred as to rGO-ODA. 

2.3. Preparation of polyimide (PI) supports. 

The polyimide (PI) supports were prepared as follows: a dope solution of 24% (w/w) was 

prepared by dissolving P84® (HP polymer GmbH) in DMSO and stirring overnight. Once 

dissolved, the solution obtained was allowed to stand until the air bubbles disappeared. 

The solution was then cast on a polypropylene non-woven backing material at a casting 

speed of 0.04 mꞏs-1 using a casting knife set at a thickness of 250 μm. Immediately after 

casting, the membrane was immersed in a deionized water bath, where the phase inversion 

occurred. After 10 min, the membrane was transferred to a fresh water bath and left for 1 

h. The wet membrane was then immersed in two consecutive baths of IPA for 1 h each to 

remove any residual water or DMSO. The support was cross-linked by immersing in a 

120 gꞏL-1 solution of HDA in IPA for 16 h at 20 C under stirring. Next, the membrane 

was washed with IPA four times for 1 h each to remove any traces of HDA. Finally, the 
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support was immersed in a solution with a 3:2 volume ratio of PEG:IPA overnight under 

stirring to prevent pore collapse during the IP reaction. Finally, the PI support was wiped 

dry with tissue paper. 

2.4. Preparation of TFC and TFN membranes.  

The polyamide (PA) ultrathin layer was formed on cross-linked PI P84® supports by 

interfacial polymerization (IP) at room temperature. First, two solutions were prepared: 

an aqueous solution of 2% (w/v) of MPD and a solution of 0.1% (w/v) of TMC in a 

mixture of hexane (HPLC grade, VWR international) and ethanol in proportion 

99.5/0.5 %. Next, a 60 cm2 support was placed in a glass filtration holder for the IP 

reaction and 20 mL of the aqueous solution was added. After 2 min, the excess solution 

was removed and the membrane’s surface was dried with a tissue paper. Next, 20 mL of 

the TMC solution was added and left for 1 min, and after that 10 mL of fresh hexane was 

poured to stop the reaction. Then, the excess was removed and another 10 mL of hexane 

was added to further remove unreacted TMC. Finally, 10 mL of water was added to wash 

out the hexane and the TFC membrane formed was stored in deionized water in the fridge 

at ca. 5 °C and tested within 48 h of preparation.  

For the preparation of the TFN membranes the same procedure was followed with the 

addition of two different loadings of rGO-ODA (0.03 % (w/v) and 0.06 % (w/v)) in the 

organic phase (hexane/ethanol) before the IP reaction. In order to favor the rGO-ODA 

dispersion, the TMC solution was sonicated for 30 min. Given the hydrophobic character 

of this filler its dispersion in the aqueous phase for the interfacial polymerization would 

not be desirable. 

2.5. Characterization of nanofillers and membranes.  
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X-ray diffraction measurements were performed using an Empyrean PANalytical 

diffractometer with a Cu-Kα radiation source (λ=1.5406 Å). Data were collected in the 2θ 

range from 2.5° to 40° and at a scanning rate of 0.01°ꞏs-1.  

Thermogravimetric analyses (TGA) were carried out in order to confirm the ODA 

functionalization of the GO. A Mettler Toledo DSC-1 Star System at a heating rate of 10 

°Cꞏmin-1 up to 700 °C under an air flow of 80 cm3(STP)ꞏmin-1 was used.  

Scanning electron microscope (SEM) images of the rGO-ODA and the surface of the 

membranes were obtained with FEI-Inspect F20 microscope operating at a voltage of 10 

kV. All samples were coated with Au/Pd under vacuum conditions prior to analysis.  

Transmission electron microscopy (TEM) was carried out to check the presence and 

distribution of rGO-ODA and its interaction with the PA polymer network. In order to be 

able to detach the PA thin film nanocomposite layer from the PI P84® support for TEM 

observation, a 0.06% w/v rGO-ODA TFN membrane was synthesized over a non-

crosslinked P84® support. This TFN membrane was immersed in N,N-

dimethylformamide (DMF) at room temperature for 5 min to dissolve the PI P84® porous 

support. The resulting freestanding PA top layer was placed onto a carbon mesh grid and 

observed under a FEI Tecnai T20 transmission electron microscope operated at 200 kV.  

To confirm the successful functionalization and reduction of GO, attenuated total 

reflectance Fourier transform infrared spectroscopy (ATR-FTIR) was carried out. The 

analysis was performed in a Bruker Vertex 70 FTIR spectrometer equipped with a DTGS 

detector and a Golden Gate diamond ATR accessory in the 600-4000 cm-1 wavenumber 

range with a resolution of 4 cm-1. This technique was also applied to the TFN membranes 

to detect the presence of rGO-ODA nanofillers. For this purpose, the TFN membrane 

spectra were compared to that of rGO-ODA powder.  
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The conversion of GO into rGO-ODA was also corroborated by Raman spectroscopy 

using a WiTec Alpha 300 confocal Raman microscope, with a 488 nm laser excitation 

beam. This technique was also used to verify the presence of the rGO-ODA into the PA 

layer in a small piece of the top layer detached during IP. TFC and TFN membranes were 

characterized by water contact angle measurements using a Krüss DSA 10 MK2 at 20 °C 

in up to three different areas for each membrane. 

2.6. Membrane performance.  

Organic solvent nanofiltration (OSN) was performed in a stirred dead-end membrane 

filtration cell (Sterlitech HP4750). The OSN performance of the developed TFN 

membranes and TFC control membranes was evaluated for three independent ethanol 

solutions containing three solutes with increasing molecular weights: Acridine Orange 

(AO, 265 gꞏmol-1, Across Organics, 55%), Sunset Yellow (SY, 452 gꞏmol-1, Sigma 

Aldrich, 90%) and Rose Bengal (RB, 974 gꞏmol-1, Sigma Aldrich, 95%). Three 

membranes were measured. The feed solutions had a dye concentration of 20 mgꞏL-1. The 

effective area of the membrane was 12 cm2 and the feed volume was 250 mL. All 

experiments were carried out at a pressure of 20 bar and at room temperature. The 

rejection and the permeate flux were calculated by the following Equation 1 and Equation 

2: 

(Equation):   𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 ൌ ௏

஺ൈ௧ൈ∆௉ 
 ቂ ௅

௠మ൉௛൉௕௔௥
ቃ  ሺ1ሻ 

(Equation): 𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 ሺ%ሻ ൌ ቀ1 െ
஼೛೐ೝ೘೐ೌ೟೐

஼ೝ೐೟೐೙೟ೌ೟೐
ቁ ൈ 100   ሺ2ሻ 

where V is the volume (L), A is the nanofiltration area of the membrane (m2), t is the time 

for the permeate collection (h) and P is the pressure gradient used. Permeate and 

retentate aliquots (3 mL) were collected in each filtration once the flux was stable. Ethanol 

was allowed to completely evaporate in a fume hood and it was replaced by 3 mL of 

deionized water. The concentrations of permeate (Cpermeate) and retentate (Cretentate) were 
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measured by UV spectrometer (Shimazdu UV-2700) using water as a solvent. In the case 

of the aqueous filtrations, Cpermeate and Cretentate were measured from the as-collected 

samples. The wavelengths of maximum absorbances of RB, SY and AO were 549 nm, 

480 nm and 490 nm, respectively. Prior to NF, two post-treatments were applied to the 

membrane: first, a 10 min bath in DMSO followed by a DMSO filtration at 20 bar during 

10 min. This procedure has been reported as effective for the activation of the PA layer 

for the permeation of organic solvents [35]. 

 

3. Results and Discussion 

3.1. Characterization of rGO-ODA 

The nanoparticles used as fillers for the preparation of TFN membranes are usually added 

to the organic phase prior to the interfacial polymerization [15, 17, 36]. In consequence, 

it is necessary to have a good dispersion of the rGO-ODA nanofillers in the n-hexane 

phase to minimize the formation of agglomerates during the PA formation which would 

generate defects in the filler-polymer interface. GO is highly dispersible in water and in 

some polar solvents but unfortunately not in non-polar solvents like n-hexane [37]. Some 

strategies to improve its dispersibility in non-polar solvents include its reduction [38] or 

functionalization with alkylamines [39]. However, reduced graphene oxide is in practice 

immiscible with most organic solvents due to differences in cohesive energies of rGO and 

dispersible media, hence its functionalization can improve its dispersibility [40]. In this 

work, GO was functionalized with ODA and further reduced to obtain rGO-ODA (Figure 

1a). To confirm this functionalization, further characterization was carried out. 
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Figure 1. a) Scheme of the functionalization and reduction of GO. b) ATR-FTIR spectra 
of GO, GO-ODA and rGO-ODA. 
 

ATR-FTIR was performed in order to verify the GO functionalization. Figure 1b shows 

the spectra of the GO, GO-ODA and rGO-ODA. The typical peaks of GO appear at 1029 

cm-1, 1173 cm-1, 1621 cm-1, 1728 cm-1 and 3220 cm-1 related to alkoxy C-O stretching, 

epoxy C-O stretching, C=C stretching, C=O carboxyl stretching and O-H stretching, 

respectively. In the case of GO-ODA and rGO-ODA, two new peaks appear at 2916 cm-

1 and 2848 cm-1 corresponding to the alkyl C-H stretching. Another new peak is shown at 

1564 cm-1 due to the N-H stretching, and a final peak at 1466 cm-1 corresponding to the 

C-N stretch of the amide, indicating the formation of C-N-C bonds between the 

alkylamine and GO [41]. 

Figure 2a exhibits the XRD patterns of GO, GO-ODA and rGO-ODA. The peak at 10.8° 

of GO indicates an interlayer spacing of 0.8 nm, which is in concordance with other 

results reported in literature [42]. In contrast, GO-ODA and rGO-ODA show main peaks 

at 4.4° and 5.2°, respectively, which corresponds to interlayer spacings of 2 nm and 1.7 

nm, according to Bragg’s law. These enlargements indicate that the alkyl chains of ODA 

were intercalated into the GO gallery spaces, in agreement with GO functionalization. In 
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addition, GO-ODA and rGO-ODA patterns have a less intense and broad peak at around 

21.4° that suggests that the samples are poorly ordered along the stacking direction due 

to exfoliation [43]. 

 

 

Figure 2. a) XRD patterns of GO, GO-ODA and rGO-ODA powder samples. b) TGA 

curves for GO, GO-ODA and rGO-ODA.  

 

Figure 3 shows the Raman spectra of GO, GO-ODA and rGO-ODA. The three spectra 

exhibit two noticeable peaks at ≈1350 cm-1 and ≈1600 cm-1, corresponding to the so-

called D and G bands, respectively. The ratio between the intensities of D and G bands 

(ID/IG) expresses the sp3/sp2 carbon ratio, i.e. the degree of structural disorder. This ratio 

is 0.96 for both GO and GO-ODA whereas in the case of rGO-ODA is 0.98. The same 

ratio of ID/IG for GO and GO-ODA indicates that the functionalization with ODA has 

been carried out by the substitution of the existing oxygen-containing functionalities in 

GO. In the case of rGO-ODA, this ratio should decrease for the reduction of GO-ODA 

although in our case it is almost constant given the small difference. As justified in other 

works [44, 45], this discrepant result may be due to the fact that new graphitic domains 

were created smaller in size than those present in GO but more numerous. 
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Figure 3. Raman spectra of GO, GO-ODA, rGO-ODA, PA with 0.06% (w/v) of rGO-
ODA and PA. 
 

GO, GO-ODA and rGO-ODA were also characterized by TGA. Figure 2b shows the 

thermogravimetry curves obtained for the three materials. In the GO curve four weight 

losses can be seen: up to 130 °C due to the evaporation of adsorbed water in the GO sheet, 

from 130 °C to 200 °C owing to the decomposition of the labile oxygen-containing 

functional groups, from 200 °C to 500 °C ascribed to more stable oxygen-containing 

functional groups and finally from 500 °C to 550 °C due to the combustion of the carbon 

skeleton [28,42]. The step owing to the adsorbed water is smaller for GO-ODA curve 

than for GO curve and almost nonexistent for rGO-ODA curve, indicating the 

hydrophobic character of this last material. For GO-ODA samples, Lin et al. reported [46] 

the existence of two weight losses related to ODA, one due to the physically bonded ODA 

(150-180 °C) and the other due to the covalently bonded ODA (180-500 °C). For the GO-

ODA curve, the existence of a weight losses from 150 °C to 200 °C is due to the physically 
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bonded ODA and labile oxygen-containing functional groups. In the case of rGO-ODA, 

this peak disappears due to the reduction of oxygenated groups and the elimination of 

physisorbed ODA. For both samples (GO-ODA and rGO-ODA), the covalently bonded 

ODA (200-480 °C) is observed. Finally, for both samples, the last weight loss could be 

attributed to the contribution of the combustion of the remained carbon skeleton. Figure 

4 depicts a SEM image of the synthesized rGO-ODA where it is possible to see its sheet 

type morphology. 

 

Figure 4. SEM image of rGO-ODA 

 

3.2. Membrane Characterization 

rGO-ODA was used as a filler in the preparation of TFN membranes using two different 

concentrations in the organic phase for the interfacial polymerization: 0.03% (w/v) and 

0.06% (w/v) (1). Figure 5a shows the XRD patterns of the synthesized membranes and 

rGO-ODA. In the case of TFN membranes, no peaks belonging to rGO-ODA were 

detectable. This is due to the low quantity of rGO-ODA present in the PA layer, not 

enough to be able to diffract and thus be detected by XRD, and not to the loss of crystal 

structure of the filler during the membrane preparation procedure, as will be shown below. 
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Figure 5. a) XRD pattern and b) ATR-FTIR spectra of the synthesized rGO-ODA 
powder, the PA TFC membrane and TFN membranes prepared in this work. 
 

The ATR-FTIR spectra of the rGO-ODA, TFC membrane and TFN membranes appear 

in Figure 5b. For TFN membranes, two peaks appear at 2926 cm-1 and 2855 cm-1 which 

are nearly at the same wavenumbers corresponding to the two characteristic peaks present 

in the TFC membrane. This makes difficult to assign those absorbances to the presence 

of rGO-ODA in the TFN membranes.  

In order to corroborate the presence of rGO-ODA into the polyamide layer, Raman 

spectroscopy was carried out over a piece of PA+rGO-ODA detached during IP synthesis 

of the TFN with 0.06% (w/v) of rGO-ODA. As Figure 3 exhibits, PA does not show peaks 

between 800 and 2000 cm-1. However, the introduction of rGO-ODA in the TFN 

membrane gave rise to two peaks (the D and G bands above mentioned) belonging to 

rGO-ODA, confirming its presence in the PA film. 

SEM images of the TFN membranes are shown in Figure 6a,b. The membrane surface 

shows a typical “ring-like” morphology indicating the PA thin layer has been correctly 

synthesized. Besides, no agglomerates are visible to the naked eye, which suggests that 

the filler was well dispersed during the synthesis of the thin PA layer [17, 36]. Figure 

6c,d,e shows TEM images of the PA+rGO-ODA top layer where it is possible to 
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distinguish that the flakes of rGO-ODA, maintaining their high aspect ratio, are well 

integrated into the PA layer synthesized by IP. Selected area electron diffraction (SAED) 

was used to investigate the presence of rGO-ODA flakes in the thin PA layer. As shown 

in Figure 6f, clear diffraction spots confirm the crystalline structure of the rGO-ODA 

flakes. The 6-fold pattern is consistent with a hexagonal lattice and the spots have been 

labelled accordingly using the Miller (hkl) indexes, equivalent to the graphite reflections 

[47, 48]. They correspond to (1 -1 0)-, (0 -1 1)-, (-1 1 0)-type reflections and (2-1-1)-, (1-

21)-, (-1-12)-, (-211)-type reflections, with average d-spacings of 4.8 Å and 2.7 Å, 

respectively. These reflections are distinctive of the reduced graphene oxide features 

which remain in rGO-ODA [49]. The increment of the interlayer spacing from the 

intercalation of ODA molecules was not detected in the SAED pattern.  

 

Figure 6. a,b) SEM images of TFN membranes with 0.03% (w/v) of rGO-ODA (a) and 
0.06 % (w/v) of rGO-ODA (b). c, d, e) TEM images of the PA thin film with the rGO-
ODA embedded. f) SAED pattern of (e). 
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The hydrophobic/hydrophilic character of the synthesized membranes was evaluated by 

water contact angle. Table 1 depicts the results obtained for the TFC membrane and for 

the TFN membranes using 0.03 % (w/v) and 0.06 % (w/v) of rGO-ODA. With the 

introduction of the rGO-ODA the contact angle of the membranes increased, indicating 

that the TFN membranes are more hydrophobic than the TFC ones. As Alberto et al. 

reported [34], this is due to the fact that rGO-ODA is hydrophobic, which has been also 

confirmed in this work by TGA. 

 

Table 1. % content of rGO-ODA and contact angle of the synthesized membranes. 

Membrane % rGO-ODA (w/v) Contact angle (°) 

TFC 0 70±1 

TFN 0.03% 0.03 81±3 

TFN 0.06%  0.06 84±2 

 

 

3.3. Membrane performance 

The performance of the prepared membranes was evaluated using ethanolic solutions of 

three dyes with distinct molecular weight as solutes: Acridine Orange (AO, 265 gꞏmol-1), 

Sunset Yellow (SY, 452 gꞏmol-1) and Rose Bengal (RB, 1017 gꞏmol-1). The experiments 

were carried out by feeding the membranes with three consecutive solutions of AO, SY 

and RB dissolved in ethanol. 

Figure 7 shows the OSN performance obtained. As can be seen, the permeance for each 

of the three filtrations with the three types of dyes is always higher for the TFN than for 

the bare TFC membrane. As previously reported [50], the interlayer space present in the 

rGO-ODA may provide additional pathways for the passage of the solvent, thus 
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producing an increase in the permeance. The higher the concentration of rGO-ODA, the 

more pathways are added and the higher the permeance. This phenomenon is in 

agreement with the trend reported in literature, where several studies have demonstrated 

that the addition of certain fillers during the synthesis of the PA layer improve the 

membrane performance [14, 17, 36, 51]. The highest permeance was achieved when the 

highest concentration of rGO-ODA, i.e. 0.06% (w/v), was used, increasing from 2.8 L m-

2 h-1 bar-1 for the bare TFC membrane to 4.3 L m-2 h-1 bar-1 for the TFN (a 54% of 

improvement) when the ethanol solution containing AO was filtered. An increase from 

3.4 L m-2 h-1 bar-1 to 4.6 L m-2 h-1 bar-1 for SY (an improvement of 35 %) and from 3.7 L 

m-2 h-1 bar-1 to 5.0 L m-2 h-1 bar-1 for RB (a 35% of improvement) was also observed (see 

Table 2). This increase might be a consequence of the higher hydrophobicity of the 

membrane when the nanofillers are introduced in the PA layer (see Table 1) in 

complement with the formation of additional pathways along the gallery spaces of non-

totally exfoliated rGO sheets. As seen before, the d-spacing for rGO-ODA is 1.7 nm, far 

above the kinetic diameter of ethanol (0.45 nm). It is true that these gallery spaces in rGO-

ODA may be partially filled with ODA molecules but they can provide simultaneously 

polar (amine) and non-polar (aliphatic chains) groups as in the parent GO-ODA (in this 

case with additional non-reacted oxygenated groups not yet reduced as in rGO-ODA) but 

with a less polar character, since the polarity of amide group is higher than that of amine 

group. In any event, this simultaneous presence of polar and non-polar groups would 

facilitate the transport of ethanol by jumping across the rGO-ODA galleries between sites 

of different polarity. In addition, small gaps between the alkyl-functionalized rGO 

nanosheets and the PA, as suggested by a slightly lower rejection of the smallest dye, AO, 

for the TNF membranes, may contribute to the ethanol transport. 
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Figure 7. OSN performance of TFC, TFN 0.03% and TFN 0.06% membranes. Columns 
are permeance values, while symbols are rejections. Nanofiltrations were carried out at 
20 °C and 20 bar. The error bars correspond to the standard deviation of the three 
membranes analyzed. 
 

Table 2. Permeances and rejection using AO, SY or RB as solutes. Standard deviations 
have been calculated from the measurement of three membranes. 

   
Permeance 

(Lꞏm-2ꞏh-1ꞏbar-1) 
Rejection (%) 

TFC 
AO 2.8±0.4 92.7±4.9 
SY 3.4±0.1 99.9±0.1 
RB 3.7±0.2 99.7±0.3 

0.03% rGO-ODA 
AO 3.9±0.4 84.7±7.1 
SY 4.4±0.4 99.4±0.7 
RB 4.7±0.5 99.1±0.9 

0.06% rGO-ODA 
AO 4.3±0.7 76.8±2.3 
SY 4.6±0.4 98.6±0.6 
RB 5.0±0.7 98.1±0.1 

 
 

In fact, it is possible to see in Figure 7 and more clearly in Table 2, that generally the 

rejection in TFN membranes is lower than in TFC membranes especially the rejection 

corresponding to the smallest dye, AO. This can be due to the fact that the introduction 

of rGO-ODA, which is a laminar material, may provoke the creation of defects in the thin 

PA layer that allow the dye pass through [15]. 
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It should be noted, that the experiments of the three solutes tested have been performed 

consecutively. As can be seen in Figure 7, the variation in ethanol permeation is 

negligible, which indicates membrane stability under operating conditions. 

As can be seen in Table 3, several studies have reported the use of different kinds of 

membranes for their application in OSN. Due to the fact that the materials used and the 

nanofiltrated solutes and solvents are not the same, it is difficult to compare them. 

However, our ethanol permence values are amogst the highest when comparing PA TFN 

membranes prepared on PI P84® supports. 

Table 3. Performance of different membranes applied in OSN. 

Membranea Filler Feedb 
Permeance 
(Lꞏm-2ꞏh-

1ꞏbar-1) 

Rejection 
(%) 

Ref. 

Crosslinked ISA 
membranes of 

P84® 
n/a PS+MeOH 0.83 85 [52] 

Crosslinked ISA 
membranes of 

PEEK 
n/a RB+IPA 0.12 88.0 [53] 

Polyamide TFN 
membranes 

supported on P84® 

MIL-53(Al) 

PS+MeOH 

1.9 100.0 

[36] 
NH2-MIL-

53(Al) 
1.8 99.8 

ZIF-8 2.1 99.1 
MIL-101(Cr) 3.9 98.3 

Polyamide TFN 
membranes 

supported on P84® 

MIL-68(Al) 
SY+MeOH 

4.4 93.8 
[17] MIL-101(Cr) 4.6 95 

ZIF-11 6.2 91.5 
Polypyrrole TFN 

membranes 
supported on PAN 

GO RB+MeOH 15.3 98.5 [54] 

Polyethyleneimine 
TFN membranes 

supported on PAN 

Functionalized 
SiO2 

PEG+MeOH 3.1 84.0 [55] 

ISA membranes of 
PBI 

GO 
MB+MeOH 

48.5 93.0 
[56] 

Crosslinked ISA 
membranes of PBI 

GO 16.9 98.3 

PDMS-based 
Mixed matrix 
membranes 
(MMMs) 

HKUST-1 

RB+IPA 

0.5 95.6 

[57] 
MIL-47(V) 0.5 99.0 
MIL-53(Al) 0.5 99.0 

ZIF-8 0.5 92.0 
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Polyamide TFN 
membranes 

supported on P84® 
SNW-1 RDB+EtOH 8.1 99.5 [58] 

Polyimide TFN 
membranes 

supported on P84® 
GQDs RDB+EtOH 2.3 98.6 [59] 

Polyamide TFN 
membranes 

supported on P84® 
UiO-66-NH2 TC+MeOH 20 99.0 [60] 

Polyamide TFN 
membranes 

supported on P84® 

Interlayered 
GO 

RDB+EtOH 4.2 99.4 [60] 

Polyamide TFN 
membranes 

supported on P84® 
rGO-ODA 

AO+EtOH 4.3 76.8 
This 
work 

SY+EtOH 4.6 98.6 
RB+EtOH 5.0 98.1 

aISA: integrally skinned asymmetric, TFC: thin film composite, TFN: thin film 
nanocomposite, PAN: polyacrylonitrile, PBI: polybenzimidazole, MMM: mixed matrix 
membrane. 
bPS: polystyrene (400 gꞏmol-1), RB: rose bengal (974 gꞏmol-1), SY: sunset yellow (452 
gꞏmol-1), PEG: polyethylene glycol (400 gꞏmol-1), MB: mepenzolate bromide (420 gꞏmol-

1), RDB: rhodamine B (479 gꞏmol-1), TC: tetracycline (444 gꞏmol-1), AO: acridine orange 
(265 gꞏmol-1). 
 

The nanofiltration of an aqueous solution of acridine orange (AO) has been carried out 

with our membranes in order to compare our results with those in the literature using 

membranes with GO in nanofiltration or reverse osmosis. At the 0.06% (w/v) 

concentration of rGO-ODA, the water permeance increased from 6.8±0.3 L m-2 h-1 bar-1 

for the bare TFC membrane to 8.9±1.3  L m-2 h-1 bar-1 for the TFN membrane, while the 

rejection decreased when the filler was introduced from 99.0±0.4% for the bare TFC 

membrane to 96.4% for the TFN membrane. The permeance values and their increase 

when introducing the filler are of the order of those found in literature (Table 4). 

Regarding the rejection, the tested molecules in the literature (Table 4) are very diverse 

but generally the high rejection values are maintained when the filler is introduced in the 

selective layer. 

Table 4. Performance of different graphene oxide (GO) enhanced polyamide (PA) thin-
film nanocomposite (TFN) membranes and PA thin film composite (TFC) membranes 
applied for nanofiltration/reverse osmosis using water 
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Support 
materiala Fillerb Solutec Membrane 

type 

Permeance  
(Lꞏm-2ꞏh-

1ꞏbar-1) 

Rejection 
(%) 

Ref. 

PSF GO 
NaCl / 
Na2SO4 

TFC 1.88 96 / 98 
[15] 

TFN 2.87 94 / 97 

PSF GO NaCl 
TFC 0.59 99 

[27] 
TFN 1.03 99 

PSF 
GO 

Quantum 
dots 

NaCl 
TFC 1.54 99 

[29] 
TFN 2.34 99 

PES ZIF-8/GO Na2SO4 
TFC 2.70 100 

[30] 
TFN 4.12 100 

PES GO-PSBM 
NaCl / 
MgSO4 

TFC 0.17 98/100 
[31] 

TFN 0.4 94/98 

PES GO-ODA Na2SO4 
TFC 8.4 94 

[32] 
TFN 5.5 98 

PES 
GO-HBE-

COOH 
Na2SO4 

TFC 8.1 98 
[61] 

TFN 5.6 98 

PSF MAH-GO Na2SO4 
TFC 8.3 98 

[62] 
TFN 4.7 98 

PI rGO-ODA AO 
TFC 6.8 99. This 

work TFN 8.9 96 
aPSF: polysulfone. PES: polyether sulfone. PI: polyimide. 
bPSBM: poly(sulfobetaine methacrylate). ODA: octadecylamine. HBE: hyperbranched 
Polymers. MAH: maleic anhydride. rGO: reduced graphene oxide. 
cAcridine orange 
 

4. Conclusions 

The fabrication of TFN membranes using rGO has been carried out for their application 

in nanofiltration. First, the successful functionalization and reduction of GO was verified 

by different techniques. In the FTIR spectrum of rGO-ODA new peaks appeared in 

comparison to the starting GO due to the functionalities of ODA. The XRD pattern 

showed an interlayer space in rGO-ODA higher than in GO due to the intercalation of 

ODA. The changes observed in the Raman spectra and in the TGA curves corroborated 

the expected functionalization.  

In the case of TFN membranes, the little amount of rGO-ODA present in the membrane 

made its detection by FTIR and XRD not possible. As a way to assess the presence of 

rGO-ODA into the PA layer, a detached piece of PA layer (with embedded rGO-ODA 
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filler) was characterized by Raman, TEM and electron diffraction. The Raman spectrum 

of the PA+rGO-ODA showed two peaks not present in the Raman spectrum of PA that 

correspond to rGO-ODA. TEM images allowed to distinguish flakes of rGO-ODA in the 

PA layer, whereas thanks to electron diffraction it was possible to obtain the characteristic 

plane diffraction of rGO-ODA. This confirmed the presence of rGO-ODA in the TFN 

membrane and thus the maintenance of its crystalline structure during the interfacial 

polymerization. 

The synthesized membranes were applied to the nanofiltration of ethanol solutions of AO, 

SY and RB dyes. The better performance was obtained with TFN membranes in all cases, 

with the best results in case of 0.06% (w/v) of rGO-ODA and with ethanol permeances 

in the range of 4.3-5.0 L m-2 h-1 bar-1, depending on the tested dye (AO, SY and RB). This 

means a 35-54% of permeance enhancement as compared to the unmodified PA 

membrane and without compromising the rejection particularly for SY and RB. The 

increase of the ethanol flux achieved with the rGO-ODA (a filler that decreased the 

hydrophilicity of the membrane) based TFN membrane was due to a combination of the 

simultaneous presence of polar and non-polar groups from rGO-ODA nanosheets and the 

creation of gaps between such rGO-ODA particles and the polyamide of the membrane 

skin layer. 
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