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ABSTRACT 

Composite nanofiltration membranes offer advantages because of synergetic effects among the 

constituent materials’ properties. However, the sustainability of both the membrane fabrication 

and the raw materials has been a drawback of this energy-efficient separation technology. We 

report the facile fabrication of a nanocomposite membrane composed of a two-dimensional (2D) 

material of reduced graphene oxide (rGO) combined with a one-dimensional (1D) material of a 

ternary metal-based chalcogenide (NaFeS2 or NFS), using silkworm pupae protein as a natural 

binder. All the source materials can be derived from either nature or waste, ensuring the 

sustainability of the membrane and its production method. The structural characteristics of the 

synthesized membranes were analyzed, and the morphology of the composite membranes was 

studied thoroughly. Thermogravimetric analysis, differential scanning calorimetry, and 

nanoindentation characterizations indicated that the composite membranes were mechanically and 

thermally stable. The water and acetone fluxes; salt, dye, and pollutant rejections; and long-term 

membrane performance were evaluated using a cross-flow filtration system. Solute rejection was 

observed to increase (up to 98%, 94%, 95%, and 78% for Rhodamine B, 2,4-dichlorophenol, 

MgCl2, and NaCl, respectively) with increasing concentration of the nanomaterials in the 

membrane. The fine-tuning of the molecular weight cut-off from 794 to 600 g mol–1 was achieved 

by varying the concentration of the nanomaterials from 1 to 3 mg mL–1. Our research findings 

demonstrate the synergetic effects of combining 1D and 2D materials using silkworm pupae 

binder. The composite membrane was stable in different classes of organic solvents, including 

hydrocarbons, alcohols, esters, ethers, polar aprotic solvents, halogenated solvents, and ketones. 

This first use of natural pupae binder in constructing membrane materials paves the way toward 

the development of more sustainable membranes. 
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1. Introduction 

Separation and purification processes consume a significant amount of energy in various industrial 

sectors. Water purification is a major concern worldwide, with a never-ending scope of interest. 

Organic solvent nanofiltration (OSN) is an emerging field for the molecular sieving of fine 

chemicals and petrochemicals. In general, membrane-based filtration is considered a sustainable 

process for water treatment and separations in organic media [1,2]. Because of recent 

advancements in materials science, composite membranes offer good permeability and high 

selectivity [3]. Recent research efforts have focused on developing sustainable membranes using 

green solvents [4–6], solvent-free methods [7], abundant natural resources [8], and industrial waste 

[9] with minimal waste [10]. 

Polymer membranes dominate the market because of their numerous advantages, including low 

cost, easy operation, high energy efficiency, and inherent simplicity. Nevertheless, some 

drawbacks (e.g., low resistance to chlorine; susceptibility to fouling; lack of stability in organic 

solvents, strong acids, and strong bases; and susceptibility to compaction) limit their application 

range. Recent studies have shown that carbon-based materials such as graphene form membranes 

with better resistance to some strong acids or alkalis and with excellent mechanical strength [11]. 

Graphene-based membranes have been widely used for purification because of their good stability 

and chemical compatibility when mixed with other organic and inorganic compounds [12–15]. 

Their stability and chemical compatibility make graphene-based materials suitable for use in 

composite membranes [16,17]. 

Reduced graphene oxide (rGO) is a modified form of graphene oxide (GO) that can be sustainably 

derived from waste materials such as graphite from a used battery [18]. Among various rGO-

synthesis methods, hydrothermal treatment is considered a sustainable approach [19] because it 
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uses water as a solvent and avoids the use of harmful reducing agents such as hydrazine, 

dimethylhydrazine, hydroquinone, and sodium borohydride [18]. Modified graphene-based 

composites have attracted intensive attention from researchers, who have used them in, for 

example, the synthesis of modified-GO-based enzyme and metal sulfide composites [20,21]. 

NaFeS2 (NFS) is a ternary metal sulfide that occurs naturally as the mineral erdite [22,23]. 

Interestingly, this sodium iron sulfide is also the main byproduct of a lead-recovery process, whose 

storage is problematic because of its reactivity with air and water [22]. NFS has also been reported 

as a product obtained from the conversion of electroplating wastewater [23]. Converting this 

undesired byproduct into a useful material such as a composite membrane offers a sustainable 

solution for multiaspect environmental problems. NFS is also known as a one-dimensional (1D) 

material [24], and exhibits photocatalytic properties [25]. The incorporation of a photocatalytic 

material into a composite membrane could offer additional membrane functionality, such as 

photoinduced self-cleaning [13]. Moreover, materials with 1D characteristics, such as NFS and 

copper hydroxide nanostrand [26], can function as intercalation agents that increase the interlayer 

distance between rGO sheets to achieve enhanced water permeability [13,27]. 

To fabricate a composite rGO–NFS membrane, a binder is required to glue the constituent 

materials and enhance the integrity of the resultant composite (Fig. 1). Inspired by nature—in 

particular, the functionality of silk protein (sericin), which surrounds and binds together two 

fibroin filaments in the silk thread of the silkworm cocoon [28] —we used a pupae-derived solution 

from silkworm (Bombyx mori) as a binder to fabricate an rGO–NFS composite membrane. In 

addition, because the textile industry usually discards sericin as a byproduct [29], which generates 

high biological and chemical oxygen demand, the use of this waste is environmentally beneficial 
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[30]. The use of pupae protein in membrane fabrication enables the mitigation of environmental 

problems and eliminates the use of undesired conventional fluorine-based binders. 

In the present work, we prepared rGO–NFS via hydrothermal treatment and subsequently mixed 

it with a natural pupae protein binder to form composite membranes. We subsequently investigated 

the membranes for their water and acetone fluxes; ability to filter salts, dye, and industrial 

pollutants; and long-term stability in a continuous filtration system. 

 

Fig. 1. Schematic of the reduced graphene oxide–NaFeS2 (rGO–NFS) composite membrane 

fabrication procedure: the NFS precursors are mixed with GO; the mixture is subjected to a 

hydrothermal treatment to synthesize an rGO–NFS composite; the rGO–NFS is combined with the 

pupae binder solution; and a membrane is fabricated on a nylon support via vacuum filtration. 
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2. Materials and Methods 

2.1. Materials 

Graphite powder was acquired from Sigma-Aldrich. Sodium nitrate (NaNO3), hydrochloric acid 

(HCl), sulfuric acid (H2SO4), phosphoric acid (H3PO4), potassium permanganate (KMnO4), 

hydrogen peroxide (H2O2), ethanol (C2H5OH), iron nitrate nonahydrate (Fe(NO3)3·9H2O), sodium 

sulfide nonahydrate (Na2S·9H2O), acetic acid (CH3COOH), sodium hydroxide (NaOH), 

Rhodamine B (RhB), 2,4-dichlorophenol (DCP), were purchased from Loba Chemie and were of 

analytical grade. The nylon support with a porosity of 0.22 µm and thickness of 0.13 mm was 

obtained from Riviera Glass. The B. mori was kindly provided by Karnataka State Sericulture 

Research and Development Institute, Bangalore, India. 

 

2.2. Preparation of GO 

GO was synthesized via Tour’s method. Briefly, 2.5 g of graphite powder and 2.5 g of NaNO3 

were charged into a round-bottom flask, and H2SO4 and H3PO4 were added in a 9:1 volume ratio. 

To the obtained solution, 12.5 g of KMnO4 was added slowly; the resultant mixture was stirred for 

48 h while maintaining the temperature below 5 °C. To this solution, 6 mL of H2O2 was added 

dropwise until the color of the solution changed to brown; a water and HCl (3:1 v/v) solution was 

then added to remove any residual KMnO4. The obtained solution was washed thoroughly several 

times with ethanol and water, and the product was centrifuged to obtain GO powder, which was 

subsequently dried at 50 °C for 24 h. 
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2.3. Preparation of rGO–NFS composites 

A hydrothermal method was used to prepare sodium iron sulfide (NFS),  according to a previously 

reported procedure [25]. Solutions of Fe(NO3)3·9H2O (40 mM) and Na2S·9H2O (120 mM) were 

used as iron and sulfur sources, respectively, and were dissolved in deionized water to prepare a 

100 mL solution. This solution was stirred for 10 min at 100 °C and then for 30 min at 60 °C. To 

this solution, 2 g of NaOH was added, and the resultant solution was stirred for 60 min. The 

solution was then transferred to a Teflon-lined autoclave that was subsequently placed in an 

electric oven at 180 °C for 24 h. The autoclave was then cooled to room temperature, and the 

products were washed with ethanol and water. The obtained powder was dried at 80 °C for 6 h. 

For the preparation of rGO–NFS composites, the same procedure was followed, where 1 g of GO 

was dispersed in water before the addition of NFS and the mixture was subjected to the same 

hydrothermal treatment. The obtained mixture was thoroughly washed with deionized water and 

dried at 55 °C for 12 h. The chemical composition for this synthesis is tabulated in Table S1. 

 

2.4. Preparation of pupae binder 

Approximately 70 g of de-oiled pupae were added to 1 L of 0.1-M NaOH solution and stirred for 

30 min at 70 °C. The mixture was centrifuged for 20 min and the supernatant was collected. To 

the obtained solution, 0.1-M CH3COOH was added until the solution reached a pH of 4. The 

precipitate was separated and collected by centrifugation and then dried at 40 °C for 24 h. The 

dried protein was stored at 4 °C until further use. Finally, the protein solution was prepared by 

dissolving a known amount of protein powder in 0.1-M NaOH solution. 

 

2.5. Fabrication of the membranes 
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The hydrothermally synthesized rGO–NFS powder was ultrasonically dispersed in the pupae 

protein solution in different concentrations (1 mg mL−1 → MrGN1, 2 mg mL−1 → MrGN2, 3 mg mL−1 

→ MrGN3), and the resultant dispersions were stirred for 24 h. The rGO–NFS composite was 

deposited as a membrane on a nylon support with a diameter of 47 mm using an all-glass filtration 

unit, and the obtained membrane was dried at 55 °C for 24 h (Fig. 1). For comparative studies, 

rGO (MrGO) and NFS (MNFS) membranes were also prepared via the filtration method using 3-mg 

mL−1 dispersions of MrGO and MNFS in the pupae binder. 

 

2.6. Membrane performance studies 

The nanofiltration performance of the prepared composite membranes was studied using a cross-

flow filtration system connected to a feed tank from which the flow of the feed stream and pressure 

could be adjusted. The area of the composite membrane was 10.17 cm2. All aqueous nanofiltrations 

were performed at an applied pressure of 6 bar, while the OSNs were performed in acetone at 10 

bar. The flux was calculated using the following equation: 

𝐽0 =
𝑚

𝐴 𝑡
 

where J0 is the water flux (kg m−2 h−1), m is the weight of the permeate solution (kg), A is the 

membrane area (m2), and t is the time interval (h). 

RhB (479 g mol−1) as a representative industrial dye, DCP (163 g mol−1) as a representative 

emerging pollutant, NaCl (58 g mol−1), and MgCl2 (95 g mol−1) were used for the rejection studies 

in water. The salt rejection was calculated using a total dissolved solids meter (Hanna Instruments). 

The concentration of the organic pollutant and the dye was analyzed using an ultraviolet–visible 

(UV–Vis) spectrophotometer (Shimadzu UV–Vis 1800 double-beam spectrophotometer). The 

rejection percentage was calculated using the formula 
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𝑛 =
𝐶𝑖 − 𝐶

𝐶𝑖
× 100 

where Ci is the initial concentration and C is the final concentration of the pollutant or dye. 

Polystyrene solute markers with 1-g L−1 dimer, PS580, PS1300, and 0.1-g L−1 rose bengal (RoB 

(1017 g mol−1) dye were used in the organic solvent nanofiltration experiments. The MWCO was 

defined as the size of the solute with 90% rejection. Errors were reported based on two independent 

measurements performed on each membrane. 

 

2.7. Characterizations 

The prepared materials (GO, NFS, and rGO–NFS) and the composite membranes were examined 

using various spectroscopic and analytical techniques. The crystallinity of the powder samples was 

investigated using an X-ray diffractometer (Bruker D8 ADVANCE) equipped with a Cu-Kα 

source (λ = 0.154 nm). A Bruker FTIR spectrometer (VERTEX 70/70v) with an attenuated total 

reflectance mode was used to investigate the functional groups in the samples over the 

wavenumber range of 600–4000 cm−1 with 64 scans in all. The characteristics of the materials 

were also studied using Raman spectroscopy (WITec apyron, laser power 0.511 mW). The 

oxidation states of the samples were determined by XPS analysis (Kratos Axis Ultra DLD 

equipped with a monochromatic Al Kα X-ray source). 

The morphologies of the samples were examined by SEM (NovaNano instrument). For cross-

section measurements, the membrane samples were immersed in liquid N2 for 30 min and then 

fractured. The prepared membranes were attached to the SEM stub using carbon tape and then 

coated with 2-nm-thick platinum using an ion-sputtering device before the SEM analysis. Images 

were acquired at 5-kV high tension and 28-pA current with a working distance of 5 mm. For EDX 
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analysis used to map the elements of the membrane surface, the same instrument was used at 15-

kV high tension and 50-pA current. 

HRTEM and selected-area electron diffraction were performed using a Jeol JEM 2100 

transmission electron microscope operated at 200 kV. AFM (Bruker Dimension ICON) was 

conducted in tapping mode (Acoustic AC) at room temperature to analyze the surface topography 

and roughness. For each sample, an area of 5 × 5 µm2 was scanned at a rate of 1 Hz. The scan 

results were subsequently analyzed using the NanoScope Analysis software (version 1.5). 

A Kruss EasyDrop instrument was used to record the water contact angle of the membranes using 

a sessile drop method and the Young–Laplace fitting model. The membranes were adhered to a 

glass plate using double-sided tape, and four measurements were performed at different locations 

on a membrane to obtain the average contact-angle value for each sample. Water (2 µL) was 

dropped on the membranes, and the contact angle reading was performed after 5 s. 

Simultaneous TGA–DSC was performed using a Jupiter STA 449 F1 (NETZSCH-Gerätebau) 

from 25 °C to 600 °C under a N2 atmosphere (flow rate: 50 mL min−1) with a temperature ramp of 

10 °C min−1. The mechanical hardness of the membranes was evaluated with the nanoindentation 

technique using a NanoTest Vantage instrument with a pyramidal diamond indenter. The 

membrane samples were cut into 1-cm2 parts and then adhered to a silicon wafer using superglue. 

An average of four indentions per specimen were obtained. 
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3. Results and Discussion 

3.1. Chemical investigation of the membranes 

Six membranes with different composite fillers were prepared: a nylon support (nylon); rGO filler 

with pupae binder (MrGO); NFS filler with pupae binder (MNFS); and rGO–NFS filler with pupae 

binder in 1:1 (MrGN1), 2:1 (MrGN2), and 3:1 (MrGN3) mass ratios (Table S1). 

The XRD patterns of the synthesized GO, NFS, and rGO–NFS composite powders are shown in 

Fig. 2a. The obtained XRD pattern of the NFS matches well with that reported in the 

Crystallography Open Database (COD ID 9000772), indicating the formation of NFS. The 

structure of the NFS is provided in the Supporting Information (Fig. S1). The dominant peaks at 

2θ = 12.8°, 16.6°, and 19.5° are attributable to the monoclinic phase of NFS [25]. The characteristic 

graphene oxide peak was observed at 2θ = 9.1°, which is similar to previously reported results 

[31]. In the pattern of the rGO–NFS composite material, the characteristic NFS peaks were still 

observed; however, the characteristic GO peak disappeared, accompanied by the appearance of a 

new peak at 2θ = 22.4°, indicating the formation of rGO [32]. The removal of a substantial amount 

of oxygen in the GO resulted in a contraction of the interlayer distance between the graphene sheets 

from 0.97 nm in GO to 0.40 nm in rGO. This contraction indicates the reduction of GO into rGO 

via hydrothermal treatment and the formation of rGO–NFS. 

We extended the structural investigation by analyzing the functional groups of the powder 

materials (Fig. 2b) and the prepared membranes (Fig. 2c) using Fourier transform infrared (FTIR) 

spectroscopy. A broad adsorption peak at 3356 cm−1 was observed in the spectrum of GO and was 

attributed to the O−H stretching vibration [33]. The peaks at 1716, 1624, and 1154 cm−1 are 

attributed to C=O, C=C, and C−OH, respectively, reflecting the high oxygen content in GO. In the 

rGO–NFS composite powder, the O−H stretching vibration decreased in intensity and was 
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overlapped by two peaks at 3378 and 3460 cm−1, which are characteristic vibration peaks of water 

molecules bound in the NFS structure [34]. The bands at 1585 and 1115 cm−1 in the spectrum of 

rGO–NFS are assigned to −SH and Fe−S, respectively. 

 

Fig. 2. a) X-ray diffraction patterns of GO, NFS, and rGO–NFS powders. b) Fourier transform 

infrared (FTIR) spectra of pupae, GO, NFS, and rGO–NFS powders. c) FTIR spectra of the 

membranes: nylon, MrGO, MNFS, MrGN1, MrGN2, and MrGN3. d) Raman spectra of the composite 

membranes: MrGN1, MrGN2, and MrGN3. e–h) X-ray photoelectron spectroscopy spectra of MrGN1, 

MrGN2, and MrGN3 membranes: survey spectra (e) and high-resolution narrow spectra of C 1s (f), 

Fe 2p (g), and S 2p (h). 

 

In Fig. 2c, the 1st and 3rd regions of the FTIR spectra were used to identify the presence of Fe−S 

(1154 cm−1) and H2O vibrations (3378 and 3460 cm−1) from NFS in the composite membrane. The 

2nd region shows the −CH2− stretching vibration of the nylon support. Interestingly, strong nylon-
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support peaks were observed in the spectra of membranes with a low filler-to-pupae-solution mass 

ratio (i.e., membranes MrGN1 and MrGN2). When the filler content was high (i.e., membranes MrGO, 

MNFS, and MrGN3), the nylon support was barely visible, indicating that the surface of the nylon 

support was well covered by the filler and binder. 

The rGO in the composite rGO–NFS membranes was characterized based on the Raman peaks 

(Fig. 2d) at 1350 and 1560 cm−1, which were attributed to the D- and G-bands, respectively [35]. 

The D-band is associated with “defect” or “disorder” in the graphene structure, whereas the G-

band is associated with “graphene,” representing the planar configuration of sp2-bonded carbons. 

An intense D-band peak indicates the existence of lattice distortions and defects in the material. 

The defects and distortions can be associated with, among other effects, the formation of sp3-

hybridized bonds as a result of the oxidation of graphite [36]. The intensity ratio between the D- 

and G-bands (ID/IG) reflects the crystalline domains of the rGO in the material. Unlike a defective 

graphene structure, in which the D-band strongly dominates the G-band in the Raman spectrum 

[35], in our case, an average ID/IG was observed for all the composite membranes. These results 

indicate the presence of crystalline graphene with few defects in the composite membranes. 

X-ray photoelectron spectroscopy (XPS) was used to identify the elements present and to reveal 

the oxidation state of the relevant elements in different membrane samples. In the survey spectra 

(Fig. 2e), the C and O peaks mainly originate from the GO and the pupae binder. Na, Fe, and S 

peaks were observed in the spectrum of each composite membrane, confirming the previously 

discussed XRD and FTIR results indicating the successful formation of rGO–NFS composites. 

Among the C 1s narrow spectra (Fig. 2f), the spectra of the composite membranes were dominated 

by the C−C (285 eV) peak, which is a characteristic peak for the graphene structure. Deconvolution 

of the spectra revealed small peaks at 286 and 288 eV in the spectra of all the composite 
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membranes, indicating the presence of small fractions of C−O and C=O. Whether the C−O and 

C=O originated from the remaining oxygen-functionalized carbon in the GO that was not fully 

converted into rGO or from the pupae binder is unclear. In the Fe spectrum (Fig. 2g), no satellite 

feature was observed between the two observed peaks (708 and 725 eV), indicating the presence 

of Fe2+. Interestingly, the peaks of Fe and S (Fig. 2g and 2h) in the spectra of the membrane with 

the highest rGO–NFS filler concentration (MrGN3) were less intense and broader than the 

corresponding peaks in the spectra of the other composite membranes with lower rGO–NFS filler 

concentrations (MrGN1 and MrGN2). XPS is a surface-analysis method with a relatively low 

penetration depth; therefore, these results suggest that the surface morphology of the membrane 

with the highest filler concentration differs from that of the other membranes. In this case, the 

surface is dominated by carbon (which could have originated from the pupae binder) and the NFS 

nanorods appear to be protected beneath the pupae matrix. This interpretation is consistent with 

the scanning electron microscopy (SEM) observations (see the “Morphological analysis of the 

membranes” section), where the NFS nanorods are more extensively embedded in the pupae binder 

matrix in the composite with the highest filler concentration. 

 

3.2. Morphological analysis of the membranes 

The optical microscopy images of the membranes show that the MrGO membrane is black, whereas 

the MNFS, MrGN1, MrGN2, and MrGN3 membranes are brownish with random particle shapes on the 

membrane surface (Fig. S2). A magnified SEM image of the rGO–NFS composite powder (Fig. 

3a) shows rGO flakes and NFS nanorods. rGO sheets that were exfoliated from the rGO–NFS 

composite when the composite was dispersed in water are clearly observed in the corresponding 

transmission electron microscopy (TEM) image (Fig. 3b). High-resolution TEM images reveal the 
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layered structure of the rGO sheets (Fig. 3c), enabling measurement of the interlayer rGO sheet 

spacing (Fig. 3d). The measured interlayer spacing matches well with the d-spacing value of 0.4 

nm deduced from the XRD analysis (Fig. 2a). 

 

 

Fig. 3. a) SEM image of the composite rGO–NFS powder. b) Transmission electron microscopy 

(TEM) image of an exfoliated rGO sheet. c) High-resolution TEM image of an rGO sheet. d) 

Illustration of the rGO layers with the interlayer distance measured from the corresponding high-

resolution TEM image. e–g) SEM surface images and their corresponding contact-angle images 

for MrGN1 (e), MrGN2 (f), and MrGN3 (g). h) Graphical representation of the contact angles of each 

composite membrane. i–k) SEM cross-section images of MrGN1 (i), MrGN2 (j), and MrGN3 (k). l) 

EDX spectra of each composite membrane. m–o) atomic force microscopy three-dimensional 

topology images of MrGN1 (m), MrGN2 (n), and MrGN3 (o). p) Roughness value of each composite 

membrane. 
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The SEM surface images of the composite membranes are presented in Fig. 3e–g, along with the 

membranes’ corresponding water contact angles. Additional SEM images taken at different 

magnifications are shown in the Supporting Information (Fig. S6–S11). The morphology of the 

NFS nanorods is visible in the images of all the composite membranes. The increase in the rGO–

NFS filler concentration resulted in deeper embedding of the filler beneath the matrix of the 

membrane (Fig. 3g). We speculated that this deeper embedding occurred because more binder was 

naturally glued to the filler during the membrane preparation at higher filler concentrations. The 

SEM cross-sectional images (Fig. 3i–k) confirm that a thick solid layer (highlighted by yellow 

dashed lines) was formed across the membrane at a high filler concentration (Fig. 3k); this layer 

originated from the pupae binder. Meanwhile, at lower filler concentrations, stacked nanorods 

piled up with a less-dense cross-sectional profile (Fig. 3i–j). 

The water contact angle of the composite membranes decreased with increasing filler 

concentration (Fig. 3h). This result is attributable to the presence of more pupae binder on the 

membrane surface with increasing filler concentration. The pupae of silkworm (B. mori) produce 

sericin protein, which is highly hydrophilic [28]. The dynamic water contact angle of the pelletized 

pupae powder evidenced its hydrophilic character, where the contact angle values rapidly 

decreased from 54.5° to 0° in only 3 s (Fig. S14). The energy-dispersive X-ray spectroscopy (EDX) 

spectra confirmed the presence of C, O, Na, Fe, and S elements in the rGO–NFS composite 

membranes (Fig. 3l). An additional peak of platinum was attributed to the coating applied prior to 

the SEM–EDX analysis. 

The surface topography of the composite membranes was studied using atomic force microscopy 

(AFM) analysis, as shown in Fig. 3 m–o. The 3D AFM images of MrGN1 and MrGN2 (Fig. 3 m and 

n) are similar, showing NFS nanorods bulging outward from the membranes. The 3D AFM image 
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of MrGN3 reveals that the NFS nanorods are covered by the pupae matrix (Fig. 3o). These 

phenomena are reflected in the change in the membranes’ roughness, where the composite 

membranes became less rough with increasing filler concentration (Fig. 3p). These AFM results 

are consistent with the SEM observations, where increasing filler concentration caused the filler 

to be embedded deeper beneath the binder (pupae) matrix. In the case of the reference samples, 

SEM surface images of the nylon support, MrGO, and MNFS are provided in the Supporting 

Information (Fig. S3–S5); their corresponding AFM images are shown in Fig. S12. 

 

3.3. Thermomechanical properties of the membranes 

All the membranes exhibited an initial weight loss between 60 °C and 100 °C because of the loss 

of moisture (Fig. 4a). They exhibited thermal stability up to approx. 340 °C before the membrane 

decomposed. The membranes with high filler concentrations (MrGO, MNFS, and MrGN3) exhibited 

an additional weight loss between 100 °C and 250 °C, possibly because of the decomposition of 

more pupae protein binder. The initial moisture-removal process was accompanied by the 

appearance of an endothermic peak at approx. 60 °C in the differential scanning calorimetry (DSC) 

thermogram (Fig. 4b). Two endothermic peaks at 249 °C and 257 °C were observed in the 

thermograms of all the membranes, even when no weight loss was observed by thermogravimetric 

analysis (TGA). These endothermic peaks correspond to the melting points of the nylon support 

[37]. The last endothermic peak at approx. 340 °C is associated with the degradation of the 

membranes. 

Nanoindentation tests revealed the hardness of the studied membranes (Fig. 4c). The nylon support 

exhibited a hardness value of 4.8 MPa, which is somewhat lower than the hardness of MrGO (6.0 

MPa). Incorporating NFS into the composite membrane (MNFS) enhanced the membrane hardness 
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by almost fivefold, to 33 MPa. Combining rGO and NFS resulted in an average hardness (18–20 

MPa) greater than that of MrGO and lower than that of MNFS. 

 

 

Fig. 4. a) Thermogravimetric analysis curves, b) differential scanning calorimetry profiles, and c) 

hardness values of nylon, MrGO, MNFS, MrGN1, MrGN2, and MrGN3. 
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3.4. Membrane performance 

The nanofiltration performance of the membranes was tested in a cross-flow filtration system using 

aqueous (Fig. 5a–b) and organic (Fig. 5c–e) solvents. The water flux and the rejection of salts 

(NaCl and MgCl2), a dye (Rhodamine B (RhB)), and a pollutant (2,4-dichlorophenol (DCP)) are 

displayed in Fig. 5a. Because of the high surface porosity of nylon (Fig. S3), it exhibited the highest 

water flux (600 kg m−2 h−1) among the investigated membranes. Nevertheless, the high porosity 

resulted in poor filtration of the solutes, with a rejection of less than 10% for all the tested solutes 

with molecular weights ranging from 58 to 479 g mol−1. Covering the nylon surface with rGO in 

a pupae binder (MrGO) decreased the water flux to 150 kg m−2 h−1 and substantially increased the 

solute rejection to 90%, 88%, 85%, and 58% for RhB, DCP, MgCl2, and NaCl, respectively. In the 

case of the MNFS membrane, the water flux was 250 kg m−2 h−1, which was greater than that of 

MrGO. The corresponding solute rejections were less than 80%. The observed low rejection is 

attributed to the formation of voids between NFS crystals that are not fully filled by the pupae 

binder. For the composite rGO–NFS membranes, the water flux and solute rejection were 

influenced by the filler concentration. The increase in the filler concentration resulted in a decrease 

in the water flux from 201 to 52 kg m−2 h−1. The rejections of all the tested solutes followed the 

same trend; i.e., the rejection gradually increased with increasing filler concentration. The highest 

solute rejections were exhibited by MrGN3, with 98%, 94%, 95%, and 78% for RhB, DCP, MgCl2, 

and NaCl, respectively. 
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Fig. 5. a) Water flux and rejection profiles of the membranes for different solutes at 6 bar, b) long-

term performance test: water flux of different membranes and RhB rejection profile of MrGN3 over 

continuous cross-flow filtration at 6 bar, c) Molecular-weight cutoff (MWCO) curves in acetone 

at 10 bar, d) acetone flux as a function of the applied pressure, and e) long-term performance test: 

acetone flux of MrGN3 and its Rose Bengal rejection profile during continuous cross-flow filtration 

at 10 bar. 

 

The long-term performance tests over five days of continuous filtration showed a stable water flux 

for all the tested membranes (Fig. 5b). Because MrGN3 displayed the best rejection profile among 

the investigated membranes, it was further tested in a long-term rejection measurement using RhB 

as a solute. The results showed a slight decrease in the rejection profile from 98% to 97%, which 
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indicates good, stable membrane performance resulting from the synergetic effect among the 1D 

NFS, 2D rGO, and pupae binder. 

The composite membranes were found to be stable in various organic solvents, including harsh 

polar aprotic solvents such as dimethylformamide (DMF) (Table S2). Therefore, the composite 

membranes were further tested for OSN. The MWCO values in acetone were found to be 1232, 

1059, 794, 746, and 600 g mol−1 for MNFS, MrGO, MrGN1, MrGN2, and MrGN3, respectively (Fig. 5c). 

The observed high MWCO of MNFS (1232 g mol–1) is caused by the formation of voids between 

NFS crystals that are not fully filled by the pupae binder. The MrGO exhibited somewhat lower 

MWCO (1059 g mol–1) because the rGO blended well with the pupae binder, which led to the 

formation of a tighter membrane. Combining NFS, rGO and pupae binder resulted in membranes 

with even lower MWCO in the range of 600–794 g mol–1. 

An increase in pressure resulted in an increase in the acetone flux, indicating that the membranes 

did not suffer noticeable compaction upon application of high pressure (Fig. 5d). The long-term 

OSN performance of MrGN3 was also tested (Fig. 5e). A stable flux of 44 kg m−2 h−1 and 99% Rose 

Bengal (RoB) rejection were observed over seven days of continuous filtration in a cross-flow 

configuration. The aqueous and organic nanofiltration results demonstrate the potential of the 

green pupae binder in membrane systems through the composite membranes’ long-term stable 

performance. Fine-tuning of the molecular sieving performance was demonstrated through the 

successful adjustment of the MWCO values as a function of the membrane composition. 

Conclusions 

A sustainable composite nanofiltration membrane was prepared from 1D NFS and 2D rGO with a 

naturally derived pupae binder via a hydrothermal treatment. The type of filler (rGO, NFS, or 

rGO–NFS) and the concentration of the filler affected the membranes’ morphology, which enabled 
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the fine-tuning of the molecular sieving properties of the membranes. The highest rejection values 

of 98%, 94%, 95%, and 78% for RhB, DCP, MgCl2, and NaCl in water were achieved by the 

composite rGO–NFS membrane with the highest filler content (a 3:1 weight ratio between the 

filler and pupae binder). The MWCO ranged from 600 to 794 g mol−1. The use of a pupae binder 

resulted in a robust nanocomposite membrane that demonstrated stable filtration performance in 

both water and acetone filtration over a one-week period. This is the first report on the use of 

natural pupae binder to achieve organic solvent nanofiltration membranes. The membranes were 

found to be stable in 11 organic solvents with a wide range of polarity indices between 0.1 and 

6.4. Because the building blocks for the membranes are nontoxic and sustainably sourced, they 

have strong potential for use in various applications. 
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