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Abstract 

In this work, a novel thin-film composite membrane composed of a polyester film on a 

cellulose support was successfully synthesised. The polyester film was formed from the 

interfacial reaction between catechin, a bio-derived poly-phenol, and terephthaloyl chloride 

(TPC). The cellulose support was prepared by non-solvent induced phase separation from a 

12.5 wt % cellulose dope solution in 1-ethyl-3-methylimidazolium acetate ionic liquid. The 

composite membrane was characterized by Fourier Transform Infrared and X-Ray 

Photoelectron Spectroscopy to confirm the success of the interfacial reaction. Scanning 

electron and atomic force microscopy were used to study the surface morphology and 

roughness of the membranes produced. The performance of the composite membranes in 

terms of solvent permeance and solute rejection was investigated by studying the rejection of 

a broad range of different molecular weight dyes in dimethylformamide (DMF) solution. The 

membranes showed an average DMF permeance of 1.2 L m
-2

 h
-1

 bar
-1

 with a molecular 
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weight cut-off of around 500 g mol
-1

. The membrane was stable in DMF over 30 days with 

no significant change in performance. The membrane has potential application in the food 

and pharmaceutical industries. 

 

Keywords 

Catechin, organic solvent nanofiltration, cellulose, polyphenols, interfacial polymerization 

 

 

1. Introduction  

Organic solvent nanofiltration (OSN) is a versatile technology that has received growing 

attention over recent years. This technology offers a promising alternative to conventional 

separation processes such as distillation and evaporation[1,2]. Organic solvent nanofiltration 

is distinguished by the low energy requirements as the separation occurs without phase 

transition [3]. Moreover, it operates at ambient temperature which obviates the thermal 

degradation of heat sensitive ingredients which is common in the pharmaceutical and food 

industries [4]. Furthermore, it is considered an environmentally favourable process, as the 

release of harmful vapours to the atmosphere is minimised and the carbon foot print is low 

[2].   

The stability of polymeric OSN membranes in organic solvents is one of the main issues that 

prevents the commercialisation of this technology [1]. Dimethylformamide (DMF) is one 

such solvents that is widely used in many industries such as pharmaceutical and 

petrochemical production [5]. Due to its high dielectric constant and aprotic nature, DMF is a 

good solvent for many polymers such as polyimide (PI), polyacrylonitrile (PAN), 

polyurethane (PU) and polyvinylchloride (PVC) [5].  In the past few years, chemical cross-

linking using aromatic diamines has been used to stabilise PI asymmetric membranes against 
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such polar aprotic solvents[6–11]. However, this results in a thick, dense active layer than 

subsequently leads to low solvent flux. PEEK membranes with high solvent and temperature 

stability have been introduced [12]. Recently spray-coating was proposed for membrane 

manufacturing [13]. It was stated that the replacement of the water-induced phase separation 

process makes the process greener (no contaminated waste water) and faster. In the work 

presented here, we use conventional production methods: water-induced phase separation for 

the preparation of the porous support and interfacial polymerisation for the coating, but we 

replaced toxic or oil-derived components by greener building blocks. 

Interfacial polymerization is an elegant approach to produce  thin film composite (TFC) 

membranes with high solvent flux [14,15].  In this method, a very thin selective film of 

polyamide or polyester is produced on the top of a porous support membrane by an 

instantaneous reaction between two reactive monomers[14–18]. These monomers are 

dissolved in two immiscible solvents; typically water and an organic solvent. The quality and 

thickness of the film produced depends on many parameters such the concentration of the 

aqueous and organic phases, the reaction time, and the nature and number of reactive 

functional groups in each of the monomers [19].  DMF-stable OSN membranes have been 

prepared using this approach [20]. However, the organic solvent used was hexane. According 

to recent European legislation (REACH), n-hexane and a broad range of other organic 

solvents have been classified as carcinogenic and are expected to be banned from industrial 

use in the future[21]. 

Such environment and health concerns had drawn the attention of many researchers to find 

more sustainable and environmentally friendly approaches to the interfacial polymerisation 

technique. Szekely et al. [22] outlined the main principles needed for sustainable and benign 

OSN technology as  (a) the utilization of green solvents which account for the majority of the 

waste formed during the production process, (b) the use of low toxicity chemicals, (c) the use 
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of renewable and sustainable raw materials, (d) fabrication of the membrane at ambient 

temperature to reduce energy consumption and (e) the design of biodegradable membranes.       

Bio-inspired polyphenols extracted from plants represent promising alternatives to 

hydrocarbon-based phenols for the preparation of selective polyester films [23]. Catechin 

(Fig.1) is a polyphenol that is present in many plants and fruits such as apples, blueberries, 

gooseberries, grape seeds, kiwi fruit and strawberries [24]. The large number of cross-

linkable hydroxyl groups as well as the strong interfacial activity of polyphenols make 

catechin a potential substituent to commonly used harmful phenols [23]. In our previous 

work[25] we used Morin, a very similar polyphenol, as one of the reactants. In this work we 

replaced not only the Morin, but also the hydrazine cross-linked polyacrylonitrile support 

with an environmentally friendly biopolymer support. 

Terephthaloyl chloride (TPC), a typical acid chloride, is widely used for preparation of 

polyamide and polyester interfacial films[15,17,18,26,27]. TPC is typically dissolved in n-

hexane or cyclohexane to form the organic phase. Therefore, alternative safe solvents able to 

dissolve TPC are desirable. Alpha-pinene, which is extracted from plants such as rosemary, 

basil, pine and parsley is considered a green and sustainable alternative to n-hexane [28]. It 

has a very low flash point and negligible vapour pressure that eliminates the possibility of 

explosion, making it safe to the environment [29–31].  

Cellulose is a sustainable biopolymer extracted from plants and living 

microorganisms[32,33]. It is characterised by chemical and thermal stability, low cost, 

availability and biodegradability that make it a potential alternative to hydrocarbon-based 

polymers as a support material [34]. Its solubility in ionic liquids has opened a new route for 

the preparation of cellulose membranes by the phase inversion technique [35,36]. Ionic 

liquids are also considered as environmentally friendly solvents due to their high thermal 

stability, non-flammability, negligible vapour pressure and low chemical activity [37]. A 
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disadvantage of ionic liquids is their high price. When used in an industrial process, they 

have to be recovered, which can be done by nanofiltration/distillation or by distillation alone. 

The objective of this work is the synthesis of OSN TFC membranes with a polyester selective 

layer on a cellulose support membrane through an environmentally friendly route.  Using 

non-solvent induced phase separation, the cellulose support was prepared from a dope 

solution of 12.5 wt % cellulose dissolved in 1-ethyl-3-methylimidazolium acetate ionic 

liquid. The selective polyester film was formed on the cellulose support via interfacial 

polymerization between aqueous catechin and organic TPC solutions. The performance of the 

composite membrane produced was evaluated by the filtration of different molecular weight 

dyes in DMF. 

 

Figure 1. Molecular structure of catechin 

2. Experimental 

2.1. Materials 

Catechin, cellulose powder (Avicel PH101), alpha-pinene, dimethylformamide (DMF), 

terephethaloyl chloride (TPC), sodium hydroxide pellets, 1-ethyl-3-methylimidazolium 

acetate (EMIM Ac, purity 97 %), Sudan Orange (276 g mol
-1

), Sudan Blue (350 g mol
-1

), 

Reactive Black 5 (992 g mol
-1

), Reactive Green 19 (1419 g mol
-1

) were obtained from Sigma-

Aldrich. Amido Black 10 B (616 g mol
-1

) was received from MP Biomedicals, France. 

Thymol Blue (467 g mol
-1

) (ACROS Organics TM) and Brilliant Blue R250 (825 g mol
-1

) 

were purchased from Fisher Scientific. Non-woven polyester support was purchased from 

Sojitz Europe, Germany 
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2.2. Preparation of cellulose support membrane 

The non-solvent induced phase inversion technique was used for the preparation of the 

cellulose support membrane [36]. Cellulose powder was dissolved in EMIM Ac at 80 °C 

overnight to obtain a dope solution of 12.5 % wt. Trapped air bubbles in the dope solution 

were removed by sonication for 1 h to minimise the potential of defect formation during the 

casting process. The nonwoven polyester fabric was fixed onto a clean glass plate in a 

horizontal position. An adjustable casting knife (BYK-Gardner) was used to create a 250-µm 

thick film on the polyester support. The membrane was immediately immersed in a water 

bath at 23 1 °C for 24 h to complete polymer precipitation. After complete precipitation, the 

membrane was washed and kept in deionized water until further use. 

2.3. Synthesis of the TFC membrane by interfacial polymerization  

The polyester/cellulose composite membrane was fabricated by the interfacial polymerization 

reaction between catechin and TPC. Due the acidic nature of phenols, a 20 g L
-1

 catechin 

solution was prepared in sodium hydroxide solution at pH 12.4 due to its limited solubility at 

lower pH conditions [38,39]. A 2 g L
-1

 TPC solution was prepared in alpha-pinene. To begin 

the synthesis, the wet cellulose support membrane was cut and fixed between a plate and 

frame (open area of 7   7 cm
2
) with a rubber gasket in between to avoid any leakage of the 

reacting solutions. 15 mL of the catechin solution was poured into the frame and left in 

contact with the cellulose support for 15 mins. Then, the residual catechin solution was 

removed and the setup dismantled. To avoid defect formation in the selective top film, the 

residual droplets of catechin solution on the surface of the cellulose support was removed by 

gently pressing the membrane on a filter paper using a rubber roller. The membrane was then 

fixed between the plate and frame and 15 mL of the TPC solution were poured inside the 

frame and left for 3 h. Afterwards, the excess solution was drained and the membrane was 

rinsed with pure alpha-pinene to remove unreacted monomers. The membrane was left to dry 
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under ambient conditions for 10 min before it was annealed at 50 °C under atmospheric 

pressure for 5 min. The resulting membrane was kept in dry conditions until use. 

2.4. Membrane characterisation  

2.4.1.1. Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectrometer (Nicolet iS10) was used to confirm the successful interfacial reaction 

between the reacting monomers and examine both the composite membrane and the cellulose 

support. The measurement was conducted in the range of 3700-900 cm
-1

. Prior to the 

analysis, membrane samples were dried overnight under vacuum at 30 °C.                   

2.4.1.2.X-ray Photoelectron Spectroscopy (XPS) 

XPS analysis was conducted in a Kratos Axis Supra spectrometer equipped with a 

monochromatic Al Ka X-ray source (hν = 1486.6 eV) operating at 150 W, a multi-channel 

plate and delay line detector under a vacuum of ~10-9 mbar.  High-resolution spectra were 

recorded using an aperture slot of 300 μm x 700 μm, a pass energy of 20 eV and a step size of 

0.1 eV. Membrane samples were mounted in floating mode to avoid differential charging. 

Charge neutralization was required for all samples. Binding energies were referenced to the C 

1s binding energy of Sp2 hybridized carbon taken to be 284.5 eV. 

2.4.1.3.Scanning Electron Microscopy (SEM) 

An FEI Magellan XHR SEM microscope with a voltage of 1 kV was used to obtain high-

resolution surface and cross-sectional images of the composite membrane. The membrane 

samples were snapped in liquid nitrogen after removing the nonwoven polyester packing to 

obtain sharp and well-defined cross-section images. The samples were then mounted on an 

aluminium stub and sputtered with 2-nm thick iridium layer. 



8 
 

2.4.1.4.Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM, Agilent 5500 SPM) was used to estimate the surface 

roughness and the topography of membranes from 2D/3D images of 5 × 5 µm. The 

equipment was operated under atmospheric air in acoustic AC mode. 

2.5. Permeation experiments.  

The filtration experiments were carried out in the setup shown in (Fig. 2). A dead end-flow 

cell (STERLITECH) with a membrane active area of 12.6 cm
2
 was connected to a high-

pressure N2 cylinder to apply the required pressure, measured by a pressure gauge mounted 

on the connection line. To minimise concentration polarisation effects, the feed solution was 

stirred during filtration by placing the cell on a magnetic stirrer plate. All experiments were 

conducted at room temperature (23 1 °C) and 10 bar using DMF solvent. A new membrane 

coupon was used for each experiment. Prior to the filtration experiments, the membrane was 

conditioned by permeating 50 ml of DMF at 10 bar. Then, 75 ml of each dye solution (35 

 mol L
-1

) was loaded into the cell and the feed pressure was adjusted at 10 bar. A sample of 5 

ml of the permeate was collected in triplicate for analysis, after discarding the first 10 ml. The 

composite membrane performance was evaluated in terms of DMF permeance and the 

rejection of different molecular weight dyes. The membrane permeance was calculated as 

follows, 

 
   

  

      
                             (1) 

 

where V (m
3
) is the permeate volume collected within time (t, h), A is the membrane active 

area (m
2
),    is the transmembrane pressure across the membrane (bar) 

For rejection calculations, the concentration of the dye in the retentate and permeate solutions 

was measured using a NanoDrop 2000/2000c spectrophotometer (Thermo-Fisher Scientific). 



9 
 

The instrument was set at the wavelength (    ) corresponding to the maximum absorption 

of the corresponding dye (Table 1). The percentage rejection was calculated as follows,  

 
    

     

  
     (2) 

Where    and    are the dye concentration in the retentate and the permeate solution, 

respectively.  

 

Figure 2. The dead-end filtration setup used for the experiments 

3. Results and discussion 

3.1. Fourier transform infrared spectroscopy (FTIR) 

Generally, phenols in solutions behave like weak acids that have a low reactivity toward 

acylation, the characteristic reaction that occurs during interfacial polymerization[40]. Upon 

reacting with strong bases such as sodium hydroxide they convert to more reactive phenoxide 

ions[41]. These phenoxide ions react easily with TPC monomers through the interfacial 

reaction to form the polyester film according to the proposed reaction scheme shown in Fig. 

3. The success of this reaction was confirmed by the FTIR spectra of the cellulose support 

and the composite membrane exhibited in Fig. 4. In comparison with the cellulose spectrum, 
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there is a strong additional peak in the composite membrane spectrum at a wavenumber of 

1730 cm
-1

. This peak corresponds to the carbonyl group (C=O), the functional group of 

esters, which forms as a result of the reaction between the acyl group in the TPC and 

phenoxide ion (Fig. 3). There is also another strong peak in the composite membrane 

spectrum at 1250 cm
-1

 which does not appear in the cellulose spectrum. This peak represents 

the sp
2
 hybridised carbon (C=C) of the benzene rings. No significant change can be detected 

in the intensity of the OH peak for the cellulose support and the composite membrane. 

 

 
Figure 3. The reaction scheme for the interfacial reaction between catechin and TPC to form 

the polyester film 
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Figure 4. FTIR spectra of the cellulose support and the polyester TFC composite membrane 

3.2. X-ray infrared spectroscopy (XPS) 

Further confirmation of the interfacial polymerisation reaction was provided by an analysis of 

the C1s and O 1s XPS peaks of both the cellulose support and the composite membrane. Fig. 

5A and B depicts the deconvolution of the C 1s core level XPS peak the cellulose support and 

the composite membrane, respectively. For both samples, the peaks appear at binding 

energies of 284.8, 286.3 and 288 eV representing the C-C, C-O and O-C-O functional groups, 

respectively. The extra peak observed in the composite membrane (Fig. 5B) at a binding 

energy of 289 eV corresponds to the ester functional group (O=C-O) which results from the 

interfacial reaction between catechin and TPC (Fig. 3). The deconvolution of O 1s XPS peaks 

for cellulose and the composite membrane is presented in Fig. 6A and B. The common peak 

observed at a binding energy of 531.8 eV in both samples represents the C-O functional 

group. The new extra peak, which appears in the composite membrane at a binding energy of 

532.9 eV (Fig. 6B) confirms the existence of the ester functional group (O=C-O) and the 

successful formation of the polyester film on the top of the cellulose support.   
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Figure 5. A high-resolution C 1s core -level XPS spectrum of A) the cellulose support and B) 

the polyester/cellulose composite membrane 
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Figure 6. A high-resolution O 1s core -level XPS spectrum of A) the cellulose support and 

B) the polyester/cellulose composite membrane 

 

3.3. Scanning Electron and Atomic Force Microscopy 

Fig. 7A shows a surface image of the cellulose support where many pores (average size = 36 

  8 nm) can be observed. Fig 7B and C shows surface and cross-sectional images of the 

polyester composite membrane. A continuous uneven surface of the polyester layer can be 

clearly seen on the top of a porous cellulose sublayer. This rough morphology is known as 

the “rigde and valley” structure which is a characteristic feature of membranes prepared by 

interfacial polymerization [42–47]. The ‘protuberances’ can be attributed to the rapid 

diffusion of catechin molecules into the organic phase, which is then hindered by the equally 

rapid formation of the interfacial film[46–48] .  
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Figure 7. SEM images of A) cellulose support (surface), B) the composite membrane 

(surface) and C) the composite membrane (cross-sectional) 

Atomic force microscopy analysis was used to measure the surface roughness of the cellulose 

support and the composite membrane (Figure S1, Supplementary Information). The root-

mean roughness (RMS) was 3.5 nm for the cellulose support and 15.2 nm for the composite 

membrane. Although the ridge and valley structure is clearly seen in the SEM images (Fig. 7 

B and C) the RMS value for this composite membrane is lower than values reported by others  

for membranes formed with m-phenylene diamine (MPD) (40 – 190 nm) [51,52]. It is 

comparable to the roughness for membranes made with semi-aromatic amines such as 

piperazine (< 20nm) [49]. These differences reflect the relative diffusion rates of the 

respective amine monomers.  

 

3.4. Stability of cellulose support in DMF 

The initial DMF permeance through the fresh membranes was 18   3 and 1.7   0.1 L m
-2

 h
-1 

bar
-1

 for the cellulose support and the composite membrane, respectively. The significantly 

lower DMF permeance through the composite membrane is expected and attributed to the 

dense polyester film formed on the porous cellulose support. The characteristics of the 

cellulose support and the composite membrane are presented in Table.1.  
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Table 1. Characteristics of the cellulose support and the catechin/ cellulose composite 

membrane. 

 Cellulose support Composite membrane 

Top layer thickness (nm) 9443   442 340   17 

Pure DMF permeance  

(L m
-2

 h
-1

 bar
-1

) 

18   3 1.7   0.1 

Roughness (RMS) (nm) 3.5 15.2 

   

The stability of both the cellulose support and the composite membrane was then studied by 

soaking the membranes in DMF at ambient temperature over a period of 30 days. The 

permeance of both membranes was unchanged after this treatment, with values of 19.1   0.5 

and 1.7   0.4 L m
-2

 h
-1 

bar
-1

 for the cellulose support and the composite membrane, 

respectively. This confirms the stability of both the cellulose and the composite membrane in 

DMF. Visual inspection of the samples revealed no variation in either the color or the texture 

of the membranes. 

 

3.5. Membrane performance  

The rejection of the cellulose support was evaluated with Reactive Black dye solution and 

found to be 15 %. This low rejection value is expected due to the porous nature of the 

cellulose support. The composite membrane showed an average DMF permeance of 1.2 ± 0.2 

L m
-2

 h
-1 

bar
-1

 and a molecular weight cut-off around 500 g mol
-1

 (Fig. 8). The digital 

photographs taken for the cellulose support (Figure S2, Supplementary Information) before 
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and the after the filtration experiment showed colouring of the membrane with the dye 

colour. This implies that the rejection observed was mainly due to adsorption effects. On the 

other hand, those photographs of the composite membrane (Figure S1, Supplementary 

Information) remained unchanged that confirms that the rejection observed was due to solute 

repelling rather than adsorption effects. 

The performance of the catechin/cellulose composite membrane developed in the present 

work and those developed in the literature is reported in Table 2. Fontananova et al. [53] 

reported 0.7 1 L m
-2

 h
-1 

bar
-1

 DMF permeance with 46 % rejection of Solvent Blue 35 (350 g 

mol
-1

) through crosslinked polyimide integrally skinned asymmetric membranes. Using 

polypyrrole/hydrolysed PAN composite membrane, Li et al.[54] reported a DMF permeance 

of 0.05 1 L m
-2

 h
-1 

bar
-1

 combined with 91 % rejection of Rose Bengal ( 1017 g mol
-1

). 

Jimenez et al.[20] reported a DMF permeance of 1.5 1 L m
-2

 h
-1 

bar
-1

 through a 

polyamide/polyimide (P84) TFC and a molecular weight cut-off of 236 g mol
-1

. Taking into 

account the environmental friendly route used, the polyester/cellulose TFC membranes 

fabricated here are considered as a new class of OSN membranes that can compete with those 

prepared through conventional approaches.  
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Table 2. DMF permeance and rejections of the our catechin/cellulose composite membrane 

and those reported in the literature 

Membrane type 
Membrane 

material 
Marker 

DMF permeance 

(L m
-2

 h
-1 

bar
-1)

 

Rejection (%) Reference 

TFC  by 

interfacial 

polymerisation 

PA/Cellulose 
Amido-Black       

(617 g mol
-1

) 
1.4 92 

This 

work 

 PA/ cross linked 

P84 PI 

Polystyrene oligomers 

(236-1200 g mol
-1

) 
1.5  91 (236) [16] 

 PA/cross linked 

PAN 

Brilliant blue R250 

(826 g mol
-1

) 
1.1 95 [55] 

 
PA/ Cellulose 

Methyl Orange     

(327 g mol
-1

) 
2.4 90 [18] 

TFC via 

coating 

Polypyrole/ 

hydrolyzed PAN 

Rose Bengal       

(1017 g mol
-1

) 
0.05 91 [54] 

 
Pebax 1657/ 

Crosslinked PAN 

Brilliant Blue 250 

(826 g mol
-1

) 
1 95 [56] 

Polymeric ISA 
Cross limked P84 

PI/ P84 PI 

Solvent Blue 35   

(350 g mol
-1

) 
0.7 46 [53] 

 
Cross linked 

Matrimid PI 

Polystyrene oligomers 

(236-1200 g mol
-1

) 
1 90 (500) [57] 

 
Cross linked 

polyaniline 

Polystyrene oligomers 

(236-1200 g mol
-1

) 
0.6 95 (300) [58] 
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Figure 8. DMF permeance and rejection values of different molecular weight dyes 

through catechin/cellulose TFC membranes 

 

 

Conclusions  

A novel composite polyester/cellulose OSN membrane was successfully synthesised via the 

interfacial polymerisation reaction between bio-derived catechin and TPC. The cellulose 

porous support was prepared by non-solvent induced phase separation from a dope solution 

of cellulose dissolved in an environmentally friendly ionic liquid. The hydrocarbon-based 

solvent for the interfacial polymerisation was replaced by bio-derived alpha-pinene. The 

composite membrane showed a good DMF permeance of 1.2 L m
-2

 h
-1

 bar
-1

 with a MWCO of 

500 g mol
-1 

measured from the rejection of different molecular weight dyes. The cellulose 

support and the composite membrane showed stable performance over a period of 30 days. 

The results obtained from this study show potential for the utilization of these membranes in 

the food and pharmaceutical industries. 
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Highlights: 

A catechin/cellulose composite nanofiltration membrane has been developed. 

 

The membrane made from bio-derived materials is stable in dimethylformamide. 

 

The cross-linked catechin selective layer exhibits high DMF fluxes.   

 

The membrane rejects molecules with a molecular weight higher 500 g/mol. 

 




