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•	 Real-time casting/coating (RTCC) was innovatively 
examined to prepare membranes.

•	 A double-layered membrane was achieved with a 
nanocomposite top layer.

•	 Two hydrophilic nanofillers i.e. CNC and CNP were 
applied as modifiers.

•	 Nanofillers in the top layer were preferred to the mixed 
matrix membranes.

•	 The TFN membranes prepared via RTCC showed high 
flux and efficient dye removal.
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1. Introduction

Increasing desires of humane to synthetic products have resulted in more 
and more environmental pollution including water pollution by various 
contaminants like heavy metals, dye and pigments, drugs, etc. Dyes are one 
of the most used compounds in the industries and at the same time, they are 

the important water pollutants. Yearly, around 700000 tons of various dyes are 
produced for textile, paper, plastic, leather, food, and many other industries [1]. 
Colored wastewater can seriously harm the environment and mankind's health 
by being carcinogenic or allergenic [2]. However, these compounds can be 
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Polyethersulfone thin film nanocomposite membrane was prepared via an innovative real-time casting-coating (RTCC) method. The formation of thin film embedded by nano-
additives was along with casting the sublayer with the aid of a specialized casting knife. The current work aimed to prepare a thin layer on the membrane containing chitosan and 
cellulose nanocrystal nanofillers to compare the TFN PES membrane performance with mixed matrix ones. The permselectivity toward colored water by acid orange 7 (AO) and 
methylene blue (MB) dyes, as well as the morphological investigation of prepared membranes, were used to examine the applicability of the suggested RTCC method. Based on the 
results the CNC-modified membranes casted via RTCC method offered higher water flux and dye removal. Also, chitosan nanoparticles would be more efficient additives for PES 
membranes when they were mixed with a top-layer casting solution instead of whole membrane bulk. Significantly higher water flux (around 2 fold) and dye removal confirmed the 
preference for the introduced method of RTCC to prepare TFN membranes for efficient nanofiltration uses.
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removed from wastewater considering the worldwide water shortage. The 

treatment methods like oxidation of organic compounds, adsorption, 

irradiation, ion exchange, coagulation, enzyme degradation, liquid membranes, 

and so on are commonly used to remove dyes from water [3-11]. Most of these 

methods are limited by creating secondary waste which needs to be retreated, 

high cost, and low removal capacity [1]. Hence, the membrane filtration 

methods including nanofiltration and especially newly attended thin film 

composite (TFC) membranes are considered as a suitable treatment method 

[12-15]. Also, TFN membranes are very versatile tools in the water treatment 

process because of their high permeability and selectivity. TFN membranes 

have a thin active layer composed of functional nanofillers which enhance the 

membrane performance by creating nano-pores and changing chemical 

properties of this layer. The removal mechanism in TFN membranes mostly 

involves size exclusion, electrostatic rejection, and adsorption [16,17]. These 

membranes have enormous variety on account of the thin film properties, the 

support layer, and the method of preparing the thin film. There are different 

techniques to form the thin layer and improve it for enhancing the membrane 

flux, antifouling property, selectivity, and durability. Some examples are 

adding nanofillers like TiO2, zeolites, clay, carbon nanotube, metal-organic 

frameworks (MOF), biopolymer nanomaterials (cellulose nanocrystal (CNC) 

and chitosan nanoparticles (CNP)), and etc. [18-23]. The mentioned additives 

are selected based on inducing the different improving properties such as 

hydrophilicity, antifouling capability, functional groups, and biological 

properties [22,23]. However, being environmentally benign and biodegradable, 

the biomaterials including CNC and CNP have been attracted an especial 

attention in preparing the mixed matrix and TFN membranes [21,22 24,25].  

Employing the adsorbents in membrane preparation to uptake the 

contaminants has been studied many times [19,23,26]. Chitosan and its 

derivatives as well as cellulose are of the superior choices as the nontoxic, 

biodegradable, and low-cost additives [27-29]. In the previous studies, both 

CNC and CNP were added to the PES membrane matrices to improve the 

selectivity of dyes and salts [22,23]. The membranes mixed with CNC showed 

interesting high flux, salt and dye removal, and ultra-antifouling capability with 

a 99% flux recovery ratio by a simple rinsing step [22]. Application of these 

additives can be concluded even better results if their unique properties along 

with the advantages of TFNs participate in the improvement of polymeric 

membranes.  

As mentioned before, there are different methods to deposit the thin layer 

on the membrane support. In the current work, the idea of preparing TFN 

membranes containing nanofillers (CNC and CNP) via a physical method and 

based on designing a special film applicator was developed. In fact, a 

simultaneous membrane casting and formation of thin film so-called real-time 

casting/coating (RTCC) method is followed in this idea. From the literature, 

partially similar methods of using a double-blade casting of the polymeric 

membrane were reported for different uses [30,31]. The recent studies used two 

polymer solutions with different polymer content and verified some 

morphological changes compared with single-blade casting. However, the 

current study would deeply develop the idea to investigate the capability of 

RTCC for the fabrication of double-layer TFN membranes using a versatile 

technique. In the end, it would be possible to compare the new results with the 

previous ones [22,23] in which the nano-additive was added into the membrane 

matrix and nonsolvent bath, respectively. The performance and morphology of 

the prepared membranes were examined. Aqueous solutions of two cationic 

and anionic dyes i.e. MB and AO were used as feed to be filtered using the 

prepared membranes. The membrane cross-sections were investigated via 

SEM. Also, the surface hydrophilicity, mean pore size and bulk porosity were 

determined.  

2. Materials and methods 

 
2.1. Chemicals 
 

The information on all the applied chemicals is tabulated in Table 1. 

Distilled water was used where applicable. Demineralized water was used to 

prepare CNC.  

 
2.2. CNC and CNP preparation 

 

CNC aqueous suspension was prepared exactly the same as the previous 

work [22] with a size range of 100-300 nm (mean size 148 nm) confirmed by 

zeta sizer. Briefly, CNC was synthesized by mixing microcrystal cellulose 

sulfuric acid (64 wt.%) at 40°C. After diluting the suspension five times with 

deionized water (DI) and centrifuging the suspension for 10 min the CNCs were 

washed with DI water. Then, a dialysis tube was employed to remove the free 

acid. The solvent exchange was applied to transfer the prepared CNC from 

water to DMAc. For this purpose, the obtained aqueous suspension was 

centrifuged for 10 min at 6000 rpm, the upper water was discharged and DMAc 

was displaced within 5 times repeating the same procedure. As reported in 

previous work [23], the final content of CNC in DMAc was 0.7 wt.%). CS 

nanoparticles were also obtained as previous work using a repeated method in 

the literature [32,33]. In summary, CS powder was dissolved in 1 wt.%) acetic 

acid solution, and the CS nanospheres were created by dropwise addition of 

TPP solution into the CS solution. This method resulted in CNP with a mean 

size of around 120-140 nm [23]. 

 
2.3. Design of double-edge film applicator 

 

The idea of preparation of a flat sheet polymeric membrane with two layers 

composed of a support layer and the functional thin top layer via a real-time 

casting/coating method needed a special film applicator. This applicator must 

have two edges with different applied thicknesses.  

As depicted in Fig. 1, the manufactured film applicator has two blades with 

a 100 and 120 m gap from the reliance level when located on a flat surface. 

This means that each blade can cast polymer solution with different thicknesses 

and a double-layered film can be created if polymer solution is poured in front 

of both blades simultaneously. Fig. 1 clearly shows the explained idea. 

In this method, it is necessary to consider the correct way that the film 

applicator is placed on the substrate.  

According to Fig. 1a, a 100 m edge must be in front. Therefore, a double-

layered film is produced with just one molding. Fig. 1b suggests the scheme of 

casted double-layer polymeric film on a glass substrate.  

 
2.4. TFN membrane preparation 

 

PES flat sheet membranes can be prepared via the phase inversion 

precipitation method [34]. Casting solutions with the detailed content listed in 

Table 2 were prepared first. The components of each casting solution were 

poured into individual glass vials and then mixed using a magnetic stirrer at 

room temperature. 24 h stirring would guarantee the homogeneity of the 

resulting polymer solution. In the next step, the solutions were rested for 12 h 

to help remove the air bubbles. Also, 15 min sonication was carried out for each 

solution before the casting process to ensure the bubble-free and homogeneous 

casting solution.  

 

 
Table 1 

The details of the applied chemicals. 

 

Chemical Supplier Details  Pretreatment Application  

PES BASF, Germany Mw=58000 g/mol No Membrane polymer 

PVP Merck, Germany Mw=25000 g/mol No Pore former 

DMAc Merck, Germany Analytical grade No Polymer Solvent 

AO Merck, Germany Analytical grade No Water Contaminant 

MB Merck, Germany Analytical grade  No Water Contaminant 

Acetic Acid Dr. Mojallali, Iran Analytical grade Diluted to 1 wt.%) Chitosan solvent 

Sulfuric acid Merck, Germany Analytical grade Diluted to 64 wt.%) CNC preparation 

Cellulose Micro Crystals FMC Biopolymers, Ireland - No CNC preparation 

Sodium tripolyohosphate (TPP) Merck, Germany Analytical grade No CNP preparation 

Chitosan (CS) Sigma-Aldrich Low molecular weight No CNP preparation 
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Fig. 1. a) The idea of the simultaneous casting of two different polymer solutions a and b. 

b) Scheme of casted double-layer polymeric film on a glass substrate 

 

 
For preparing a double-layered membrane, two casting solutions were cast 

as described in the previous section. The casted films immediately were 

transferred into the non-solvent bath which contained distilled water at 20C. 

The membranes rapidly precipitated and were dipped in fresh distilled water 

for 24 h. This helps complete the phase inversion process and extraction of 

water-soluble components. The coded name of each casting solution is 

introduced in Table 2. CNC mixed membranes were examined 

comprehensively and a single CNP mixed casting solution (named CS) also 

was prepared to compare the effects of another well-known hydrophilic 

nanofiller. S1 and S2 were used as a support layer and freestanding control 

membranes and the CNC containing S3 and S4 were cast in both forms i.e. free 

standing and as the thin layer on S1 and S2 supports. S4 was prepared without 

pore former agent (PVP) and with a high concentration of PES to investigate 

the effect of denser thin film on TFN membrane performance and morphology. 

Therefore, the prepared membranes were according to the coded names of 

Table 3. 

 
 

Table 2 

Prepared casting solution names and compositions 

  

Membrane names 

PES 

(wt.%) 

PVP 

(wt.%) 

Nanofiller 

(wt.%) 

DMAc 

(wt.%) 

S1 18 1 0 81 

S2 16 2 0 82 

S3 18 1 0.6 CNC 80.4 

S4 20 0 0.6 CNC 79.4 

CS 18 1 0.5 CNP 81 

 

 

Table 3 

Coded names of the prepared membranes 

 

Membrane names Free-standing Support Thin layer 

S1 yes - - 

S2 yes - - 

S3 yes - - 

S4 yes - - 

S1-3 No S1 S3 

S2-3 No S2 S3 

S1-4 No S1 S4 

Cs Yes - - 

S1CS No S1 CS 

S2CS No S2 CS 

 

 

 

2.5. Characterization methods 
 

In order to seek the morphological changes in the prepared membranes, 

SEM microphotographs of membrane cross-sections prepared by cutting in 

liquid N2 were compared. A Seron (South Korea) SEM apparatus was used for 

imaging. Measuring the skin layer was conducted using both image analyzer 

software (Image J) and the live view of the membrane cross-section during the 

scanning. At least, 3 points were selected to be measured.  

The membrane performances were evaluated by filtration test in a dead-

end stirred membrane cell with 200 ml volume. Compressed air was employed 

to produce the needed pressure for pressure-driven membrane filtration. Each 

membrane sheet was firstly compressed for 10 min at 5 bar and then the 

pressure was descended to 4.5 bar to begin the filtration. Pure water and colored 

water with AO and MB dyes were applied to be passed through the membrane 

samples. 

In this way, the pure water flux (PWF), dye removal, and permeated water 

flux were measured. To obtain the data, the weight and dye concentration of 

permeate were determined within a certain time interval for 2 h. 

Spectrophotometric determination of dye concentration was carried out to 

obtain the dye removal. Eq. 1 and 2 show the data and formulas needed for the 

calculation of flux and removal present: 

 

Flux = 
M

A t
 (1) 

 

Removal (%) = (1-
Cp

Cf
)×100 

 

(2) 

In these equations, M is the mass of permeate (kg), A is the membrane 

exposure area (19.6 cm2), t is the time that the permeated water is collected 

within it (h), and Cp and Cf are the contaminant concentration in permeate and 

feed, respectively. It should be declared that the colored feeds were prepared 

by dissolving MB and AO dye in distilled water with 10 and 100 mg/L 

concentration, respectively. MB has a very deep blue color which makes it 

suitable for working at very low concentrations to investigate the membrane 

performance in moderately contaminated waters. 

Also, there are some important characteristics of membranes like WCA 

and porosity which are useful for the justification of observations and should 

be determined. For this purpose, very small droplets of distilled water were 

dropped on the various random points of membranes and their contact angle 

was measured on the captured snapshots of droplets taken by a digital camera 

(2.0 Mega Pixel Color Video Camera, 500X, China) right after dropping. Image 

J freeware was applied for the measurements on the snapshots.  

Membrane porosity can be estimated via the gravimetric method in which 

the volume of the penetrated water into the membrane pores within 24 h of 

immersion of membrane pieces in distilled water [35]. By measuring the 

membranes' dry and wet weight and having the membrane mean thickness and 

surface area (i.e. membrane volume), the determination of trapped water can 

be calculated. The porosity quantities can be used for estimation of membrane 

mean pore size via the following formula [36]: 

 

Mean Pore Size =
( )

0.5
2.9 1.75 8 'L Q

A P

 



−      
 

  
 

 

(3) 

where,   is the calculated porosity (%),   is the water viscosity (8.9×10-4 

Pa.s), L is membrane thickness, 'Q  is the volumetric flow rate through the 

membrane (m3/s), A is the membrane effective surface area (m2) and P  is 

the trans-membrane pressure (Pa).  

The measurements were all repeatedly conducted to decrease the probable 

inaccuracies.  

 

 

3. Results and discussion 

 
3.1. Permeability and dye removal efficiency 
 

3.1.1. Pure water flux 
 

When the mass of pure water passed through the membranes is 

investigated, it can simply show the morphological changes both in membrane 

bulk and surface. Fig. 2 confirms the significant alterations in membrane water 

permeability for pristine, mixed matrix, and TFN membranes. Firstly, the 

higher water flux of S2 compared to S1 was predictable because of the lower 

PES content of the S2 membrane which inherently results in a more porous 
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membrane structure. Fig. 3a compares a cross-sectional view of the prepared 

membranes. Increasing the membrane porosity can be clearly seen in the S2 

membrane in comparison with S1. These two microphotographs i.e. S1 and S2 

give a good sight of decreasing/increasing the bulk porosity as well as the skin-

layer variations in the SEM images. 

S1 and S3 membranes are different only in having 0.6% CNC and the 

related water fluxes confirm the positive effect of CNCs on membrane 

permeability (confirmed also in previous work [22]). Investigation of SEM 

images proves increasing straight finger-like cavities in the membrane sublayer 

for the S3 membrane compared with S1. Although the casting thickness was 

fixed at 120 m for all the membranes i.e. single and double-layered ones as 

shown in Fig.1, the resultant membranes had thicknesses between 90- 120 m 

based on the percent of shrinkage during phase inversion. Therefore, the 

observed permeability values are affected by the sublayer porosity and skin 

layer thickness rather than the membrane total thicknesses. Moreover, the 

hydrophilicity of S3 is higher than that of S1 based on the data in Table 4. This 

can be explained by the hydrophilicity of CNC which induces higher 

wettability to the PES membrane when mixed into the matrix [22]. 

In the S4 membrane, a sharp decrease of flux is obtained which 

undoubtedly is related to the lake of pore former. This confirms that CNC 

nanofiller cannot improve porosity alone however the hydrophilicity is high for 

this membrane. It can be concluded that porosity plays a key role in membrane 

permeability.  

After, the interpretation of flux changes in free-standing membranes, it is 

more important to go through the results of TFN membranes to see whether the 

suggested method for preparing a double-layered polymeric membrane sounds 

practical or not. Actually, the free-standing S3 and S4 membranes are the 

control membranes to be compared with S1-3, S2-3, and S1-4. Firstly, there is 

no doubt that the presence of CNC either mixed with the whole membrane (S3) 

or mixed only in the top layer (S1-3 and S2-3) can increase the membrane 

porosity, hydrophilicity, and water flux. The data in Table 4 confirms this 

statement. Therefore, both S1-3 and S3 offered higher flux (141.4 and 112 

kg.m-2.h-1) relative to S1 (102.3 kg.m-2.h-1). Similarly, S2-3 is more permeable 

than S2 and also S3. This is evidence that the double-layered (TFN) membrane 

can have higher water flux. The similar contact angle results for S3, S1-3, and 

S2-3 verify that mixing hydrophilic filler into the top layer of the membrane 

can be replaced by adding them into the whole membrane matrix. This can 

effectively reduce nanofiller consumption and costs. 

The parameter that had the most significant change for the TFN 

membranes is the skin-layer thickness which is sensibly decreased for S1-3 and 

S2-3. Comparing S1-3 with S2-3 can declare the effect of support layer density 

on TFN membrane permeability. Decreasing the polymer content, from 18 

wt.% in S1 to 16 wt.% in S2, resulted in higher permeability in S2-3 which 

used S2 as support. Hence, in preparing the double-layered membranes via 

RTCC method the permeability can be increased by decreasing the sublayer 

polymer content to an optimum amount. Of course, permeability would be 

worthy along with effective selectivity. So, the dye removal results must be 

considered for the conclusion. The effect of double-layered casting in 

permeability is to some extent that even S1-4 showed extremely higher flux 

relative to S4. In this membrane, the undesirable effect of not using pore former 

in membrane preparation has been effectively compensated by applying a 

porous sublayer.  

SEM images show different morphology for TFN membranes (S1-3 and 

S2-3) compared with free-standing S1, S2, and S3. It seems that the integrity 

of the pores has disappeared in TFN membranes and the sub-layer macrovoid 

shapes have been changed from vertical ovals for free-standing membranes to 

horizontally lying voids for TFN ones. This might be due to the shear stress 

that the upper casting solution exerted on the lower one during the casting 

process. It is obvious in Fig. 2 b that the upper polymer solution (b) is cast on 

the lower one (a). This can dislocate the solution in the interface layer before 

membrane precipitation in the non-solvent bath. 

 
Fig. 2. Steady pure water flux of prepared membranes at 4.5 bar after 2 h of test. 

 

 

3.1.2. Dye removal ability  

 

Dye removal percent and permeate flux for CNC-modified membranes are 

demonstrated in Fig 4 The results showed that dye removal for the membranes 

containing CNC is significantly higher compared to S1 and S2 confirming the 

previous results [22]. According to the dye removal data, both AO and MB 

dyes were differently removed by S3, S1-3, S2-3, and S1-4 membranes. 

Generally, the superior dye removal is attributed to TFN membranes. However, 

some different results are achieved for S2-3 which need discussion.  

The molecular weight of MB (350.3 g/mol) is greater than that of AO 

(319.8 g/mol). Then, it is predicted that MB molecules be larger and a sieving 

mechanism will run to remove this dye. Also, the results of dye removal for S1 

and S2 verify a sieving mechanism because the removal of MB is greater than 

AO for the pristine membranes. However, in CNC-containing membranes, the 

removal of AO is greater than MB (except for S4) which verifies the other 

retention mechanism cooperating with the sieving mechanism.  

 The surface charge of CNC has been reported to be negative before [22, 

37]. Hence, it is expected that by the addition of CNC into the membranes their 

surface charge gets negative as well [22]. Since AO is an anionic dye, the 

negative charge of dye molecules is repelled by the negative charge of the 

membrane surface. The S4 membrane is very dense because of lacking pore 

former and sieving is the dominant removal mechanism all the time.  

The effects of changes on the membrane surface charge can also be 

observed in permeate flux results depicted in Fig. 4. In general, the repulsion 

of the species charged the same as the membrane surface leads to facilitated 

passage of water through the membrane. On the contrary, the oppositely 

charged molecules are adsorbed by the membrane surface and this can decrease 

the membrane flux as a result of surface pore blockage and decrease the number 

of pores [12]. Therefore, the positive MB adsorbed onto the negatively charged 

PES membrane. By adsorption of dye on the membrane surface, the membrane 

surface pore blockage was expected; however, the flux decline is limited in 

CNC-containing membranes due to higher hydrophilicity and thinner skin 

layer. CNC in the membrane can affect the membrane mean pore sizes 

according to the data in Table 4. The mean pore size is smaller in CNC-

improved membranes, especially in double-layered TFN membranes. 

Decreasing the mean pore size can help better the sieving mechanism, and TFN 

membranes are even more effective from this point of view.  

 

 

 
 

 

 

Table 4 

Prepared membrane main characteristics. 

 

Membrane S1 S2 S3 S4 S1-3 S2-3 S1-4 

ε (%) 452 902 822 392 913 863 812 

WCA (°) 67.42.1 66.53.5 55.21.6 542.1 55.11.2 54.92.6 52.62.3 

Skin-layer Thickness (µm) 2.20.2 2.00.2 1.20.3 0.90.1 0.80.2 0.60.1 0.70.1 

ε (%) with Image J 442 892 793 382 925 883 833 

Mean Pore Size (nm) 20.5 21.2 15.7 13.2 10.5 11.3 10.1 
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(a) 

 

 
(b) 

 

 
Fig. 3. a) Cross-section view of free-standing and TFN membranes filled with CNC recorded by SEM apparatus at two different magnifications, 500X left and 2000X right, b) SEM 

images of CS-modified membranes comparing free-standing and double-layered membranes. 
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As a general conclusion, this investigation proved that only small amounts 

of an additive like CNC in the top layer of a double-layered membrane prepared 

by a novel RTCC method can result in more preferred results in removing dye 

from water. The result of this work compared with the previous work on the 

common mixed matrix membrane [22] showed about 15% higher dye removal 

and four-fold higher water flux. Besides, all the prepared membranes were 

stable and did not crash during the tests. Therefore, it can be claimed that the 

preparation method did not influence the membrane mechanical resistance 

within the tested range of trans-membrane pressure which matches with 

nanofiltration common process pressure. The thermal and chemical stability 

couldn’t be influenced as well because the membrane material was unchanged 

and only the use of nanofiller was optimized by adding it to the top layer instead 

of the whole membrane matrix. However, the new casting/coating method 

needs more investigation. 

 

 
 

Fig. 4. AO and MB dye removal from aqueous feed solution calculated and permeate flux 

for control and CNC-improved TFN membranes after 2 h of test beginning. 

 

 

3.1.3. Trying RTCC for CNP nanofiller 

 

According to the results of testing RTCC in adding CNC to the PES 

membrane top layer, there would be stronger evidence if the other pretested 

nanofiller was examined. As embedding CNP into PES has been reported to 

offer perfect results in improving the PES membrane, this nanofiller was 

selected to be tested in the RTCC method. Therefore, the membranes with 

coded names of CS, S1CS, and S2CS in Table 2 were fabricated. The water 

flux and AO dye removal were determined for this group of membranes. For 

this purpose, the process was repeated for these membranes exactly similar to 

the previous part of the experiments. 100 mg/l AO solution was used as feed. 

Table 5 offers pure water flux as well as the permeated water flux for CNP-

modified membranes to compare the free-standing CS membrane with two 

double-layered TFN membranes. 

Based on the results, the permeability of double-layered membranes is 

much higher than free-standing ones. As it is known, the membrane flux is 

affected by its skin-layer thickness, surface hydrophilicity, pore radius, and 

porosity. Hence, all these parameters were determined for the prepared 

membranes (Table 5). 

The morphological data in Table 5 were all achieved from SEM images 

depicted in Fig. 3b. It is crystal clear that the membrane porosity of TFN 

membranes increased significantly. This is due to the sublayer big macrovoids 

which are visible in SEM images of S1CS and S2CS membranes. 

 

 

 
Table 5 

Membrane characteristics for CNP-modified membranes. 

 

Membrane CS S1CS S2CS 

ε (%) 67 92 89 

WCA (°) 54.8 52.3 53.1 

Skin-layer Thickness (µm) 0.93 0.62 0.55 

Mean Pore Size (nm) 12.9 10.3 9.9 

PWF (kg.m-2.h-1) 121.4 220.9 185.1 

Permeate flux (kg.m-2.h-1) 91.5 153.2 127.4 

AO removal (%) 72 96 69 

As it is expected there is no significant change in membrane hydrophilicity 

because they all contain the same CNP. However, the WCA sensibly decreased 

relative to S1 and S2 pristine membranes as a result of blended hydrophilic 

CNP in the membrane matrix and top layer.  

Absolutely, the membrane's high flux is worth it if the selectivity remains 

unchanged or even improves. The AO dye removal results are represented in 

Table 5. 

CS particles are uncharged at neutral pHs [23]. Then, the removal of dye 

molecules with a negative charge cannot be attributed to the electrostatic 

repulsion. Instead, CS has an intrinsic adsorption ability and is assumed as an 

adsorptive material [23, 27]. Therefore, dye removal by Cs-modified 

membranes can be adsorbed on the modified membrane. This is supposed to 

block the membrane pores and decline the permeability but the flux of CS-

modified membranes is still higher than S1 and S2. Again, membrane 

hydrophilicity, high porosity, and thin skin layer promoted the water 

permeability. Comparing the results for S1CS and S2CS membranes offers that 

applying same PES content for two layers gives better result in the case of AO 

removal. Actually, S2CS membrane has PES 16% as its sublayer which makes 

different morphology relative to S1CS membrane. The lower permeability 

along with lower dye removal percent of S2CS might be a sign for more serious 

mixing of two layers during casting process which is logical because of higher 

content of solvent (DMAc) in sub-layer. The increased mixing of two layer 

interfaces can decrease the content of CNP in top-layer and diminish the dye 

removal as a result. Instead, the absorbed dye molecules in inner pores make 

the membrane less permeable to the water as the lower flux of S2CS implies. 

CS was an effective additive in previous work [23] but could be even more 

improved when the membrane was cast in double-layer form using the RTCC 

method.  

 

 

4. Comparison of the study results 

 

CNCs have been progressively used for contamination removal from 

aqueous solutions. Table 6 summarizes a comparison of the efficiency of CNC-

improved membranes for removing various types of contaminants from water. 

Based on the reports, the current study achieved acceptable performance of 

CNC-modified membrane via fabrication of TFN membrane with the suggested 

RTCC method. 

Also, the literature review confirms that dual-layered membranes apart 

from the preparation technique and the layers' main material widely used for 

the fabrication of high-performance polymeric membranes as listed in Table 7. 

According to the information in Table 7, the RTCC method of preparing TFN 

membrane in this study is well performed compared with other methods of 

dual-layered membrane preparation. 

 

 
Table 6 

Comparison of the removal result of this study with some other different membranes that 

have CNCs in their structures. 

 

Contaminant Membrane modifier 
Removal 

(%) 
Ref. 

MB 

AO 
CNC (in TFN) 

93 

98 

This 

study 

AO CNC (mixed matrix membrane) 79.1 [22] 

BSA protein CNC (mixed matrix) 99 [25] 

Copper ions  l-cysteine functionalized CNC (mixed matrix) 98.4 [38] 

Congo Red Polydopamine-modified CNC (mixed matrix) 99.9 [39] 

Nitrate Sawdust-derived CNC (mixed matrix) 94 [40] 

 

 
Table 7 

High-performance dual-layered membranes in dye and organic material removal. 

 

Contaminant Membrane layers (main material) 
Removal 

 (%) 
Ref. 

Congo Red Covalent organic framework/MXene 99.6 [41] 

Blue dextran Cu2O/PVDF 75 [42] 

Bisphenol-A Polyethylene-imine grafted on polyamide 
98.5 

46.2 
[43] 

MB 
Oxidized and polyethyleneimine 

functionalized MWCNT 
99.9 [44] 
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5. Conclusion 

 

The feasibility of using the novel RTCC method in the preparation of TFN 

membranes containing CNC and CNP was investigated. The efficiency of the 

introduced method was examined via membrane permselectivity test and the 

results were justified with the aid of characterization analysis including SEM, 

WCA, mean pore size, and porosity. Based on the results, the CNC-containing 

membranes exhibited significantly higher water flux and dye removal (98% of 

AO and 93% MB) when cast via the RTCC method. In fact, the porous sub-

layer and the functional top-layer cooperated to enhance both permeability and 

selectivity. However, it is necessary to test more pretested nano-additives to 

better conclude the effectiveness of the RTCC method.  

As the next step, CNP was examined in the same way to confirm the 

preference of RTCC for single-layer casting of common mixed matrix 

membranes. The results were improved for the double-layered CS-modified 

membranes compared with the simple mixed matrix one. Higher AO removal 

along with higher flux was achieved similar to the CNC-modified double-

layered membranes.  

Overall, it can be a preliminary conclusion that the new RTCC method can 

result in a different performance of the membrane compared with the 

freestanding membrane with the same composition. At the same time, RTCC 

can decrease nanofiller consumption. Most importantly, the method can be 

further explored with various casting solutions containing different polymers 

and even different solvents. 
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