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Sustainable TFC membranes were fabricated from natural sources of chitosan and 

2,5-furandicarboxaldehyde on a porous recycled PET support. 
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Abstract  

To address the rising interest in environmental issues, green and sustainable material-based 

membranes have attracted significant research interests with the promise to replace fossil-

based membranes and to reduce waste generation. In this work, more sustainable thin film 

composite (TFC) membranes are designed and fabricated via interfacial polymerization of 

green building blocks, namely shrimp farming waste chitosan in the aqueous phase and plant-

based 2,5-furandicarboxaldehyde (FDA) in the organic phase, on an upcycled polyethylene 

terephthalate porous support. The TFC membranes showed excellent acetone permeance up 

to 12 L m–2 h–1 bar–1 with molecular weight cut-off value of approx. 317 g mol–1. The membrane 

separation performance was optimized by fine-tuning the building block concentrations, which 

provided a new upper-bound in the plot of acetone permeance versus styrene dimer rejection. 

In addition, for the first time, tamisolve was employed as a green solvent to activate the 

selective layer of the chitosan-based TFC membrane, resulting in the significant enhancement 

in permeance of diverse pure solvents including ethanol, methyl ethyl ketone, acetone and 

acetonitrile with no remarkable defects and high solute rejections. Our proposed green TFC 

fabrication platform enables the replacement of toxic and fossil-based solvents and reagents 

in developing high-performance and solvent-resistant nanofiltration membranes. 

 

Keywords: organic solvent nanofiltration, interfacial polymerization, eco-friendly TFC 

membrane, separations, solvent activation 
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1. Introduction 

Membrane engineering contributes to the sustainable development of various industrial 

sectors through process intensification strategies.1 Nowadays, membrane technology has 

been massively applied in various industrial processes including gas separation, wastewater 

treatment, natural product extraction, catalyst recovery, solvent recycling and pharmaceutical 

purification. 

Having both lower energy consumption compared to conventional separation processes 

and increasingly precise separation performance, organic solvent nanofiltration (OSN) has 

gained attention in the fields of pharmaceuticals, natural products, biorefining and 

petrochemicals. There are two major classes of OSN membranes, namely integrally skinned 

asymmetric membranes, which are prepared via phase inversion, and thin film composite 

(TFC) membranes, which are fabricated by interfacial polymerization (IP).  

TFC membranes consist of an ultrathin and highly cross-linked surface layer on top of a 

porous support layer. At the early stage, interfacial crosslinking of piperazine with trimesoyl 

chloride (TMC) and isophthaloyl chloride dominated the manufacturing of TFC membranes, 

followed by various aliphatic and aromatic diamine and acid chloride monomers that form 

polyamide (PA) thin films.2 Recently, interlayers including Span 80,3 tannic acid–Fe 

nanoscaffold,4 single‐walled carbon nanotube5 also receive increasing spotlight as the 

interlayer increased the robustness of the TFC membranes. 

Despite the recent advances in the performance of TFC membranes, their fabrication 

process requires depleting, petrochemical-based raw materials. In addition to the fossil-based 

and toxic nature of the monomers, the organic phase of the IP system is usually n-hexane, 

toluene or n-dodecane. In line with the 5th and 7th principles of green chemistry, and the 12th 

sustainable development goal of the United Nations, the use of green solvents and renewable 

feedstocks are essential for long term sustainable development.6 The importance of employing 

green solvents in membrane fabrication has been recently highlighted in review articles.6-9 
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Attempts to make the TFC membrane fabrication process greener are on the rise. Dimethyl 

sulfoxide (DMSO) was proposed to substitute N,N-dimethylformamide (DMF) as the casting 

and activating solvent for various membranes10-13 including TFC membrane preparation.14 

Ionic liquids, such as 1-ethyl-3-methylimidazolium acetate, was also utilized in dissolving 

polymers to make porous membrane substrates for TFC fabrication.15 Previously, we also 

reported a green IP system for hydrophobic TFC membranes by combining plant-based 

monomers (priamine, tannic acid) with the utilization of green solvents (p-cymene, water) on 

top of a recycled polyethylene terephthalate (PET) support.16 A spray-coating technique was 

developed to fabricate TFC membranes, which not only reduced the carbon footprint, the 

polymer and solvent usage, but also mitigated the coagulation and washing time.17 Ultrasound, 

as a green technology, was shown to intensify the mixing of the monomers and the IP process 

itself.18 A somewhat green thin film nanocomposite membrane was also developed through 

the use of polydopamine and glucose but the crosslinking agent was the undesired TMC.19 

Shrimp shell waste is produced on large quantity by Naqua’s shrimp farming unit, at an 

approx. scale of 50,000 tons per annum. Currently a 135 tons per annum production line is 

running to obtain chitosan. Shrimp shell waste has been proposed to obtain chitin and 

chitosan, which are renewable building blocks for membrane fabrication.20,21 Chitosan is a 

natural, non-toxic, biocompatible, biodegradable polymer derived through the deacetylation 

of chitin.22 With the existence of primary amino groups, chitosan can be regarded as a base, 

and can be functionalized or crosslinked to produce membranes.23,24  Chitosan was 

successfully crosslinked with glutaraldehyde on a polyacrylonitrile (PAN) support, which 

increased the solvent and pH resistance of the resulting membrane.25 However, the 

membrane fabrication process involved harsh alkali solution treatment to convert chitosan 

acetate to chitosan, and the glutaraldehyde is toxic and environmentally hazardous. 

Chitosan powder was also dissolved in acetic acid solution as the aqueous phase for IP, 

while the organic phase consisted of TMC in n-hexane.15 This IP combination showed good 

desalination performance but it utilized highly toxic monomer and organic solvent. 
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In this work, we aimed at breaking away from the toxic and fossil-based acyl chlorides and 

explore the possibility of using a plant-based crosslinker for amine-containing polymers to 

prepare eco-friendly TFC membranes (Fig. 1). Our choice of monomer was 2,5-

furandicarboxaldehyde (FDA), which is derived from biomass using various renewable 

resources and green processes.26-28 Owing to the dialdehyde structure, it has the potential to 

crosslink the amine moieties in chitosan. 

 

Fig. 1 Schematic fabrication process of the chitosan-based TFC membrane via the IP reaction 

of chitosan and FDA; and the solvent activation of the membrane. 

 

Eucalyptol, a bicyclic ether, exhibits high polarity and hydrogen bond basicity, which recently 

started to emerge as a green solvent.29 It is mainly derived from eucalyptus tree leaves. It is 

immiscible with water and it dissolves FDA. These attributes allowed its use as organic phase 

in our IP system. Recycled PET was selected as a sustainable solvent-resistant porous 

support to fabricate the TFC membrane.16, 30 

In this study, we report the development of a greener and more sustainable TFC membrane 

fabrication system with recycled PET as the support and chitosan in the aqueous phase and 

FDA in the organic phase of eucalyptol. The prepared TFC membrane has outstanding 

separation performance and exhibited long-term stability. Our work provides the potential of 

utilizing green monomers and polymers in green solvents for TFC membrane fabrication, while 

maintaining a good molecular sieving performance, which advances the sustainable 

development of membrane technology. 
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2. Experimental 

2.1. Materials 

Chitosan (from shrimp shells,  75% deacetylated) and 2,5-furandicarboxaldehyde (FDA, 

97%) were purchased from Sigma Aldrich. Chitosan was also sourced from National 

Aquaculture Group (Al-Lith). The preparation of the recycled porous polyethylene 

terephthalate (PET) support was previously reported.16, 30 Eucalyptol (green solvent, 99%), 

acetic acid (HPLC), 1,1,3,3-tetramethylguanidine, (TMG, green organic base, 99%), 4-

(Dimethylamino)pyridine (DMAP, 99.0%) and triethylamine (TEA, 99.5%) were provided from 

Sigma Aldrich. Tamisolve was manufactured by Eastman Chemical Company. Isopropyl 

alcohol (IPA, ACS reagent, 99.5%), ethanol (EtOH, ACS reagent, 99.5%), toluene (ACS 

reagent, 99.5%), methyl ethyl ketone (MEK, ACS reagent, 99.5%), acetonitrile (MeCN, ACS 

reagent, 99.5%) and acetone (ACS reagent, 99.5%) were purchased from VWR. All chemicals 

were used as received without any further purification. Deionized (DI) water was used 

throughout all experiments with a resistivity of 18.2 MΩ cm at 25 °C (Milli-Q). 

 

2.2. Membrane fabrication 

The chitosan-based free-standing film was prepared to investigate its chemical properties. 

The reaction was performed in a 20 mL glass vial containing 5 mL 0.5 mmol/v% chitosan 

aqueous solution and 5 mL 0.5 mmol/v% FDA in eucalyptol. A 2 v% acetic acid solution was 

added in the aqueous phase to protonate (R–NH3
+) the amine groups of chitosan, which 

resulted in the dissolution of the polymer. Three kinds of organic amines including DMAP, TEA 

and TMG were explored as potential catalysts. The catalyst at 5 v% concentration was added 

in the organic phase to initiate the rapid formation of chitosan-based ultra-thin films.  

Chitosan-based TFC membranes were prepared via the IP reaction of chitosan and FDA 

on top of the recycled porous PET support. First, the support was immersed in IPA for 5 min 

to remove contaminants from its surface. The IPA-soaked support was transferred into a DI 
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water bath, which led to the substitution of IPA with DI water. The cleaned PET support with 

an area of approx. 100 cm2 was immersed in 50 mL of a 0.5 mmol/v% aqueous chitosan 

solution containing 2 v% acetic acid for 5 min at room temperature (21  1 C). The excess 

chitosan solution on the support surface was removed using a rubber roller. Subsequently, it 

was immediately contacted with 3 mmol/v% FDA in eucalyptol solution containing 3 v% TMG 

for 5 min to fabricate the selective layer on the support. The prepared TFC membranes were 

washed three times with pure eucalyptol to terminate the IP reaction. After drying overnight at 

room temperature, they were stored in DI water containing 0.1 v% acetonitrile to prevent 

bacterial growth. A series of nine TFC membranes were prepared with different chitosan (0.01, 

0.05, 0.1, 0.5 and 1 mmol/v%) and FDA (0.1, 0.5, 1, 1.5 and 3 mmol/v%) concentrations for 

optimizing the reaction conditions as shown in Table 1. 

Table 1 Membrane designations and reaction conditions of chitosan and FDA. 

Membrane 
Chitosan aqueous phase FDA organic phase 

Solvent 𝑐𝑐ℎ𝑖𝑡𝑜𝑠𝑎𝑛 (mmol/v%) Solvent 𝑐𝐹𝐷𝐴 (mmol/v%) 

TFC-1 

DI water 

(2 v% 

acetic 

acid) 

0.5 

Eucalyptol 

(3 v% 

TMG) 

0.1 

TFC-2 0.5 

TFC-3 1 

TFC-4 1.5 

TFC-5 3 

TFC-6 0.01 

3 
TFC-7 0.05 

TFC-8 0.1 

TFC-9 1 

 

2.3. Characterizations 

One dimensional 13C CP/MAS solid-state nuclear magnetic resonance (NMR) spectra were 

collected on Bruker AVANCE III spectrometer operating at 400 MHz resonance frequency, 

and the following sequence was used: 900 pulses on the proton (pulse length 2.4 s), then a 

cross-polarization step with a contact time of typically 2 ms, and finally the acquisition of the 

13C NMR signal under high power proton decoupling. The delay between the scans was set 
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to 4 s to allow the complete relaxation of the 1H nuclei and the number of scans ranged 

between 3,000–10,000. An exponential apodization function corresponding to a line 

broadening of 80 Hz was applied prior to Fourier transformation. Attenuated total-reflectance 

Fourier-transform infrared (ATR FT-IR, Nicolet is10, Thermo Fisher Scientific) spectroscopy 

was used to investigate the chemical information of the monomers and membranes. To further 

investigate the chemical information on the surface of membranes, X-ray photoelectron 

spectroscopy (XPS, Axis Supra, Kratos) analysis was performed on a Kratos Axis Supra 

instrument equipped with a monochromatic Al Kα x-ray source (hν = 1486.6 eV) operated at 

a power of 150 W and under UHV conditions in the range of approx. 10−9 mbar. All spectra 

were collected in hybrid mode using electrostatic and magnetic lenses and an aperture slot of 

300 μm  700 μm with a fixed analyzer pass energy of 80 eV. The samples were placed in 

floating mode to avoid differential charging. Surface and cross-sectional morphologies of 

membranes were analyzed using scanning electron microscopy (SEM, Merlin, ZEISS). To 

obtain the cross-sectional SEM images and estimate the thickness of the selective layer, the 

dried membrane samples were cut under liquid nitrogen using a blade and then sputter-coated 

with iridium (a thickness of 3 nm) to avoid the sample charging. Atomic force microscope (AFM) 

in the tapping mode using a cantilever (RTESPA, Bruker) with scan area of 5 m  5 m, and 

scan rate of 0.7 Hz, was employed to investigate the surface roughness of the membranes. 

Five different positions on each sample surface were scanned to obtain average arithmetic 

roughness (Ra) values with the standard deviation. The sessile drop method using a drop 

shape analyzer (Easy drop, KRUSS) equipped with a video camera was used to measure 

water contact angle. The average values were obtained from at least five measurements for 

each sample. 
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2.4. Performance test 

The OSN performance of the TFC membranes was evaluated using a crossflow membrane 

separation rig. An ATEX rated gear pump manufactured by MSE Ltd (UK) was used for the 

recirculation of the retentate stream set to 1,200 mL min–1. The membranes were rinsed with 

the solvent of the feed solution, and then stored in the solvent for 24 h prior to the filtration. To 

reach steady-state operation, the membranes were conditioned under 10 bar for 24 h prior to 

the permeance and rejection measurements. The permeance, Eq. 1, was obtained by 

measuring the permeate volume (V) over a given time (t) and a given membrane area (A = 52 

cm2) and applied pressure. 

Permeance [L m–2 h
–1

 bar
–1

]=
J

∆P
=

V

∆P∙A∙t
                                 Eq. 1 

The rejection profiles were determined from the ratio of the permeate (Cpermeate) and 

retentate (Cretentate) concentrations of the solutes according to Eq. 2. Standard polystyrene 

markers containing 1 g L–1 PS580 and PS1300 and 0.1 g L–1 methyl styrene dimer (236 g mol–

1) were used for the filtration in acetone. Molecular weight cut-off (MWCO) is defined as the 

lowest molecular weight solute in which 90% of it is retained by the membrane, and it was 

estimated by linear interpolation using the rejection curves. Three independent measurements 

were performed on independently prepared membranes, and the standard deviations are 

reported in the figures. 

Rejection [%]= (1-
Cpermeate

Cretentate
) ×100                       Eq. 2 

The long-term stability of TFC-5 was performed under the conditions describes above but 

using dyes such as methyl orange (327 g mol–1) and rose bengal (974 g mol–1) in acetone. 

The crossflow nanofiltration rig was operated continuously over 14 days. 
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3. Results and discussion 

3.1. Design, preparation and characterization 

The chitosan-based free-standing films were fabricated using various catalyst systems and 

monomer concentrations to understand the reactivity of the new chitosan–FDA monomer 

system (Table S1). Since the reaction does not occur without a catalyst, we have screened 

three organic bases, namely TMG, DMAP and TEA, in search for accelerating the reaction 

rate. Among the three catalysts, when 5 v% TMG is added in the organic phase, the chitosan-

based free-standing film was visibly formed at the interface between 0.2 mmol/v% chitosan in 

acetic acid solution and 0.1 mmol/v% FDA in eucalyptol solution within 10 min. However, the 

use of DMAP and TEA catalysts did not produce a film. With a decrease in the TMG 

concentration, a threshold of 1 v% TMG was established, below which no reaction occurred, 

and the chitosan-based free-standing film was not formed. Consequently, the TMG 

concentration was kept constant at 3 v% for all experiments to ensure a stable reaction system. 

In addition, chitosan-based free-standing films were fabricated with different chitosan and FDA 

concentrations in order to predict their threshold concentration for the film formation. At fixed 

0.1 mmol/v% FDA concentration, films were formed at chitosan concentration having a wide 

range from 0.01 to 0.5 mmol/v%. On the contrary, at fixed 0.5 mmol/v% chitosan concentration, 

films were clearly formed at FDA concentrations from 1.0 to 5.0 mmol/v%, but there was no 

film formation below 0.5 mmol/v% of FDA. In accordance with the threshold concentration 

conditions, we deduced from the initial free-standing film formation experiments that the 

standard reaction concentrations for the TFC preparation should be 0.5 mmol/v% chitosan, 3 

mmol/v% FDA monomers, and 3 v% TMG catalyst. 

Fig. 2 shows the reaction scheme, solid-state 13C NMR and ATR FT-IR spectra to 

investigate the chemical properties of the chitosan-based free-standing film. The cross-linking 

during the IP resulted in imine bond formation by Schiff base reaction of the amine and 

aldehyde moieties of the chitosan and FDA, respectively (Fig. 2a). Fig. 2b shows the solid-

state 13C NMR spectra of chitosan, FDA and the chitosan-based free-standing film. The five 
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characteristic peaks of chitosan were observed at 57, 60, 75, 82 and 104 ppm, corresponding 

to six carbons (a–f) in the glucosamine repeating monomer units.31-33 Two additional peaks 

were also observed at 23 and 173 ppm, corresponding to the methyl and carbonyl groups of 

the methylamide moiety, respectively.31, 32 In addition, the three characteristic peaks of FDA 

were revealed at 125, 152 and 182 ppm, corresponding to g, h and i carbons, respectively. To 

analyze the carbon peaks after the Schiff base reaction, we assumed that the reaction was 

incomplete leaving behind aldehyde peaks from the FDA. Consequently, there are two 

different functionalities, the reacted and unreacted FDA constituents in the chitosan-based 

film. As a result of the free-standing film formation, all carbon peaks of the chitosan, as well 

as the g and h peaks of FDA, were shifted upfield, while only i peak was shifted downfield. 

The shifted three g*, h* and i* peaks in FDA correspond to the carbons of the unreacted part. 

Importantly, the Schiff base reaction resulted in the appearance of three new peaks 

designated as alpha (), beta () and gamma (), which were found at 114, 121 and 162 ppm, 

respectively. These peaks can be attributed to the three carbon atoms of the reacted part of 

FDA, which is the result of the formation of the imine groups in the crosslinked network. In 

addition, Fig. 2c presents ATR FT-IR spectra of the film, chitosan and FDA to further 

investigate the formation of the imine bonds. The specific peaks of chitosan were detected at 

3300; 1651; and 1558 cm–1, which can be attributed to the O−H and N−H stretching; the C=O 

stretching in the methylamide group; and the N−H bending in the methylamide group, 

respectively.34, 35 In addition, the representative peak of FDA was observed at 1661 cm–1, 

corresponding to the C=O stretching of the aldehyde group. After the cross-linking reaction 

between chitosan and FDA, a new strong C=N stretching peak appeared at 1605 cm–1, which 

can be ascribed to be the formation of imine bonds by the Schiff base reaction. The solid-state 

13C NMR and ATR FT-IR analysis results confirmed the formation of imine bonds in the 

chitosan-based free-standing films through Schiff base reaction. 
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Fig. 2 (a) Chemical reaction scheme between chitosan and FDA, (b) solid-state 13C NMR and 

(c) ATR FT-IR spectra of the chitosan-based film, chitosan and FDA building blocks.   

 

Fig. 3 shows the chitosan-based TFC membranes’ SEM, TEM and XPS results 

before and after the IP process. The chitosan-based selective layer was successfully 

fabricated on the recycled porous PET support via the IP process as shown in Fig. 1. 

The TFC membrane was fabricated using the standard reaction concentrations: 0.5 

mmol/v% of chitosan solution containing 2 v% acetic acid and 3.0 mmol/v% FDA 

solution containing 3 v% TMG. In addition to the concentrations, the immersion time 

of the porous PET support in the chitosan aqueous solution and the chitosan–FDA 

reaction time could also influence the formation of the selective layer on top of the 

porous support. To optimize the reaction conditions, chitosan-based TFC membranes 

were fabricated with different immersion times (5, 10, and 20 min) and reaction times 

(5, 10, and 20 min) at the standard reaction concentrations (Fig. S6 and Fig. S7). In 

all cases the porous supports were fully covered by the chitosan-based selective layer. 

Thus, we selected immersion time of 5 min and reaction time of 5 min for further 
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experiments because they were sufficient to form stable chitosan-based selective 

layers. Open pores with the size of approx. 20–30 nm were observed at the surface of 

the recycled PET support (Fig. 3a), while the all pores were covered by the smooth 

chitosan-based selective layer with a roughness (Ra) of approx. 10 nm as a result of 

the IP process (Fig. 3b and Fig. 5S). 

In addition, the chemical composition of the PET support and the chitosan-based 

TFC membrane were identified by XPS analysis. After IP process, the N1s peak, which 

originates from the amine groups of the chitosan, appeared in the XPS spectra of the 

TFC membrane, which further demonstrated the formation of the chitosan-based 

selective layer on the PET support (Fig. 3g). The water contact angle of the support 

was estimated to be 58.9  1.3, which indicates a hydrophilic surface due to the 

remains of the hydrophilic polyethylene glycol used as a pore forming agent during the 

fabrication of the PET support using the phase inversion process.30 The water contact 

angle of the chitosan-based TFC membrane increased from 54.3  1.7 to 67.4  1.5 

as a result of the increase in the FDA concentration. On the contrary, the change in 

the chitosan concentration did not influence the hydrophilicity of the TFC membranes 

significantly, and the water contact angle remained quasi the same value of approx. 

67.4  1.0 (Fig. 5S). Even though the chitosan-based selective layer revealed higher 

water contact angle compared to the PET support, the presence of abundant hydroxyl 

groups in the crosslinked polymer network resulted in a hydrophilic surface. Thus, the 

chitosan-based TFC membranes with hydrophilic surfaces are expected to exhibit high 

permeance of hydrophilic solvents. The thickness of the selective layer was 

investigated by cross-sectional SEM (Fig. 3c and Fig. 3d) and TEM (Fig. 3e and Fig. 

3f) images. The selective layer was too thin to be detectable in the cross-sectional 

SEM image. However, its thickness was found to be approx. 30 nm using the TEM 
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image. Comprehensively, an ultra-thin, smooth, and hydrophilic chitosan-based 

selective layer was fabricated on a porous PET support through the IP reaction of 

chitosan and FDA. 

 

Fig. 3 (a,b) Top surface and (c,d) cross-sectional SEM images, and (e,f) cross-sectional TEM 

images of (a,c,e) the PET support and (b,d,f) the chitosan-based TFC membranes. The insets 

are the digital camera images of the water contact angles. The membranes were fabricated at 

0.5 mmol/v% chitosan and 3 mmol/v% FDA concentrations. Refer to the Supporting 

Information for the membrane morphologies and surface characterizations at other 

concentrations (Fig. S3–5). (g) XPS spectra and surface chemical composition of the PET 

support and the chitosan-based TFC membrane.   

 

In general, a very rough and thick selective layer is formed via the IP reaction of the 

common m-phenylenediamine (MPD) and TMC monomers, which is often referred to 

as a “ridge and valley” structure.36, 37 When an MPD-soaked porous support is comes 

into contact with the TMC organic phase, the MPD solution violently erupts from the 

pores of the support. Subsequently, the MPD diffuses towards the organic phase due 

to its slight solubility in the organic solvent.38 The MPD reacts with the TMC, which 
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results in the formation of the initial loose PA layer.38 The PA layer is gradually growing 

through the repeatable process of MPD diffusion through the loose PA layer, and the 

reaction with the TMC on the surface of the PA layer.38, 39 The “ridge and valley” 

structure forms during the eruption of the MPD solution from the pores of the support. 

On the contrary, we used chitosan with significantly larger molecular weight than MPD 

(approx. 190,000 g mol−1 versus 108 g mol–1, respectively). Moreover, chitosan is 

insoluble in organic solvents. Consequently, the aqueous chitosan solution is resistant 

to erupt from the porous support, and to diffuse into the organic phase, and through 

the initial loose selective layer.40, 41 However, the other monomer, FDA, is a small 

molecule (124 g mol–1) and slightly soluble in water. Therefore, it is reasonably 

deducted that the chitosan-based selective layer is formed through the diffusion of 

FDA to the aqueous phase, and the subsequent reaction with chitosan. This IP 

reaction mechanism blocks the growth of the chitosan-based selective layer, resulting 

in the formation of ultra-thin and smooth layer. The uniform and flat surface 

morphology of the selective layer is in a good agreement with that of the previously 

reported membranes prepared with a monomer with high molecular weight in aqueous 

phase.40, 42 

 

3.2. Membrane performance 

To understand the effect of the components, and to optimize the molecular sieving 

performance, chitosan-based TFC membranes were fabricated with different chitosan 

and FDA concentrations (Fig. 4). As a result of the increase in the FDA concentration 

from 0.1 to 3.0 mmol/v% at fixed chitosan concentration of 0.5 mmol/v%, the acetone 

permeance linearly decreased from 31.7  1.5 to 12.1  0.5 L m–2 h–1 bar–1 (Fig. 4a). 
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In parallel, the MWCO value also decreased from approx. 712 to 317 g mol–1 (Fig. 4b). 

The obtained results demonstrate that tighter membranes can be achieved at higher 

FDA concentrations. In addition, the same trend of acetone permeance and MWCO 

values was observed by varying the chitosan concentration from 0.01 and 1.0 

mmol/v%, while the FDA concentration was kept contact at 3.0 mmol/v%. The acetone 

permeance gradually decreased from 24.0  0.7 to 6.9  0.5 L m–2 h–1 bar–1, as a result 

of an increase in CS concentration (Fig. 4c), while the MWCO value reached approx. 

317 at 0.5 mmol/v% (Fig. 4d). Thus, the separation performance in our IP system was 

mainly governed by the monomer concentration. The tightest membrane performance 

with acetone permeance of 12.2  0.5 L m–2 h–1 bar–1, and MWCO of approx. 317 g 

mol–1 was obtained at 0.5 mmol/v% of chitosan and 3.0 mmol/v% of FDA. 
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Fig. 4 Membrane separation performance: (a,c) acetone permeance and (b,d) rejection 

profiles of the chitosan-based TFC membranes with (a,b) 0 to 3.0 mmol/v% FDA concentration 

at fixed 0.5 mmol/v% chitosan concentration, and (c,d) 0 to 1.0 mmol/v% chitosan 

concentration at fixed 3.0 mmol/v% FDA concentration. 

 

Membrane performance changes can be mainly attributed to the properties of the 

selective layer such as surface hydrophilicity, surface roughness, layer thickness and 

network density of the polymer.38, 43 There were no significant changes in the surface 

properties and thickness of the selective layers prepared with different chitosan and 

FDA concentrations (Fig. S3 and S5). Therefore, we deduce that the observed drastic 

reduction of acetone permeance, and higher rejection of low molecular weight 

polystyrene at high chitosan and FDA concentration opposed to those obtained at 

lower monomer concentrations, are due to the formation of a denser chitosan-based 

selective layer. 

As a function of styrene dimer rejection, the acetone permeance of chitosan-based 

TFC membranes was compared with that of mixed matrix membranes (MMM), 

integrally skinned asymmetric (ISA) membranes, and TFC membranes reported in the 

literature (Fig. 5a). Refer to Table S3 in the Supporting Information for the tabulated 

data and references. Our TFC membranes fabricated with varying monomer 

concentrations showed a general performance trade-off. The acetone permeance was 

higher than the current upper-bound at a slightly lower styrene dimer rejection in the 

range of 70% to 90%. A new upper-bound can be observed in combination with the 

previously published results. 

The long-term stability the chitosan-based TFC-5 membrane was evaluated in a 

cross-flow nanofiltration rig over 14 days of continuous operation (Fig. 5b). The initial 

acetone permeance was estimated to be 11.9 L m–2 h–1 bar–1 with 96% of methyl 
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orange and 100% of rose bengal rejection. Stable steady-state performance of the 

membrane was maintained over the following 14 days of the continuous operation. 

In addition, the permeance of the TFC membranes prepared at 0.5 mmol/v% of 

chitosan and 3.0 mmol/v% of FDA concentrations was evaluated using various 

solvents, namely toluene, EtOH, MEK, acetone and MeCN, which cover a wide range 

of solvent polarity. A linear correlation (with the R2 value of 0.986) between the 

permeance and the solvent parameter  was observed (Fig. 5c). The solvent parameter 

is composed of the solvent solubility (p,s), viscosity () and molar diameter (dm,s) 

(Table S2). 

The chitosan-based TFC membrane was activated using tamisolve for 4 h at room 

temperature. After the activation, 11% reduced permeance of toluene was observed, 

whereas the permeance of EtOH, MEK, acetone and MeCN was enhanced by approx. 

43%, 30%, 51% and 64% compared to those before the activation, respectively. It can 

be also seen that the solvent permeance as a function of solvent parameter showed 

a significantly better linear correlation with an R2 value of 0.994, and a more 

precipitous slope than the one before the activation. The significantly increased 

permeance is the result of the rearrangement of the chemical network of the chitosan-

based selective layer by the solvent activation, which is in a good agreement with the 

literature.36, 44, 45 

 



19 
 

 

Fig. 5 Comparison of separation performance. a) acetone permeance as a function of styrene 

dimer (235 g mol–1) rejection, compared with reported literature (Table S3); b) long-term 

performance test of TFC-5 under continuous cross-flow operation over 14 days in acetone; c) 

pure solvent permeance as a function of solvent properties before and after solvent activation 

of TFC-5 with tamisolve; d) styrene dimer, methyl orange and rose bengal rejections before 

and after the solvent activation of TFC-5. 

 

Moreover, the MWCO value slightly increased to be approx. 400 g mol–1 after the 

solvent activation, indicating that no significant defects occurred (Fig. 5d). The 

rejection change of the chitosan-based TFC membranes before and after the 

activation was cross-validated by the evaluation of methyl orange and rose bengal dye 

rejections. Methyl orange (MW = 327 g mol–1) rejection decreased from 96.0 to 91.6% 

after the activation, whereas the rejection value of rose bengal (MW = 973 g mol–1) 

remained virtually the same (100%). The dye rejection results are in good agreement 
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with the MWCO changes observed for the polystyrene marker and they are 

comparable to that of reported literature values (Table S4). To the best of our 

knowledge, this is the first report on replacing the conventional unsustainable polar 

aprotic solvents (e.g. DMF, NMP) with a green solvent (tamisolve) for the solvent 

activation of TFC membranes. Overall, an outstanding separation performance and 

the potential industrial viability of the chitosan-based TFC membrane were 

demonstrated by comparison of membrane performance with the published literature, 

and the stable steady-state performance over a longer test period. 

 

3.3. Membrane sustainability 

In this work, we proposed the upcycling of shrimp shell waste via the utilization of 

chitosan and biomass-derived FDA to fabricate an ultrathin selective layer on a porous 

support from recycled PET. Besides the sustainable monomers, green solvents were 

used to dissolve the building blocks. Water was used to dissolve chitosan, and 

eucalyptol, derived from eucalyptus tree leaves, was used as a green solvent to 

dissolve FDA instead of the common fossil-based solvents such as n-hexane and 

toluene. Moreover, green additives, namely acetic acid to aid chitosan dissolution, and 

TMG base as a catalyst to accelerate the IP reaction rate, were selected. Thus, eco-

friendly chitosan-based TFC membranes with outstanding separation performance 

was successfully prepared via a green IP reaction using less toxic and harmful 

chemicals. 

To further investigate the membranes’ sustainability, the hazard and toxicity of the 

IP reaction system were evaluated by the previously introduced pictogram-based 

system (Table 2).16,46 The pictograms of a chemical are composed of 6 keywords 
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including health hazard, toxic, flammable, environmental hazard, irritant and corrosive 

and their representative images. The pictograms of each monomer and solvent are 

summarized in Table S5, and compared with common fossil-based TFC chemicals 

such as MPD, TMC and n-hexane. Among them, MPD, with the 3 pictograms of toxic, 

health and environmental hazard, is classified to be the most hazardous and toxic 

chemical. n-Hexane is also an undesired chemical, which is used in large quantities 

as a nonpolar solvent. It causes numbness and muscle weakness in the limbs by 

breathing large amounts. Opposed to the fossil-based chemicals, chitosan has no 

pictograms. Eucalyptol and FDA are somewhat flammable and irritant. In addition, only 

the irritant pictogram is assigned to the green solvent, tamisolve. In summary, the 

fossil-based IP reaction system for TFC membranes includes all six pictograms, which 

indicates potential hazard to humans and our environment (Table 2). On the contrary, 

our IP reaction system for TFC membranes has three pictograms of flammable, irritant 

and corrosive. Consequently, the developed membrane fabrication platform can be 

considered more environmentally friendly than the conventional system. 

 

Table 2 HSE pictograms of the used monomers and solvents of the fossil-based and the 

chitosan/FDA-based TFC membranes. 

Membrane Fossil-based TFC CS-based TFC 

Monomer MPD, TMC CS, FDA 

Solvent Hexane Eucalyptol, tamisolve 

Pictogram 
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To place into context the sustainability of our IP system, the total mole number for 

the used chitosan–FDA green system and the fossil-based systems in the literature, 

were calculated as shown in Fig. 6. Refer to Table S6 in the Supporting Information 

for the tabulated data and their references. The total mole number is the sum of the 

mole number of each monomer used per 100 mL equivalent volume, which was 

previously published [16]. The general fossil-based TFC membrane prepared by MPD 

and TMC monomers showed total mole numbers of approx. 20 mmol in average, while 

our eco-friendly TFC membrane prepared from chitosan and FDA scored only 3.5 

mmol. The 6 times lower mole number of our TFC membrane indicated that not only 

the HSE issues posed by conventional IP systems can be circumvented by our 

methodology but also the raw material consumption can be significantly reduced. 

Therefore, we demonstrated both qualitatively and quantitatively that the reaction of 

natural amine and aldehyde containing building blocks can produce eco-friendly TFC 

films as promising candidates for the next generation of robust OSN membranes. 

 

Fig. 6 Comparison of total mole number for the used monomers in the reported fossil-based TFC 

membranes, and our chitosan–FDA system. Refer to Table S6 for the tabulated data and the references. 
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Tamisolve is considered as one of the next generation green solvents with a potential 

in sustainable materials development due to its non-reprotoxicity and 

biodegradability.47 It has been utilized as a green substituent for conventional toxic 

polar aprotic solvents such as NMP in the fields of paints, coatings, inks, organic 

synthesis, agrochemical formulations and microelectronics manufacturing.48 Here, we 

successfully adopted this green solvent for TFC membrane activation. This is the first 

report on the replacement of conventional polar aprotic solvents (e.g. DMF, NMP) with 

a green solvent for TFC membrane activation. Overall, our system does not only use 

biomass- and waste-derived raw materials but also contribute to the reduction of 

hazards and toxicity. 

 

4. Conclusions 

We successfully fabricated a chitosan-based, solvent-resistant nanofiltration TFC 

membrane from biomass-derived sources of chitosan and FDA. Eucalyptol, as green 

solvent for the organic phase during the IP, was used. Low toxicity additives of acetic 

acid and TMG were utilized. PET from used water bottles was upcycled into a porous 

support for the TFC membrane. The chitosan-based TFC membranes are composed 

of an approx. 30 nm ultrathin and smooth selective layer prepared through the IP 

reaction between chitosan and FDA on top of the recycled porous PET support. The 

formation of the solvent-resistant selective layer was accelerated by the application of 

TMG as a base catalyst at room temperature. Subsequently, the reaction conditions 

were optimized with respect to chitosan and FDA concentrations to reach high acetone 

permeance and low MWCO values. As a result, a new upper-bound in acetone 

permeance, with respect to styrene dimer rejection, was suggested with comparison 

of the reported literature. The fabricated membrane showed outstanding permeance 
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in six solvents and long-term, stable separation performance over two weeks due to 

the ultrathin selective layer and excellent solvent resistance. Moreover, for the first 

time, we demonstrated the use a green solvent (tamisolve) for TFC membrane 

activation, which resulted in significant enhancement in the permeance of several 

solvents without sacrificing the solute rejection performance. In this work, we 

demonstrated that the next-generation of TFC membranes with outstanding 

separation performance, which is comparable to the fossil-based TFC membrane, can 

be fabricated from naturally abundant and less-toxic resources as monomers, solvents, 

additives and support. 

 

Supporting Information. Reaction conditions, physical and chemical membrane 

properties, membrane performance in literature and chemical sustainability. This 

material is available free of charge at http://pubs.acs.org. 
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